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  Abstract   Virus infection involves coordination of a series of molecular machines, including entry 
machines, replication machines, assembly machines, and genome packaging machines, leading to 
the production of infectious virions. This chapter provides an introduction to various viral molecular 
machines described in this book.    

 Ever since the observations by Dimitri Ivanovsky in 1892 and 6 years later by Martinus Beijerinck 
that a “fi lterable” virus causes tobacco mosaic disease, viruses had captured the interest of biolo-
gists, chemists, and physicists alike. It took nearly 30–40 years to resolve the controversy about the 
true nature of viruses, whether they are products of the host or whether they are “minute living 
organisms” distinct from the host. Worth mentioning are the contributions by Félix d’Herelle, who 
in 1917 coined the term “phage” and described the nature of bacteriophages; Wendell Stanley, 
who in 1935 showed that viruses have a discrete size and mass, containing roughly equal amounts 
of nucleic acids and proteins; and Max Delbrück, Salvador Luria, and Alfred Hershey, who in the 
1940s gave a detailed description of a typical bacteriophage life cycle that paved the way for modern 
virology. Finally, viruses are now established as being unique “organisms,” which do not multiply 
by “fi ssion” like the rest of the biological world, but instead use the host cell as a factory to assemble 
hundreds to thousands of virus “particles.” 

 In the late 1950s, the determination of the three-dimensional structures of myoglobin and 
hemoglobin was a milestone in the development of structural biology. For the subsequent two 
decades the primary focus was on understanding the utilization of prosthetic groups by proteins like 
hemes for oxygen transport and the mechanisms of simple enzymes like glycosidases, proteases, and 
nucleases. At that time protein structures at near atomic resolution was a novelty. Gradually it 
became apparent that proteins were built of functional domains. These domains could be integrated 
into single polypeptide chains in such a way that a substrate bound between the domains, each with 
a specifi c function. Furthermore, regulation of these processes could be obtained by associating the 
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polypeptide subunits into oligomers. Thus knowledge of these, relatively simple, small molecular 
machines accumulated. At the same time the techniques for the study of these machines grew in 
sophistication and power to consider structure determination of much larger assemblies such as 
viruses. 

 The fi rst structural information on viruses was based on X-ray diffraction analyses in the classical 
work on the rod-shaped Tobacco Mosaic Virus by Bernal and Fankuchen in the 1930s and later by 
Franklin, Klug, and Holmes in the 1950s. The fi rst three-dimensional, near atomic resolution, structures 
of simple, spherically shaped, icosahedral viruses started to emerge in the late 1970s and was based 
on X-ray diffraction from single crystals. However, complexes of these viruses with their receptors 
or neutralizing antibodies could not be crystalized. Furthermore, larger viruses, particularly those 
with lipid envelopes, were often too heterogenous or are too large to form suffi ciently strong lattice 
contacts to produce useful crystals. Fortunately 3D electron microscopy, using initially negative stain-
ing but later more productive freezing techniques, became available to study viruses at moderate reso-
lution supplemented by crystallography of the component parts. 

 Although viruses had been considered as merely dull, static containers, and protectors of 
genomes, this false concept was replaced by the realization that viruses are beautiful intricate 
machines, essential to biological evolution, capable of invading cells, stealthily avoiding the pro-
tective barriers of the host, usurping the host’s synthetic machinery for their own survival and able 
to self assemble into complex molecular machines. Indeed it has become apparent that the capabili-
ties of viral machines far exceed those of the simple enzymes fi rst studied in the mid-twentieth 
century. This book is a partial description of some of the amazing things accomplished by viruses 
in infecting a host and replicating themselves. 

 The fi rst essay (Chap.   2    ) is not about viruses at all but about the F 
1
 -ATPase rotary motor that is 

part of the F 
1
  F 

o
 -ATP synthase machine that makes ATP using the energy of an electrochemical gra-

dient to pump protons from one side of a membrane to the other. It is the prototypical machine that 
has aspects common to many of the viral molecular machines. For instance, the ATP binds to a pro-
tein fold that is probably the most common fold in all proteins and forms the engine of nearly all 
ATP-driven molecular devices. To understand the mechanism of this motor is an entry into under-
standing other biological motors. 

 The third chapter deals with the cryo microscopy, a major new tool that has been developed to aid 
in the determination of virus structure. The original techniques for the study of virus structure were 
based fairly exclusively on X-ray diffraction techniques that have been described in numerous text 
books. However, the more recently developed cryo-electron microscopy techniques are vital for the 
study of the huge conformational changes that occur during the life cycle of viruses. Thus this chap-
ter describes single particle cryo-electron microscopy and cryo-electron tomography techniques as 
used to determine virus structure. 

 The fourth chapter describes the principles of virus structure, clearly an essential topic for the 
study of any virus. This topic grew up alongside the expanding knowledge of protein structure, but 
was initially merely abstract ideas based on symmetry. With time these have been translated into 
detailed structural information for many viruses. 

 The subsequent chapters deal with the consecutive events in the life cycle of a virus.    Part I exam-
ines the processes that occur when a virus recognizes a molecule that is likely to yield to the virus’ 
desire to enter the host, either by inserting only its genome into the host’s cytoplasm (   Chaps. 5–7) or 
by encouraging the host cell to envelope the entering virus into an endocytotic vesicle (Chaps. 8–10). 
Having entered the cell it is then necessary for the virus to have its genome replicated numerous times 
and its structural proteins and replication-aiding enzymes synthesized as described in Part II, Chaps 
11 and 12. However, at least some of the new proteins need viral- or host-coded chaperons to com-
plete their reproduction. This is accomplished by a variety of better- (like GroEL of  E. coli ) and 
lesser-known chaperone molecular machines (Part 3, Chap. 13). With that task done, the different, 
newly formed, viral components need to be assembled into progeny virions as described in Chaps. 
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14–20, Part III. Most viruses code for one or more types of scaffolding proteins to aid the assembly 
process (Chap. 14). The virus assembly process is perhaps the most amazing event of all of these 
functions and has been extensively studied. During this process the partially assembled virions go 
from immature noninfectious objects to mature infectious particles. The process of arming the virus 
(“maturation”) needs to be accomplished carefully in order not to damage the host cell that is harbor-
ing the new crop of virions. Thus maturation must be timed to occur when the new particles are at the 
point of leaving their host, often in a budding process. The assembly for six very different types of 
viruses is then examined in Chaps. 15–20. Finally some of the bigger assembled parts need to be put 
together. This especially relates to bacteriophages and herpes viruses that assemble empty procapsids 
which are then packaged with their genome. This process requires recognition of the correct nucleic 
acid molecule for pumping into and concentrating in the head using energy supplied by an ATPase 
motor. Once the head has been fi lled, it is sealed by plugging the portal with a class of proteins that 
form the “neck” in tailed bacteriophages. These aspects are discussed in a series of Chaps. 21–27, 
Part IV. The fi nal chapter (Chap. 28) describes genome packaging in helical viruses where the capsid 
protein subunits and the nucleic acid coassemble to form the infectious virion. 

 After nearly a century of virus research, we can now not only visualize the beauty of many viral 
molecular machines in amazing detail but also begin to understand their dynamic mechanisms. We 
hope that this collection of essays describing some of these machines will be useful to students as 
well as postdoctoral and senior scientists. We are grateful to all the authors who have freely given 
their time to make this book possible while having busy schedules required to maintain their own 
research objectives.      
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  Abstract   F 
1
 -ATPase, the soluble portion of ATP synthase, has been shown to be a rotary molecular 

motor in which the central  γ  subunit rotates inside the cylinder made of  α  
3
  β  

3
  subunits. The rotation 

is powered by ATP hydrolysis in three catalytic sites, and reverse rotation of the  γ  subunit by an 
external force leads to ATP synthesis in the catalytic sites. Here I look back how our lab became 
involved in the study of this marvelous rotary machine, and discuss some aspects of its rotary mech-
anism while confessing we are far from understanding. This article is a very personal essay, not a 
scientifi c review, for this otherwise viral machines book.    

   2.1 A Rotary Molecular Machine 

 To my common sense (in a bad sense), rotation within a molecule seemed impossible, because I was 
taught that a protein molecule is made on the basis of the lock-and-key principle, or that any part of 
a molecule is complementary to the other (Fig.  2.1 ). A distortion is alright, or even a shift by one 
tooth unit or two along a well-designed interface may be possible. Rotation, however, would require 
continuous shift of one part against the other, over 360°.  

 So, at about the year 1980 when Oosawa began to preach that F 
1
 -ATPase must rotate and begged 

young Japanese biophysicists to show him the rotation experimentally, I did not listen to him. I was 
not aware that Boyer (Boyer and Kohlbrenner  1981  )  and other eminent scientists also proposed that 
F 

1
 , or the ATP synthase of which F 

1
  is a part, may well rotate. Oosawa’s theory was published much 

later (Oosawa and Hayashi  1986  ) , to which I did not pay much attention at the time. In retrospect, 
I could have been more imaginative, already knowing that myosin slides past actin for many reaction 
cycles (Huxley  1957 ; Huxley  1969  )  and that bacterial fl agellar motor, a gigantic machinery, rotates 
(a review by Berg  2003  ) . If a linear molecular motor such as myosin can shift on a substrate track 
continually, all one needs to make a rotary motor is to roll the track into a ring (Kinosita et al.  1998  ) . 

 Earlier in 1977, I happened to listen to a lecture by Kagawa, who showed that active F 
1
 -ATPase 

can be reconstituted from purifi ed subunits of thermophilic origin (Yoshida et al.  1977  ) . I was deeply 
impressed, and dreamed of future collaboration. Oosawa’s proposal in 1980, however, failed to push 
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me into real collaboration. I was simply full of timid common sense. It was only after young associ-
ates in our lab, excluding myself, successfully began single-molecule work that the long-dreamed 
collaboration materialized (Noji et al.  1997  ) , with the team of Yoshida, a former associate of Kagawa. 
People involved in the collaboration have different stories of how the collaboration began. Indeed, 
several members of both teams had thought about this collaboration, including those who eventually 
could not join. From my standpoint it was my admiration for the work of Kagawa’s team that led me 
to talk to Yoshida. More important, it was no longer timid myself who would venture into the rota-
tion experiment. 

 The collaboration started in 1996 and immediately bore fruit. By that time, a crystal structure of 
F 

1
  had been solved (Abrahams et al.  1994  ) , showing that the putative rotor, the  γ  subunit, deeply pen-

etrates the stator cylinder made of  α  
3
  β  

3
  subunits. The tip of the rotor was made mostly of hydrophobic 

residues and the portion of the stator that surrounds the tip was also hydrophobic. The oily, or waxy, 
residues would act as a “molecular bearing” (Abrahams et al.  1994  ) , strongly suggesting rotation. 
Both Yoshida and I were still highly suspicious, but were willing to bet on young associates. The 
actual bet we agreed upon, with young Noji and Yasuda, was not whether F 

1
  would rotate. We betted 

upon the sense of rotation, right or left. That is the way single-molecule physiologists must adopt. 
 Yasuda found a rotating F 

1
  molecule (actually a rotating actin fi lament that was supposedly 

attached to the rotor subunit) in the very fi rst observation chamber he made for microscopic observa-
tion (Fig.  2.2 ). This sample was the fi rst mutant that Noji prepared, among many he had designed. 
These two were the luckiest people whom I have known personally. I cannot understand why, but 
I am certain that being loved by Lady Luck is a talent. The talent I desperately lack.  

  Fig. 2.1    Lock-and-key 
principle of protein construction       

  Fig. 2.2    Rotation of 
F 

1
 -ATPase, a part of the 

enzyme ATP synthase. 
The rotary molecular motor 
consists of six stator subunits 
(three  β  in  green  and three  α  
in  blue ) and a central rotor 
subunit  γ  ( orange ). Its 
rotation, powered by ATP 
hydrolysis, has been 
videotaped under an optical 
microscope by attaching a 
long actin fi lament ( red ; 
actual length far exceeds the 
image size) to the rotor 
through streptavidin ( purple )       
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 Another rotating fi lament was soon found, and we were ready to toast after a third. But we had to 
wait for 2 months for the third. That’s our single-molecule physiology.  

   2.2 Rotary Mechanism 

 Various aspects of the rotary mechanism of F 
1
  and experimental evidence leading to our tentative 

views have been discussed (Adachi et al.  2010,   2011  ) . Below I present my current, personal views 
on some topics. 

   2.2.1 Symmetry Considerations 

 The primary reason why rotation in F 
1
 -ATPase was proposed in early days was that there are three 

catalytic sites that are equivalent in function and there is only one  γ  subunit that was known to be 
crucial to catalysis and to be devoid of a threefold symmetry. The only way for the asymmetric  γ  to 
interact with the three catalytic sites impartially would be to rotate (not necessarily in a unique 
direction). 

 Physicists tend to believe that Nature likes symmetry, or at least physicists are the people who 
love the idea of symmetry. The Monod–Wyman–Changeux model of allosteric transitions (Monod 
et al.  1965  ) , for example, was very popular among biophysicists of which I was one. At present, 
though, I think that the experimental distinction between this concerted model and the induced-fi t 
theory (Koshland  1958  )  is very diffi cult, or rather, the truths are somewhere in between. 

 Shortly after I was shown the F 
1
  rotation, I began to think about how it may rotate. The crystal 

structure solved by Abrahams et al.  (  1994  )  had shown that the three catalytic sites reside at  β – α  
interfaces, hosted primarily by  β  (Fig.  2.3a, b ). As seen in Fig.  2.3a , the upper portion of the  β  sub-
unit is bent toward  γ  when ATP (analog) or ADP is bound, whereas it is unbent in the nucleotide-free 
state, suggesting that these nucleotide-dependent bending and unbending drive  γ  rotation (Wang 
and Oster  1998  ) . To correlate the nucleotide states and  γ  rotation, I drew a diagram like one in 
Fig.  2.3c , where  γ  was represented by a triangle. The simplifi cation itself should have been okay, 
but somehow the triangle fooled me into thinking that the interaction of  γ  with a  β  subunit would 
basically (though not exactly) be threefold symmetric (Fig.  2.3d ). This led me nowhere into rotation, 
which requires broken symmetry. Soon I learned that previous workers (Oosawa and Hayashi  1986 ; 
Wang and Oster  1998  )  correctly assumed non-threefold interactions such as one in Fig.  2.3e .  

 Symmetry consideration may turn out to be useful in predictions and explanations, but Nature 
does not always respect it. In vivo, the F 

1
  motor is connected to another rotary motor F 

o
 , which is 

driven by proton fl ow, to constitute the ATP synthase (Fig.  2.4 ). The proton motive force under 
physiological conditions operates in the direction from top to bottom in Fig.  2.4 , which drives F 

o
  

clockwise when viewed from above. This rotary direction is opposite to that of F 
1
  which rotates 

counterclockwise when it hydrolyzes ATP. The rotors of the two motors are supposed to be fused to 
each other, and hence clockwise rotation of F 

o
  drives the F 

1
  motor in its reverse direction, resulting 

in the reversal of the ATP hydrolysis reaction in the three catalytic sites of F 
1
 . This is the accepted 

view of the mechanism of ATP synthesis. A small problem from a physicist’s view is that the rotor 
of the F 

o
  motor comprises a ring of several  c  subunits, to which the asymmetric  γ  rotor of F 

1
  is 

attached via  ε . Symmetry would predict that  γ  ε  would rotate against the  c  ring, but then ATP synthe-
sis would fail. I think it is still possible that the interface between  γ   ε  and the  c  ring serves as a kind 
of clutch, which may disengage when suffi cient ATP has been accumulated. Another small uneasi-
ness that I have been having is that the basically symmetric stator of the F 

1
  motor ( α  

3
  β  

3
  ring) is 
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 connected to the single-unit F 
o
  stator ( a ) via  δ  b  

2
 . In the whole ATP synthase, the three catalytic sites 

of F 
1
  may not be entirely equivalent.  

 Linear molecular motors such as kinesin and myosin have two identical legs (no distinction 
between right and left feet) that are joined in twofold symmetry as opposed to the mirror symmetry 
in humans (Kinosita et al.  2005  ) . The most natural way for these molecular motors to walk is to 
rotate 180° every step, as in a dance (Howard  1996  ) . Several attempts to observe this all failed 
(Kinosita et al.  2005  )  showing that the motors, under the experimental constraints, can walk disre-
garding the twofold symmetry. But recently Komori et al.  (  2007  )  have succeeded in showing rotation 
in either way randomly, indicating that molecular motors want to observe symmetry principles. I still 
hope to observe rotation in a unique direction. 

 Beauty is the prime goal of (theoretical) physics. In the biological world of individualism, there 
are many different beauties, and a beauty is not always a charm. C’est la vie, which I enjoy.  

   2.2.2 Kinetics of Chemo-Mechanical Coupling 

 The kinetic scheme we had arrived at by 2007 is summarized in Fig.  2.5 , and evidence supporting the 
scheme has been discussed (Adachi et al.  2010  ) . In brief, ATP binding initiates and drives rotation from 
0° (an ATP-waiting angle; the angle descriptions below refer to the pink, or the lower left, catalytic site 
in Fig.  2.5b  or  c ) to 80°. After 200° of rotation since the ATP binding, that ATP is split into ADP and 

  Fig. 2.3    Structure of F 
1
 -ATPase and schematic diagrams. ( a ,  b ) An atomic structure of bovine mitochondrial 

F 
1
 -ATPase (Gibbons et al.  2000  ) . The  γ  rotor and an opposing pair of  α  and  β  subunits are shown in ( a ), and the bottom 

view of the section between the  gold lines  is shown in ( b ). Nucleotides are shown in CPK colors. The stator subunits 
are designated according to the nucleotides in catalytic sites found in the original structure (Abrahams et al.  1994  ) : TP 
site between  β  

TP
  and  α  

TP
 , largely in  β  

TP
 , bound an ATP analog (AMPPNP), DP site ADP, and E site none, while non-

catalytic sites in the other three interfaces bound the ATP analog. The  vertical line  in ( a ) and the  black dot  in 
( b ) represent the putative rotation axis (Wang and Oster  1998  ) . ( c ) A schematic diagram showing the relationship 
between catalytic nucleotides and  γ  orientation. ( d ) A possible diagram showing the interaction energy between  γ  and 
a  β  subunit. ( e ) Another possible energy diagram       

 



  Fig. 2.4    Subunit assembly of ATP synthase. The minimal composition inferred from bacterial enzymes is  α  
3
  β  

3
  γ   δ  ε  for 

F 
1
  and  ab  

2
  c  

8–15
  for F 

o
  (Yoshida et al.  2001 ; Junge et al.  2009 ; Watt et al.  2010  ) . F 

1
  is a rotary motor driven by ATP 

hydrolysis (the subcomplex  α  
3
  β  

3
  γ  suffi ces for rotation in isolation), and F 

o
  is another rotary motor driven by proton 

fl ow (Diez et al.  2004  ) . The two motors are connected and coupled, such that the common rotor consists of  γ   ε  c  
8–15

  and 
the stator assembly of  α  

3
  β  

3
  δ  ab  

2
 . When the free energy obtained from proton fl ow ( curved orange arrows ) is greater 

than that from ATP hydrolysis, the F 
o
  motor gains control and the rotor rotates in the  orange  direction, resulting in ATP 

synthesis in F 
1
 . When F 

1
  wins, rotation in the  green  direction occurs by ATP hydrolysis and protons are pumped back. 

The atomic structures shown, arbitrarily arranged, are from Gibbons et al.  (  2000  ) , Stock et al.  (  1999  ) , Rastogi and 
Girvin  (  1999  ) , Dmitriev et al.  (  1999  ) , and del Rizzo et al.  (  2002  )        

  Fig. 2.5    Proposed scheme for coupling between catalysis and rotation. ( a ) Schematic time course of rotation. Colors 
indicate the site at which the rate-limiting reaction is to occur in ( b ). Angles quoted in the text refer to events in the 
 pink  ( lower left ) site. ( b ,  c ) Alternative schemes suggested by Adachi et al.  (  2007  ) , differing in the timing of phosphate 
release by 120°. Chemical states of three catalytic sites ( circles ) and  γ  orientation ( central arrows ) are shown. 
( d ) Filling of the third catalytic site by a medium nucleotide (Shimo-Kon et al.  2010  ) . The  asterisked  site in ( b ) is freely 
accessible to medium nucleotide, which, upon entry, quenches the fl uorescence of the reporter tryptophan ( yellow ). 
The crystal structure shown is from Gibbons et al.  (  2000  ) , where one catalytic site is empty and is fully open       
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inorganic phosphate. The phosphate is either immediately released to drive rotation from 200° to 240° 
(Fig.  2.5b ), or remains bound for another 120° rotation to drive the last rotation from 320° to 360° 
(Fig.  2.5c ). ADP is released after a third ATP is bound, during rotation from 240° to 320°. The ADP 
release likely contributes to the 80° rotation in addition to the third ATP binding (Adachi et al.  2007  ) .  

 We still had a few problems. The timing of phosphate release, either Fig.  2.5b  or  c , had to be 
solved. Also, either of the schemes indicates that the site occupancy, the number of nucleotides 
bound to the three catalytic sites, remains two for most of the time except for the brief moment of 
rotation over 80°. The occupancy number of two was at odds over tryptophan quenching studies 
including our own. Earlier, Weber et al.  (  1993  )  have introduced a reporter tryptophan residue in each 
catalytic site (yellow in Fig.  2.5d ) to show that the tryptophan fl uorescence is quenched when a 
nucleotide is bound. With  Escherichia coli  F 

1
 , they have shown that the time-averaged site occu-

pancy goes up to three when the ATP concentration is high and the enzyme is exerting its full activ-
ity. Dou et al.  (  1998  )  have confi rmed the results with the thermophilic F 

1
  that we work with, and we 

were also getting similar results. Because the nucleotide scheme in Fig.  2.5  was derived from experi-
ments using a fl uorescent ATP analog (Cy3-ATP), we thought that the behavior of the analog may 
be different from that of unlabeled ATP used in the tryptophan studies. 

 The discrepancy in the site occupancy was resolved when Shimo-Kon noticed that active F 
1
  under-

going catalysis and inactive F 
1
  either in an inhibited state or binding ADP alone show the same 

occupancy pattern for the third site, as probed by tryptophan quenching (Shimo-Kon et al.  2010  ) . The 
implication is that the third nucleotide is not necessarily the nucleotide being catalyzed; it may come 
from the medium. In Fig.  2.5b , the asterisked site that has been vacated by leaving ADP can be fi lled by 
a medium nucleotide, ATP or ADP (Fig.  2.5d ). The Cy3-ATP experiments that led to Fig.  2.5b  or  c  
were made at very low (nanomolar) concentrations of the nucleotide, and thus the third site was not 
fi lled. This view that the third nucleotide comes mainly from the medium is consistent with the crys-
tal structures solved by the Walker group.    Of the many structures solved to date, only one structure 
binds three catalytic nucleotides (Menz et al.  2001  ) , another one no nucleotide (Kabaleeswaran et al. 
 2009  ) , and all the rest bind two nucleotides and the third site is fully open. We think that the two-
nucleotide crystal structures resemble the 80° intermediate in the kinetic scheme (Fig.  2.5 ) and thus 
the intermediate would readily accommodate a medium nucleotide in the open site. 

 I have to confess that I liked the bi-site mechanism of rotation that Boyer has been championing 
(Boyer  1998,   2002  ) . The site occupancy alternates between one and two in the bi-site mode, war-
ranting maximal asymmetry that, I thought, would assure powerful rotation. So, it was not without 
my personal regret that we eliminated almost completely the possibility of bi-site catalysis in our 
enzyme working with unlabeled ATP (Shimo-Kon et al.  2010  ) . 

 An added bonus of the tryptophan study (Shimo-Kon et al.  2010  )  was the settlement of the timing 
of phosphate release. Because the asterisked site in Fig.  2.5b  allowed binding of a medium ATP, the 
site cannot hold phosphate as in Fig.  2.5c . When we added phosphate in the medium, binding of ATP 
to the asterisked site was hindered. 

 I was to stop here, to conclude that the kinetic coupling scheme is now complete. The site occu-
pancy problem that had been lingering in my mind for years is fi nally gone. Watanabe et al.  (  2010  ) , 
however, have recently reported intricate experiments that indicate, at least for the slow-hydrolysis 
mutant they used, phosphate release at 200° is too slow to be compatible with the scheme in Fig.  2.5b . 
The authors suggest Fig.  2.5c . To reconcile with the observation above that the third site can 
accommodate a medium ATP, the authors also suggest that the phosphate retained by 320° would 
immediately be released upon reaching 320°, leaving the 320° site open for most of the 320° dwell 
(the asterisked site in Fig.  2.5  will also be open). But then the 40° rotation from 320° to 360° cannot 
be driven by phosphate release, as opposed to our contention that phosphate release confers driving 
torque for the 40° rotation, whether from 200° to 240° or from 320° to 360° (Adachi et al.  2007  ) . 
Something, or somethings, must be wrong, or the F 

1
 -ATPase allows different kinetic pathways and 

chooses one (or more) depending on the reaction conditions and/or mutations. 
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 Thus, at this moment, I no longer have a clear-cut view of F 
1
  kinetics. All aspects of the kinetics 

may have to be re-examined. In this regard, I note that, under a certain circumstance, ATP hydrolysis 
may take place at 120° (Shimabukuro et al.  2006  ) , not at 200° as shown in Fig.  2.5b  or  c . Also, in a 
related enzyme V 

1
 -ATPase of  Thermus thermophilus , rotation proceeds in steps of 120°, without the 

80° and 40° substeps as in F 
1
 ; all chemical reaction steps, at least ATP binding, hydrolysis, and 

another rate-limiting reaction likely ADP or phosphate release, take place at the same angle 
(Furuike et al.  2011  ) . Why, then, does F 

1
  bother to divide them into two angles? Possibly to produce 

torque over a wide range of angles and to synthesize ATP effi ciently? If so, why does the  Thermus  
V 

1
 , which also participates in effi cient ATP synthesis when combined with V 

o
  (Toei et al.  2007  ) , not 

adopt the same strategy?  

   2.2.3 Binding Changes and ATP Synthesis 

 Boyer has proposed that binding changes are the essence of the function of ATP synthase (Boyer 
 1998  ) . The fi nal step of the synthesis, for example, is the release of a tightly bound ATP, or a 
decrease in the binding constant. The binding change results from a conformational change of the 
catalytic site, and the conformational change is driven by mechanical rotation. Other chemical steps, 
bindings of ADP and phosphate to the catalytic site and linking of phosphate to ADP in the catalytic 
site, all occur through rotation-driven binding changes. 

 Isolated F 
1
  alone has been shown to catalyze ATP synthesis when the  γ  rotor is forced to rotate in 

reverse by an external, artifi cial force (Itoh et al.  2004 ; Rondelez et al.  2005  ) , implying that the bind-
ing changes can be effected by  γ  rotation alone, or that the  γ  angle determines the equilibrium con-
stants of each catalytic site for ADP binding, phosphate binding, ATP synthesis/hydrolysis, and ATP 
unbinding (a “ γ -dictator,” or “ γ -controlled,” mechanism). In the rotation driven by ATP hydrolysis, 
the central  γ  will coordinate the chemical steps in the three catalytic sites. 

 A general framework of how the mechanical work of rotation (the mechanical energy liberated in 
the hydrolysis-driven rotation, or the energy input required for synthesis rotation) is coupled to the 
binding changes (shifts of the equilibrium constants of the catalytic sites) has been discussed and 
used to build models of F 

1
  rotation (Oosawa and Hayashi  1986 ; Wang and Oster  1998 ; Kinosita et 

al.  2004  ) . All models treat the equilibrium constants as a continuous function of the  γ  angle, and 
hence the energy involved, or the torque as the derivative of the energy, is also a continuous function 
of the  γ  angle. This is in accord with the observation that, apparently, F 

1
  generates torque at all angles 

except when it is waiting for ATP binding and phosphate release (Kinosita et al.  2000 ; Pänke et al. 
 2001 ; Palanisami and Okamoto  2010  ) . (This “power stroke” view, though, represents only one side 
of a coin; see Adachi et al.  2010 , and discussion below). 

 Angle-dependent binding change has been quantifi ed for phosphate around the phosphate release 
angle: the association constant for phosphate decreases by a factor well above 10 4  upon rotation 
from 200° to 240° (Adachi et al.  2007  ) . Experiments have also indicated that the association con-
stant for ATP (or the rate of ATP binding) increases around the ATP-binding angle (Watanabe-
Nakayama et al.  2008 ; Iko et al.  2009  ) . Using Cy3-ATP and Cy3-ADP, we have been measuring the 
binding changes for ATP and ADP over all angles and under various conditions. Years of analyses 
are now almost complete, which we will report in the near future. One hint from the analyses is that 
ATP synthesis in F 

1
  appears to be basically the reverse of hydrolysis: when forced to rotate in the 

reverse direction, catalytic events seem to occur from right to left in Fig.  2.5a . 
 Our current view, yet abstract, is that binding changes and protein conformational changes 

(including  γ  rotation) are two sides of the same coin (Fig.  2.6 ). ATP, for example, binds through the 
process of “induced fi t” (Koshland  1958  ) , whereby the catalytic site adapts itself to better accom-
modate ATP, increasing the number of weak bonds (blue dots in Fig.  2.6 ) that hold ATP. Thus, if ATP 
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binding drives a conformational change, that particular conformational change, when induced ther-
mally or by an external force, will increase the affi nity of the catalytic site for ATP. Likewise, phos-
phate or ADP release goes through “induced unfi t,” and the conformational change accompanying 
the release process will decrease the affi nity. To state that binding/unbinding drives a conformational 
change is the so-called power stroke view. An alternative view is that a thermal fl uctuation into a 
proper conformation induces and stabilizes binding/unbinding (“conformational selection”). Again, 
truths are always somewhere in between, I suppose (Adachi et al.  2010  ) .  

 The induced fi t and induced unfi t are both basically downhill, toward lower free energy. An external 
force applied to the protein part can reverse these processes, by forcing fi t and unfi t. This is how we 
view ATP synthesis on the protein machine (Fig.  2.6 , from right to left). For effi cient synthesis, 
forced fi t for ADP must not allow ATP binding, and the little projection in the pink circle in Fig.  2.6  
is a highly schematic representation of this distinction mechanism, one possibility being preoccupa-
tion by phosphate which must be present in the medium for ATP syntheses. In the last step of syn-
thesis, it must be ATP and not ADP that is released into the medium. For this, we conjecture that a 
small clockwise rotation of  γ  would shift the equilibrium between ADP + phosphate and ATP toward 
the synthesis side. A corollary, then, is that ATP hydrolysis in the catalytic site would accompany a 
small counterclockwise rotation of  γ , which seems natural to me.  

   2.2.4 Structural Basis of Rotation 

 Wang and Oster  (  1998  )  made movies of rotating F 
1
  by interpolating the crystal structure (Abrahams 

et al.  1994  )  in which the three  β  subunits adopt different conformations as though the conforma-
tional changes directly drive  γ  rotation. The movies were pretty much impressive to me, and I thought 
that the basic mechanism would be the push and pull of bending and unbending  β  against  γ  (Fig.  2.3a ) 
as these authors suggested. 

  Fig. 2.6    Chemo-mechanical and mechano-chemical energy conversion through the processes of “induced fi t” and 
“induced unfi t.”  Violet arrows  show reactions driven by free energy liberated by ATP hydrolysis;  red arrows , reverse 
reactions driven by an external force.  Green blocks  show conformations of the protein part in a highly schematized 
fashion, their vertical locations representing the free energy level in an environment favoring hydrolysis and in the 
absence of an external force.  Small blue dots  surrounding a nucleotide represent weak bonds (mainly hydrogen bonds) 
that hold the nucleotide in the catalytic site. Through progressive formation of these bonds a binding ligand (ATP) 
pulls the protein toward a conformation that better fi ts the ligand (induced fi t). A leaving nucleotide promotes a reverse 
process, which we call “induced unfi t.” Both induced fi t and induced unfi t can be reversed by an external force on the 
protein part, resulting in forced binding changes. The  pink circle  highlights the small protrusion that would hinder 
ATP binding (but not ADP and phosphate separately); ATP binding should somehow be hindered for effi cient 
synthesis       
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 When Hossain joined us as a postdoc of physics background, I suggested if he might wish to redo 
the  γ  truncation work of Müller et al.  (  2002  )  as biology training. Thus started a never-ending story. 
Truncation of  γ  in the direction from bottom to top led him to the fi nal product shown in Fig.  2.7a . 
This axle-less construct rotated in the correct direction for >100 revolutions, albeit slowly (Furuike 
et al.  2008  ) . The rotation was visualized by attaching a gold bead to the two cysteine residues near 
the arrowheads in Fig.  2.7a , and the obliquely attached bead moved in a circle. Occasionally, though, 
the bead moved to the center of the circular trace, suggesting an upright orientation as in Fig.  2.7b . 
That the remaining rotor head in Fig.  2.7a  continued to rotate without being carried away by thermal 
diffusion is already a surprise, and the orientation in Fig.  2.7b  still clinging is more than amazing. 
The push–pull action requires a relatively rigid axle pivoted at the bottom. Obviously, the axle-less 
construct rotates by a different mechanism, which is totally a mystery to me.  

 An undergraduate student Kohori attempted a sideways truncation, removing the entire amino-
terminal  α  helix of  γ  (yellow in Fig.  2.7c ). The remaining carboxyl terminal helix was connected to 
a  β  subunit via a short peptide liner. This construct rotated at a quarter of the wild-type speed and 
produced approximately half the wild-type torque (Kohori et al.  2011  ) . Truncation from top is now 
under way, and the preliminary indication is that the entire  γ  head is dispensable. If we take AND of 
all constructs, a conclusion seems inevitable that none of the  γ  residues are needed for rotation. 

 Is this the end of the story? That rotation does not depend on specifi c interactions between  γ  and 
the stator has led us to propose that F 

1
  may have evolved from a motor that can rotate anything (other 

than an object with threefold symmetry) albeit ineffi ciently. Evolution, though, cannot be proved, 
being one-time, irreproducible experiment that God is playing at. So, I am suggesting young 
colleagues to resort to a “creationist approach,” to create F 

1
  that indeed rotates an unrelated object 

such as DNA.   

   2.3 Spiral Rotations and Viral Machines 

 Now I come to the viral packaging machine, and my interest is whether it rotates. 
 God did not invent too many different kinds of proteins and nucleotides, and he often resorts to 

symmetry for building larger structures, ending in helical fi laments, disks, and spheres. Repetitive 

  Fig. 2.7    Truncations of the  γ  rotor. ( a ) An axle-less construct in which the  white  portion is deleted (Furuike et al. 
 2008  ) .  Arrowheads  indicate approximate positions of the cysteine residues introduced for the attachment of a rotation 
marker. ( b ) The rotor head in ( a ) appears to occasionally adopt such orientations where the marker (a  gold bead ) 
would be right above the rotor. ( c ) A construct (Kohori et al.  2011  )  devoid of the entire amino-terminal  α  helix 
( yellow ). The carboxyl terminus is connected to  β  via a short peptide linker ( magenta )       
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interactions with a helix (or a disk) should lead to rotation, as indeed observed. A dynein and some 
kinesins spirally rotate a microtubule (Vale and Toyoshima  1988 ; Walker et al.  1990 ; Yajima et al. 
 2008  ) , myosin or formin rotates an actin fi lament (Nishizaka et al.  1993 ; Sase et al.  1997 ; Mizuno 
et al.  2011  ) , and RNA polymerase rotates DNA (Harada et al.  2001  ) . Conversely, myosin, when 
unconstrained, spirals around an actin fi lament (Ali et al.  2002,   2004  ) . 

 These spiral motions often disregard the helical pitch of the fi lament. The pitch of spiral motion 
and the structural pitch of the helix will agree when movement during one interaction cycle is 
shorter than half the helical pitch, as for DNA polymerase and formin above and regular kinesin 
(Howard  1996  ) . Linear molecular motors that walk with long strides disobey the helical pitch, and 
some appear to produce lateral force to go sideways. 

 There seems to be no a priori reason why the helical DNA being actively packaged into a viral 
capsid should not rotate. Although rotation of the portal motor has been denied (Hugel et al.  2007  ) , 
the stepwise interaction of DNA with the packaging motor (Moffi tt et al.  2009  )  suggests rotation. 
Extensive DNA rotation, however, would hinder its packaging, and thus if DNA does rotate, its 
torsion would have to be relaxed by occasional slippage in the motor or, say, by a topoisomerase 
action. As an ex-physicist, I do not care if DNA really rotates during packaging in vivo. If the 
machine has the potential of rotation, however, I would like to see it. If the machine is not willing, 
why not let it go, by artifi cially preventing slippage if needed. By the time this book appears, some-
one hopefully will have shown me a movie of rotation.      
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  Abstract   Viruses, the molecular nanomachines infecting hosts ranging from prokaryotes to eukaryotes, 
come in different sizes, shapes, and symmetries. Questions such as what principles govern their 
structural organization, what factors guide their assembly, how these viruses integrate multifarious 
functions into one unique structure have enamored researchers for years. In the last fi ve decades, 
following Caspar and Klug’s elegant conceptualization of how viruses are constructed, high-resolution 
structural studies using X-ray crystallography and more recently cryo-EM techniques have provided 
a wealth of information on structures of a variety of viruses. These studies have signifi cantly 
 furthered our understanding of the principles that underlie structural organization in viruses. Such an 
understanding has practical impact in providing a rational basis for the design and development of 
antiviral strategies. In this chapter, we review principles underlying capsid formation in a variety of 
viruses, emphasizing the recent developments along with some historical perspective.   

    3.1 Introduction 

 Viruses are metastable macromolecular assemblies composed of the viral genome enclosed within a 
proteinaceous capsid. They come in variety of sizes, shapes, and forms. Some are large, and some 
are small; some are spherical, and some are rod-like; some have lipid envelopes. Many of these 
viruses exhibit exquisitely symmetric organization. Irrespective of their shape and size, the underly-
ing theme in all these viruses is that the virus structure is designed to contain and protect the viral 
genome and deliver it to a specifi c host cell for subsequent replication of the virus. Viruses are also 
distinguished based on the type of the genome that they contain: single-stranded or double-stranded 
RNA or DNA. The viral genome, in addition to encoding the proteins that constitute the capsid, also 
encodes other proteins referred to as nonstructural proteins, so called because they are not part of the 
fi nal capsid’s organization. These nonstructural proteins are essential for viral replication inside the 
host cell. In some viruses, particularly of bacterial origin, viral genome encodes a protein called 
scaffolding protein that may not be part of the mature capsid but may be a critical factor in facilitat-
ing the capsid assembly. 

    Chapter 3   
 Principles of Virus Structural Organization       

            B.V.   Venkataram   Prasad     and      Michael   F.   Schmid      
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 Often, the size of the virus is proportional to the size of the genome. However, the viral genome 
contributes far less to the total mass of the virion than the capsid proteins. It was this observation that 
prompted Watson and Crick to suggest that the capsid has to be formed by the association of multi-
ple copies of the capsid protein(s) (Crick and Watson  1956,   1957  ) . Such an assembly with repeating 
subunits then greatly reduces the amount of genetic information required. In some viruses, the capsid 
formation involves a single gene product, whereas in other viruses which are more complex, it 
involves multiple gene products. Such an assembly involving repeating subunits raises several inter-
esting questions. How do these subunits interact with one another with high fi delity and specifi city 
to form the capsid architecture? This question becomes even more interesting in complex viruses in 
which the capsid formation involves multiple gene products. Are there any specifi c structural prop-
erties that these proteins should have for the capsid formation? How is capsid assembly directed and 
controlled? How is the genome encapsidated? In addition to containing and protecting the genome, 
the capsid architecture must also be conducive for interactions with the host cell for entry; how is 
this process coordinated? Given that capsid has to disassemble to make the genome available for 
replication, what are the cues for disassembly? How does the capsid organization respond to and 
evade the antiviral response mounted by the host? 

 In the last half century, structural studies on a variety of viruses have provided a wealth of infor-
mation regarding some of the questions listed above. In addition to providing insight into the funda-
mental principles underlying various aspects of capsid assembly, more importantly, such studies 
have had practical impact in providing a rational basis for the design and development of antiviral 
strategies. Several excellent reviews on virus structures and principles underlying capsid formation 
have been published periodically over years (Klug and Caspar  1960 ; Caspar and Klug  1962 ; 
Rossmann and Johnson  1989 ; Johnson and Speir  1997 ; Harrison  2007  ) ; we will emphasize here the 
recent developments along with the some historical perspective.  

   3.2 Structural Techniques 

 Two principal techniques used in the structural studies on viruses are electron microscopy and X-ray 
crystallography. Contributions from other elegant studies using a variety of biochemical and bio-
physical techniques and theoretical modeling have been crucial in providing a more complete under-
standing of the capsid construction and assembly pathways. Electron microscopy of negatively 
stained virus specimens provided the fi rst glimpse of viruses and led to early classifi cation of viruses 
based on shape and form (Green et al.  1956 ; Brenner and Horne  1959 ; Horne and Wildy  1962,   1979 ; 
Wildy and Horne  1963  ) . Even today, this technique is used as a diagnostic tool in identifying clinical 
virus samples. Subsequently, the discovery that EM images of virus particles, which are essentially 
projection images, can be used to reconstruct the three-dimensional structure of the virus using com-
puter image analysis protocols (Crowther et al.  1970  )  paved the way for spectacular advances in 
specimen preparation (Knapek and Dubochet  1980 ; Dubochet et al.  1988  ) , electron imaging, and 
computer image reconstructions. In the last two decades, this exciting new technology called three-
dimensional cryo-electron microscopy (cryo-EM) has revolutionized the structure analysis of a vari-
ety of viruses (Baker et al.  2010 ; Crowther  2010 ; Grigorieff and Harrison  2011  ) . 

 Much of our understanding of subunit interactions in a viral capsid at the atomic level has come 
from X-ray crystallographic structure of spherical viruses. Beginning with the structures of three 
small spherical plant viruses in early 1980s (Harrison et al.  1978 ; Abad-Zapatero et al.  1980 ; 
Liljas et al.  1982  ) , over the last three decades, X-ray crystallography has been successfully applied 
to study a variety of larger and more complex spherical viruses including human viruses (Hogle et al. 
 1985 ; Rossmann et al.  1985 ; Liddington et al.  1991 ; Grimes et al.  1998 ; Reinisch et al.  2000 ; 
Wikoff et al.  2000 ; Reddy et al.  2010  ) . The closely related technique of X-ray fi ber diffraction has 
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been used to study viruses that have helical symmetry (Namba and Stubbs  1986 ; Namba et al.  1989  ) . 
In recent years, cryo-EM technique has allowed visualization of a variety of spherical viruses at 
subnanometer (Bottcher et al.  1997 ; Conway et al.  1997 ; Jiang et al.  2003 ; Zhang et al.  2003 ; 
Saban et al.  2006 ; Li et al.  2009  )  to near-atomic resolutions (Yu et al.  2008a,   b ; Baker et al.  2010 ; 
Liu et al.  2010 ; Wolf et al.  2010 ; Settembre et al.  2011 , see also Chap. 4 ) . For some viruses that 
are not amenable for high-resolution structural analysis by these techniques, complementarity 
between cryo-EM and X-ray crystallography has been exploited in deriving the pseudoatomic 
models of the capsid (Grimes et al.  1997 ; Mathieu et al.  2001 ; Zhang et al.  2002,   2007 ; 
Settembre et al.  2011  ) . In these studies, when the virus capsid could not be crystallized, but a lower 
resolution structure could be determined by cryo-EM, as this technique does not require the speci-
men in a crystalline form, independently determined X-ray crystallographic structures of the capsid 
components are fi tted into lower-resolution cryo-EM map of the capsid. Such a hybrid technique 
has been most useful in studying capsid–receptor, capsid–antibody interactions and in studying 
capsid-associated structural dynamics (Rossmann et al.  1994 ; Ilag et al.  1995 ; Smith et al.  1996 ; 
Stewart et al.  1997 ; Belnap et al.  2000 ; Conway et al.  2001 ; Martin et al.  2001 ; Nason et al.  2001 ; 
Dormitzer et al.  2004 ; Gan et al.  2006  ) . Structure determination of spherical viruses either by X-ray 
crystallography or cryo-EM techniques relies implicitly on the symmetry of the capsid. As a result, 
the structural organization of the encapsidated genome is amenable to these structural techniques 
only when the genome follows the capsid symmetry. However, in recent years, there are several 
examples in which the entire genome or a signifi cant portion of it is observed to follow the capsid 
symmetry and visualized in the structural analysis (Chen et al.  1989 ; Namba et al.  1989 ; Fisher and 
Johnson  1993 ; Larson et al.  1993  ) . A detailed discussion on the genome organization in viruses is 
provided in a review by Prasad and Prevelige  (  2003  ) . In this review, we mainly focus on the capsid 
organization. In addition to the X-ray crystallographic and cryo-EM structural techniques, other 
diffraction techniques such as neutron diffraction (Bentley et al.  1987  ) , low-angle X-ray scattering 
(Tsuruta et al.  1998  ) , and spectroscopic techniques (Tuma and Thomas  1997 ; Benevides et al.  2002  )  
have been useful in understanding the capsid organization in viruses.  

   3.3 Capsid Organization in Spherical Viruses 

   3.3.1 Cubic Symmetry 

 It was Watson and Crick  (  1956  )  who fi rst proposed that spherical viruses exhibit cubic symmetry 
involving at least four threefold rotational symmetry axes. They argued that only such symmetry in 
an isometric capsid allows close packing of repeating subunits such that each subunit has identical 
environment. The cubic symmetry is inherent in the platonic solids, the tetrahedron, cube, octahe-
dron, dodecahedron, and icosahedron. The distinguishing characteristics of these polyhedral solids 
are that each polyhedron consists of identical faces, in the shape of a regular polygon; identical ver-
tices, which are meeting points of the same number of faces; and identical edges, which are lines 
joining the adjacent vertices (Fig.  3.1 ). For example, a cube consists of six identical faces, each of 
which is a square; eight identical vertices, which are meeting points of three squares; and 24 edges, 
each joining adjacent vertices. These highly symmetric polyhedra can also be described in terms of 
the inherent rotational symmetry axes, wherein rotation of 360/ n ° about an  n -fold symmetry axis 
produces  n  invariant views of the polyhedron. For instance, a cube has twofold rotational symmetry 
axes passing through the centers of the opposite faces and threefold axes along the diagonals passing 
through each of the vertices. The combination of these two rotational symmetry elements gives rise 
to additional rotational symmetry axes: three fourfold symmetry axes going through centers of the 
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opposite faces and six twofold symmetry axes going through the midpoints of opposite edges. 
Similarly, in an icosahedron, there are 12 vertices with fi vefold rotational symmetry, 20 triangular 
faces with threefold symmetry, and 30 edges with twofold symmetry (Fig.  3.2 ). Among the platonic 
solids, fi vefold rotational symmetry is present only in the icosahedron and its dual, the dodecahedron 
(Fig.  3.1 ). By analyzing the X-ray diffraction patterns obtained from the crystals of a spherical plant 

a b c

d e

  Fig. 3.1    The fi ve platonic solids. One of the faces in each of these solids is colored in  pale blue . The number of 
vertices ( V ), faces ( F ), and edges in each of these solids follows Euler formula,  F  +  V  =  E  + 2. ( a ) Tetrahedron, which 
displays two- and threefold symmetry axes, has 4 triangular faces, 4 vertices, and 6 edges. ( b ) Cube, with four-, three-, 
and twofold symmetry, has 6 square faces, 8 vertices, and 12 edges. ( c ) Octahedron which has two- and threefold 
symmetry has 8 triangular faces, 8 vertices, and 12 edges. ( d ) Icosahedron with fi ve-, three-, and twofold symmetry 
axes has 20 triangular faces, 12 vertices, and 30 edges. ( e ) Dodecahedron, which also displays the same 5-3-2 sym-
metry elements as an icosahedron, has 12 faces, 20 vertices, and 30 edges. In contrast to an icosahedron in which three 
triangular faces meet at a vertex, in the dodecahedron, three pentagonal faces meet at each of the vertices       

a b c

  Fig. 3.2    Icosahedral axes of symmetry. An icosahedron displayed along the ( a ) fi ve-, ( b ) three-, and ( c ) twofold 
symmetry axes. The fi vefold rotation axis passes through the vertices of the icosahedron; the threefold axis passes 
through the middle of each triangular face; and the twofold axis through the center of each edge       
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virus, tomato bushy stunt virus (TBSV), which showed characteristics spikes that only arise because 
of fi vefold symmetry, Caspar provided the fi rst evidence for the presence of icosahedral (5-3-2) sym-
metry in spherical viruses (Caspar  1956  ) . Soon after, Klug, by analyzing the X-ray diffraction pat-
terns from another spherical plant virus called tomato yellow mosaic virus (TYMV), provided 
further evidence for icosahedral symmetry in spherical viruses (Klug et al.  1957  ) . At that time in the 
1950s when these fundamental discoveries were made, the X-ray diffraction methods and 
the computer software were not adequately developed for determining the three-dimensional struc-
tures. However, later structural studies overcoming these technical limitations clearly established 
icosahedral capsid organization in a variety of spherical viruses.    

   3.3.2 Icosahedral Capsid Organization 

 The icosahedron with fi ve-, three-, and twofold rotational symmetry axes allows placement of 60 
identical units with equivalent contacts between each of them. In contrast, a cube with four-, three-, 
and twofold symmetry axes, as mentioned above, allows placement of 12 identical units. Placement 
of 60 units in an icosahedron can be illustrated by considering the construction of an icosahedron 
based on a hexagonal net (Fig.  3.3a ). By placing a subunit at one corner of one of the 20 triangular 
facets, as a result of the threefold symmetry axis, passing through the center of the triangle and per-
pendicular to the plane of the triangle, the other two corners of this facet will have subunits, and then, 
as a result of repeated application of the twofold axis of symmetry, at the center of the edge joining 
the adjacent triangular facets, we generate 60 subunits that are related by 5-3-2 symmetry, with every 
subunit having an identical environment (Fig.  3.3b ). A pertinent question at this point is whether all 
the spherical viruses with icosahedral symmetric capsids have only 60 identical subunits? Although 
there are a number of viruses in which capsid consists of 60 identical subunits, such as satellite plant 
viruses (Ban et al.  1995  ) , there are many spherical viruses which consist of more than 60 subunits, 

  Fig. 3.3    Construction of an icosahedron from a template based on a planar hexagonal net. ( a ) The template consists 
of 20 equilateral triangles cut from a hexagonal net. Each triangle has a threefold axis at the center, indicated by a 
small triangle symbol, and a twofold axis at the center of the line that joins the adjacent triangles, indicated by an  oval  
symbol. Application of the threefold rotational symmetry to a motif ( quotes ) placed in one of the triangles generates 
two other motifs in the same triangle, and successive application of the twofold rotational symmetry between the 
adjacent triangles results in each of the 20 triangles having three motifs as shown. To construct an icosahedron from 
this planar net, fi rst, the two ends of the central body consisting of ten equilateral triangles are folded and glued at the 
edge shown as a  red band . Each of the fi ve triangular faces at the top is then joined with one another at the  blue bands  
to form a single vertex, and a similar operation with the fi ve triangular faces at the bottom results in an icosahedron 
with 12 fi vefold vertices. ( b ) Hexagonal net in ( a ) folded into an icosahedron. The 60 motifs ( quotes ) in the icosahe-
dron are now related by fi ve-, three-, and twofold symmetry, indicated by a  pentagon ,  triangle , and  oval  symbols, 
respectively       
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as was fi rst shown by Brenner and Horne using EM of negatively stained virus specimens (Brenner 
and Horne  1959  ) . From later studies, we know that not only do these viruses have more than 60 
identical subunits but also, in several cases, the capsid is formed by subunits of different gene 
 products   . For simplicity, we will consider fi rst how spherical viruses with more than 60 identical 
subunits, i.e., single gene product, conform to icosahedrally symmetric organization. Caper and 
Klug  (  1962  )  provided an elegant conceptual framework that specifi cally addressed this question.   

   3.3.3 Triangulation Numbers 

 It is clear from symmetry considerations that more than 60 identical subunits cannot be placed in 
such a way that they have strictly equivalent positions on an icosahedral surface. However, Casper 
and Klug  (  1962  )  argued that this can be achieved by allowing minimal distortions from the strict 
equivalence. To achieve this, with an assumption that size of the subunit remains the same and only 
the number of subunits varies, the basic triangular facet of the icosahedron has to be fi rst enlarged 
and then subdivided into smaller triangles. Such a subdivision, which is referred to as triangulation 
for convenience in this discussion, cannot be arbitrary, and because of geometrical considerations, it 
is dictated by the equation  T  =  H  2  +  HK  +  K  2 , where  T  is the triangulation number, and h and k are 0 
or positive integers (Fig.  3.4 ). That is, the  T  number takes discrete values such as 1, 3, 4, 7, etc., and 
subdividing an equilateral triangle into, say, fi ve or eight smaller triangles is not allowed.  

 The concept of triangulation and how it allows for more than 60 subunits with consequent increase in 
the size of the icosahedron can be illustrated using a hexagonal lattice with  H - and  K -axes crossing at 60° 
angle (Fig.  3.4a ). By arbitrarily choosing a lattice point as the origin (0, 0) and considering it as the 
position of a fi vefold vertex of an icosahedron, the position ( H ,  K ) of the neighboring fi vefold vertex that 
is closest to the origin signifi es the  T  number of that icosahedron. The equilateral triangle with the length 
of each side equal to the distance between the origin and the position ( H ,  K ) corresponds to one of the 20 
triangular faces of such an icosahedron with each of its corners representing a fi vefold vertex. The ico-
sahedron with no triangulation can be described as having a triangulation number of 1 ( T  = 1) in which 
the closest fi vefold vertex is positioned at ( H  = 1,  K  = 0). By defi ning the equilateral triangle representing 
each face in such a  T  = 1 icosahedron as a unit triangle, in a  T  = 4 icosahedron, for example, with closest 
fi vefold vertex positioned at ( H  = 2,  K  = 0), the equilateral triangle describing each facet consists of four 
unit triangles (Fig.  3.4a ). That means, in each triangular facet of the  T  = 4 icosahedron, 12 subunits can 
be placed, in contrast to three subunits in the facet of the  T  = 1 icosahedron. With 12 subunits in each of 
the 20 facets, a  T  = 4 icosahedron then will accommodate 240 (60 T ) subunits in contrast to 60 subunits 
in the  T  = 1 icosahedron (Fig.  3.4b ). Also, as can be seen, the size of the  T  = 4 icosahedron compared to 
the size of the  T  = 1 icosahedron has proportionally increased. It should be pointed out here that subdivid-
ing the triangular facet resulting in icosahedra with  T  > 1 need not necessarily increase the size and that 
increased size is only with the assumption that molecular mass of the subunit remains approximately 
the same   . Generally, however, spherical viruses with  T  > 1 tend to be of larger size.  

   3.3.4 Classes of Icosahedra 

 Based on their  T  numbers, icosahedra can be divided into three classes (Fig.  3.5 ). In the fi rst class, 
icosahedra have  T  numbers based on the  H -axis (1, 4, 9, etc.) with  H   ³  1 and  K  = 0. In these icosahe-
dra, lattice lines run parallel to the edges of the triangular icosahedral facet. In the second class, the 
icosahedra have  T  numbers along the line that bisects  H - and  K -axes (3, 12, 27, etc.) with  H  =  K . 
In this class of icosahedra, the lattice lines bisect the angles between the edges of the icosahedral 
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facet. The third class, called the skew class, includes icosahedra with other allowed  T  numbers (7, 
13, 19, 21, etc.), in which the lattice lines are not symmetrically disposed with respect to the edges 
of the icosahedral facet. In the fi rst two classes, the lattice points that signify the  T  number are 
uniquely defi ned, whereas in the skewed class, there are two possibilities for the lattice points that 
defi ne their  T  numbers. For example, for  T  = 7 ( H  = 2,  K  = 1) and ( H  = 1,  K  = 2) are equally possible. 

  Fig. 3.4    Triangulated icosahedral lattices. ( a ) The hexagonal net used for constructing an icosahedron in Fig.  3.3  also 
serves to illustrate the formation of equilateral facets in the triangulated icosahedral lattices. The facet of the triangu-
lated lattice of an icosahedron of a given  T  number is specifi ed by a vector  T  ( H ,  K ) from the origin ( O ). The unit 
vector  T  (1, 0) ( black ) in this representation specifi es the facet of the basic  T  = 1 icosahedron. Other vectors such as  T  
(1, 1),  T  (2, 0), and  T  (1, 2), for example, form the basis for successively larger  T  = 3 ( red ),  T  = 4 ( green ), and  T  = 7 
( blue ) icosahedral facets, respectively. To construct a triangulated icosahedral lattice of a particular  T  number 
(=  H  2  +  HK  +  K  2 ), its facet, which is an equilateral triangle, is generated, as specifi ed by the vector  T  ( H ,  K ), using the 
underlying planar hexagonal net. Nineteen other triangles are then generated to give a template, as in Fig.  3.3 , for 
constructing an icosahedron with a given  T  number. The  black ,  red ,  green , and  blue triangles  represent facets for the 
 T  = 1, 3, 4, and 7 icosahedra, respectively. Each vertex of the facet triangle becomes fi vefold when the template is 
folded into an icosahedron as shown in Fig.  3.3 . ( b ) The folded  T  = 1 ( H  = 1,  K  = 0) and  T  = 4 ( H  = 2,  K  = 0) templates, 
in  black  and  green , respectively, are shown for comparison. The subunit organization in these icosahedra is shown 
using  quotes  to represent a “subunit” as in Fig.  3.3 . In contrast to the  T  = 1 icosahedron, which has 20 unit triangles, 
specifi ed by the vector  T  (1, 0), with 60 subunits, the  T  = 4 lattice, specifi ed by  T  (2, 0), consists of 80 (20 T ) unit tri-
angles with 240 (60 T ) subunits. The folded  T  = 4 icosahedron clearly illustrates how the nonvertex sixfold positions in 
the net remain hexavalent (indicated by  hexagon  symbols) whereas the vertex sixfold positions in the net become 
pentavalent (indicated by  pentagon  symbol) upon folding. As in any triangulated icosahedron, with the exception of 
the unit triangle at the icosahedral threefold position, the other triangles exhibit local (or quasi) threefold symmetry; 
similarly, the adjacent unit triangles are related by local (or quasi) twofold axes, unless the midpoint of the edge coin-
cides with icosahedral twofold axis. Each facet in the  T  = 4 icosahedron is comprised of four triangles. The icosahedral 
threefold axis, at the center of the facet, divides the facet into three equivalent parts. Each part, consisting of one-third 
of the central triangle and one of the remaining three triangles in the facet, constitutes the icosahedral asymmetric unit. 
The four “subunits” in the asymmetric unit, one from the central triangle and three from one of the other triangles in 
facet, are shown in different colors to indicate their quasi-equivalent environment. The subunit in the central triangle 
is colored in  black , while the subunits in the other triangle are colored in  red ,  blue , and  green . Application of the strict 
fi ve-, three-, and twofold rotations to these quasi-equivalent subunits in the asymmetric unit generates rest of the 240 
subunits. The arrangement of the subunits clearly illustrates how the triangulation leads to the formation of the rings 
of 5 ( red  subunits) and 6 ( black ,  green , and  blue  around the hexavalent points) because of the triangulation. Furthermore, 
it also illustrates that although the formation of rings of 5 and 6 in a triangulated lattice is a geometrical necessity, 
clustering of the subunits into pentamers and hexamers is not obligatory. In the  T  = 4 icosahedron shown here, either 
each subunit can be considered separately or as a cluster of three subunits (trimer). With a trimer as the building block, 
one trimer ( three black  subunits) occupies the central triangle of the facet, at the icosahedral threefold position, and 
another “quasi-equivalent” trimer ( red ,  green , and  blue  subunits) occupies the other triangle in the facet. Such a  T  = 4 
organization with trimers is observed in the case of alphaviruses (see Fig.  3.12 ). See Figs.  3.7a  and  3.8a  for folded 
 T  = 3 ( red  facet) and  T  = 7 ( blue  facet) icosahedral lattices, respectively       
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These two represent left-handed ( leavo ) and right-handed ( dextro ) enantiomorphic confi gurations. 
Examples of virus structures with skew icosahedral lattice include polyomaviruses ( T  = 7 d ), bacte-
riophage ( T  = 7 d ), and rotavirus ( T  = 13 l ). In the literature, the fi rst and second classes of icosahedra 
are also referred to as  P  = 1 and  P  = 3 classes, respectively, by defi ning the  T  number as  T  =  Pf  2 . In this 
equation,  f  is the largest common divisor between  H  and  K , and  P  =  h  2  +  hk  +  k  2 , where  h  and  k  are 
integers without any common factor. All icosahedra with  P   ³  7 belong to skew class.  

 Another form of icosahedron that is found in some viruses such as phi29 (Tao et al.  1998  ) , T-even 
bacteriophages (Fokine et al.  2004 ; Rao and Black  2010  ) , and aberrant fl ock house virus particles 
(Dong et al.  1998 ; Wikoff and Johnson  1999  )  is the prolate icosahedron. Here, the icosahedron is 
stretched along one of the icosahedral axes. A typical icosahedron can be considered as having a 
central cylindrical body, consisting of ten triangles, with two caps, each with fi ve triangles, at its 
bottom and the top (Fig.  3.6a ). The prolate icosahedra are characterized by a combination of  T  num-
ber and an elongation number called  Q  according to the formula  n  = 30( T  +  Q ) (Fig.  3.6b ), where  T  
is the triangulation number as defi ned previously,  Q  is any positive integer, that defi nes the triangula-
tion number for the central body, and  n  refers to number of subunits (Fokine et al.  2004  ) . In the tri-
angles that constitute the caps, the triangulation follows the  T  number, whereas in the triangles that 
constitute the main cylindrical body, it follows the  Q  number. As can be seen, when  T  =  Q , then the 
icosahedra become isometric with  n  = 60 T , as discussed above. When  Q  >  T , the resulting icosahe-
dron is referred to as a prolate icosahedron, and when  Q  <  T , it is referred to as an oblate icosahedron. 
The structure of T4 bacteriophage exhibits a prolate icosahedron with  T  = 13 and  Q  = 21 (Fokine et al. 
 2004  )  (Fig.  3.6c ), whereas the major capsid of the phi29 exhibits a prolate icosahedron with  T  = 3 
and  Q  = 5 (Tao et al.  1998  ) .   
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  Fig. 3.5    Different classes of icosahedra. The origin ( H  = 0,  K  = 0) in the equilateral triangular net represents the posi-
tion of a fi vefold vertex of an icosahedron, and the position of the neighboring fi vefold vertex in that icosahedron is 
represented at a position ( H ,  K ) based on its  T  number (shown inside the  circles ). The icosahedra with  K  = 0 (or  H  = 0) 
belong to  P  = 1 class ( blue-fi lled circles ). The icosahedra with  H  =  K  (on the  dashed line ) belong to  P  = 3 class ( green-
fi lled circles ). All other icosahedra belong to the skew class ( open circles ). These icosahedra exhibit lattices with 
handedness. Skewed icosahedra with  H  >  K , below the  dashed H  =  K line , are left-handed ( laevo ) lattices, and those 
with  H  <  K , above the  dashed line , are right-handed lattices ( dextro )       

 



253 Virus Structural Organization

   3.3.5 Icosahedral Asymmetric Unit and Quasi-Equivalent Subunits 

 An important concept that emerges from the triangulation is the icosahedral asymmetric unit. The 
threefold rotational symmetry axis passing through the center of the triangular icosahedral facet 
divides the subunits in the facet into three symmetrically equivalent sets. Each set of the subunits is 
defi ned as one icosahedral asymmetric unit, and application of the 5-3-2 rotational symmetry to this 
asymmetric unit produces all the 60 T  subunits in the icosahedron. In a  T  = 1 icosahedron, the asym-
metric unit consists of one subunit, whereas in a  T  = 4 icosahedron, for example, the asymmetric unit 
consists of four subunits (Fig.  3.4b ). As the interacting environment between these subunits in the 
icosahedron with  T  > 1 cannot be strictly equivalent, they are termed as “quasi-equivalent” subunits 
(black, blue, red, and green commas in Fig.  3.4b ). Caspar and Klug proposed that these quasi-
equivalent subunits in the icosahedral shell retain similar bonding interactions with minor distortions 
in their intersubunit interactions in order to adapt to the nonsymmetry-related environments.  

  Fig. 3.6    Prolate icosahedra. ( a ) Illustration of how an icosahedron ( left ) can be considered as having two end caps, 
each with fi ve triangular faces separated by a central cylindrical body consisting of ten triangular faces right. 
( b ) Representation of  T  and  Q  numbers on an equilateral triangular net in a prolate icosahedron. The prolate icosahedra 
have two types of facets, one in the end caps and the other in the central body with unequal sides. The triangulation in 
these two facets can be represented on a hexagonal net by considering two coordinate points ( H 1,  K 1) and ( H 2,  K 2) 
(Moody  1999 ; Fokine et al.  2004  ) .    The vector from the origin to the point ( H 1,  K 1) specifi es the equilateral facet for 
the end caps as in Fig.  3.4 , whereas the facet for the central body with unequal sides is specifi ed by two vectors, one 
from the origin to the point ( H 1,  K 1) and the other from the origin to the point ( H 2,  K 2). The triangulation in the equi-
lateral facets of the end caps is defi ned as  T  ( H 1,  K 1) =  H 1 2  +  H 1 K 1 +  K 1 2  as illustrated in Fig.  3.4 , whereas the 
triangulation in the facet, with unequal sides, of the central body is defi ned by  Q  =  H 1 H 2 +  H 1 K 2 +  K 1 K 2. As an 
example, the triangulation in the prolate icosahedron with  T  = 13 l  ( H 1 = 3,  K 1 = 1) in the end caps and  Q  = 20 ( H 2 = 4, 
 K 2 = 2) in the central body is illustrated here. ( c ) Surface representation of the cryo-EM reconstruction (adapted from 
Fokine et al.  2004 , with permission from Dr. M.G. Rossmann) of the T4 bacteriophage head illustrating subunit 
arrangement in the  T  = 13 lattice in the end caps ( above ), shown along the fi vefold axis, and in the  Q  = 20 lattice in the 
central body ( below ). The facets in both the lattices are indicated       
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   3.3.6 Pentavalent and Hexavalent Positions 

 Another important consequence of the “quasi-equivalence” theory developed by Caspar and Klug is 
that triangulation necessarily results in the generation of hexavalent (sixfold) locations in addition to 
pentavalent (fi vefold) positions on the icosahedral lattice (Fig.  3.4b ). Irrespective of the  T  number, 
all icosahedra necessarily have 12 pentavalent positions. In the icosahedra with  T  > 1, because of the 
triangulation, 10( T  − 1) hexavalent positions are generated. As a result, in icosahedra with  T  > 1, the 
60 T  subunits could cluster into 12 pentamers around the fi vefold vertices and 10( T  − 1) hexamers at 
the hexavalent lattice points. Caspar and Klug defi ned these subunit clusters as morphological units. 
An icosahedron with a specifi c  T  number will then have 10( T  + 2) morphological units [i.e., 10( T  − 1) 
hexamers + 12 pentamers]. Although the arrangement of 60 T  subunits into rings of 5 and 6 is a geo-
metrical necessity, clustering of these subunits into pentamers and hexamers is not; clustering into 
20 T  trimers, 30 T  dimers, or 60 T  monomers is possible (Fig.  3.4b ). Casper and Klug argued that if a 
particular oligomeric state, for example, hexamers, if they are particularly stable, they might be 
preformed, but when they are assembled into the shell, these conceptually planar units would have 
to be transformed into convex pentamers, resulting from the removal of a subunit, to occupy the 
“domed” pentavalent positions in the icosahedral structure. They suggested that such transformation 
would only require minor alterations in the dihedral angles between the subunits but essentially 
maintaining similar intersubunit contacts.   

   3.4  High-Resolution Structures of Spherical Viruses 
and Quasi-Equivalence Theory 

 Two basic tenets of the quasi-equivalence theory as discussed above are that (1) the icosahedral 
lattice with the possibility of triangulation presents the most effi cient geometrical design for close 
packing of identical subunits in a spherical shell and (2) that the structural organization involves 
quasi-equivalent interactions requiring minimal distortions in the subunit bonding. Since the pro-
posal of this theory in 1962, in the last three decades, high-resolution structures of several spherical 
viruses of different sizes have been determined. These structures clearly established that the capsid 
organization in spherical viruses follows icosahedral symmetry and that in viruses with subunits 
greater than 60, capsid organization is based on a triangulated icosahedral lattice as suggested from 
the quasi-equivalence theory. For example, several ssRNA plant viruses and some human viruses 
such as noroviruses, with capsid composed of 180 copies of the capsid protein, exhibit the expected 
 T  = 3 icosahedral organization with rings of fi ve and six subunits. In dsDNA bacterial viruses, such as 
P22 (Jiang et al.  2003  ) , HK97 (Wikoff et al.  2000  ) , with 420 copies of the capsid protein, the capsid 
organization is based on the expected  T  = 7 icosahedral lattice with 60 hexamers and 12 pentamers. 
However, there are major surprises as well. The capsid organization in papovaviruses (papilloma- and 
polyomaviruses) represents a stunning departure from the quasi-equivalence theory (Liddington et al. 
 1991 ; Wolf et al.  2010  ) . In these dsDNA spherical viruses, the capsid consists of 360 copies of the 
major capsid protein VP1. Such a number cannot be accommodated on a triangulated icosahedral 
lattice because  T  = 6 (360/60) is forbidden as it does not adhere  H  2  +  HK  +  K  2  rule (see above). Initially, 
although in confl ict with the biochemical analysis which indicated 360 copies of the capsid protein 
in these virus, based on EM images of negatively stained specimens and computer reconstruction, an 
icosahedral structure with 420 copies organized as 60 hexamers and 12 pentamers on a  T  = 7 icosahe-
dral lattice, as expected from the quasi-equivalence theory, was proposed (Klug and Finch  1968  ) . 
However, subsequent high-resolution structures of these viruses unambiguously revealed that the 
capsid indeed consists of 360 subunits and that these subunits, instead of pentamer–hexamer clustering, 
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are organized as 72 pentamers at 60 hexavalent and 12 pentavalent location on a triangulated  T  = 7 d  
icosahedral lattice. (Liddington et al.  1991 ; Wolf et al.  2010  )  Other examples include adenovirus, a 
dsDNA virus, in which 240 trimers of the major capsid protein (hexons) occupy hexavalent positions 
on a  T  = 25 (pseudo) icosahedral lattice (Roberts et al.  1986 ; Liu et al.  2010 ; Reddy et al.  2010  )  and 
a unique icosahedral organization with 120 (forbidden  T  = 2) subunits which is a recurring theme in 
dsRNA viruses including fungal L-A virus (Naitow et al.  2002  ) , partitivirus (Ochoa et al.  2008  ) , and 
inner shells of bluetongue virus (Grimes et al.  1998  ) , rotavirus (Lawton et al.  1997 ; Chen et al.  2006 ; 
Settembre et al.  2011  ) , and reovirus (Reinisch et al.  2000  ) . 

   3.4.1 Conformational Switching 

 Although the high-resolution structures of spherical viruses show general concordance with the 
quasi-equivalent theory in terms of subunit arrangement on triangulated icosahedral lattices, they 
exposed limitations of the theory particularly in regard to the concept of quasi-equivalent interac-
tions that bond the subunits in the context of icosahedral lattice. These structures showed that 
formation of the icosahedral capsid can be governed by nonequivalent interactions involving 
internally located conformationally “fl exible” arms of the capsid protein subunits. Except for these 
conformationally fl exible arms, which function as molecular switches to allow the subunits to adapt 
to quasi-equivalent environments of the triangulated icosahedral lattice, the majority of the capsid 
protein remains structurally invariant. 

 Capsid organization in many small plant and animal viruses follows  T  = 3 icosahedral symmetry 
with 180 chemically identical subunits (Fig.  3.7 ). In a  T  = 3 lattice (Fig.  3.7a ), the icosahedral 
asymmetric unit consists of three quasi-equivalent subunits conventionally referred to as A, B, and 
C (Rossmann and Johnson  1989  ) . These subunits form two types of quasi-equivalent dimers: A/B 
dimers, located at quasi-twofold axis of the  T  = 3 lattice, and C/C dimers, located at the icosahedral 
twofold axis (Fig.  3.7b ). Thus, the capsid consists of 60 A/B dimers and 30 C/C dimers. The A/B 
dimers surround the fi vefold vertex forming rings of 5, and at the six-coordinated positions, A/B and 
C/C dimers alternate to form rings of 6. Despite lacking any sequence homology, the domain that 
participates in the formation of the icosahedral shell in these viruses exhibits a highly conserved 
polypeptide fold. This fold with two fl anking twisted  β -sheets, each consisting of four antiparallel 
 β -strands, is called the eight-stranded jelly roll  β -barrel motif (Fig.  3.7c ). How do the dimers con-
form to the quasi-equivalent environment of the  T  = 3 lattice and form a closed spherical shell? In 
conforming to the curvature of the spherical shell, A/B dimer exhibits a bent conformation whereas 
the C/C dimer is fl at (Fig.  3.7d ). Despite some thematic variations between the viruses, the internally 
located fl exible N-terminal arm (NTA) is implicated in providing a switch to facilitate bent A/B and 
fl at C/C conformations during  T  = 3 capsid assembly (Fig.  3.7e ). In the plant tombus viruses 
(Harrison et al.  1978 ; Hogle et al.  1986  )  and sobamoviruses    (Abad-Zapatero et al.  1980  ) , the NTA 
of the C subunit is ordered, whereas the equivalent regions in the A and B subunits are disordered, 
providing a switch to allow bent and fl at conformations of the A/B and C/C dimers, respectively. In 
nodaviruses, an ordered arm of the C subunit and a piece of genomic RNA are implicated in keeping 
the fl at conformation of the C/C dimers (Fisher and Johnson  1993  ) . In human noroviruses, the 
ordered NTA of the B subunit, which interacts with the base of the shell domain of the neighboring 
C subunit, is suggested to provide such a switch (Prasad et al.  1999  ) . Thus, in these viruses, at the 
level of the NTA, the  T  = 3 icosahedral symmetry is reduced to  T  = 1 with only one of the three NTAs 
of the quasi-equivalent subunits being ordered. The structures of animal caliciviruses exhibit a novel 
and distinct variation from any of these viruses (Chen et al.  2006 ; Ossiboff et al.  2010  ) . The NTAs 
of A, B, and C in these viruses are equally ordered and provide a network of interactions essentially 
maintaining the  T  = 3 symmetry at this level. Instead of an order-to-disorder transition as described 
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above, a distinct conformational change involving a Pro residue in the B subunit that leads to the 
formation of a ring-like structure around the fi vefold axis appears to provide a switch. In several of 
these viruses, the role of NTA in conferring correct capsid assembly is substantiated by mutational 
studies. Deletion of NTA in the sobamovirus results in formation of a  T  = 1 structure (Erickson et al. 
 1985  ) , mutation of NTA residues involved in the RNA interactions in nodaviruses results in aberrant 
particles (Dong et al.  1998 ; Wikoff and Johnson  1999  ) , and deletion of N-terminal 35 residues in 
norovirus results in abrogation of capsid assembly (Bertolotti-Ciarlet et al.  2002  ) .  

  Fig. 3.7    Subunit organization and conformational switching in  T  = 3 icosahedral viruses. ( a )  T  = 3 lattice as viewed 
along the icosahedral twofold axis. A set of fi ve-, three-, and twofold axes of the  T  = 3 icosahedron are denoted. The 
three quasi-equivalent “subunits” in the asymmetric unit of the  T  = 3 lattice are indicated by A, B, and C. In a  T  = 3 
structure, these subunits are chemically equivalent. Application of the icosahedral symmetry generates 60 sets of these 
quasi-equivalent subunits. Disposition of the symmetry-related subunits is also indicated. The formation of the rings 
of 5 and 6 is clearly seen. The A subunits cluster around the fi vefold axis, whereas B and C alternate around the six-
coordinated positions. ( b ) The packing of the canonical trapezoid-shaped  β -barrel domains as typically observed in a 
 T  = 3 icosahedral virus structures. The view is along the icosahedral twofold axis, same as in ( a ). The  β -barrels corre-
sponding to the quasi-equivalent A, B, and C in ( a ) are colored in  cyan ,  red , and  yellow , respectively. The icosahedral 
shell can be considered as built from 60 A/B to 30 C/C dimers. The A/B dimers are related by local twofold symmetry 
(AB 

5
  in the fi gure), and C/C dimers are related by icosahedral symmetry (C/C 

2
  in the fi gure). ( c ) A typical jelly roll 

 β -barrel domain [taken from the structure of San Miguel sea lion virus (Chen et al.  2006  ) , an animal calicivirus] that 
participates in the  T  = 3 icosahedral shell. The  β -barrel motif (inside the  box ) consists of eight  β -strands organized into 
two twisted antiparallel  β -sheets generally referred to as BIDG and CHEF (Rossmann and Johnson  1989  ) . The letters 
refer to the position of  β -strands in the primary sequence: B is the most N-terminal, and H is the most C-terminal. An 
N-terminal arm that projects inward from the  β -barrel participates in the intersubunit interactions. ( d ) Comparison of 
the C/C2 ( left ) and A/B5 ( right ) dimers in the Norwalk virus  T  = 3 structure (Prasad et al.  1999  )  showing the fl at and 
bent conformations, respectively. In Norwalk virus, the capsid protein consists of two domains: the shell domain (S), 
with a  β -barrel motif, and a protruding domain (P). Only the S domain participates in the shell contacts. The  β -barrel 
domains of A, B, and C are colored as in ( b ). The P domain which participates in the dimeric interactions is colored 
in  white . Although structurally not similar, capsid protein of tombus viruses, such as TBSV, also has a protruding (P) 
domain (Harrison et al.  1978  ) . ( e ) Nonequivalent interactions, as viewed from inside of the capsid, between the NTAs 
of the ABC subunits that are observed in the Norwalk virus structure, shown here for example (see text). The NTAs 
( green ) from different subunits are marked. The ABC subunits are shown using the same color scheme as in ( b )       
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 Conformational switching, as observed in the case of  T  = 3 icosahedral viruses, is also evident in 
the capsid structure of in papovaviruses with all-pentamer arrangement on a  T  = 7 icosahedral lattice 
(Liddington et al.  1991 ; Wolf et al.  2010  ) , as mentioned earlier (Fig.  3.8a, b ). In this structure, there 
are two types of pentamers, one located at the pentavalent lattice points of the  T  = 7 lattice and the 
other located at the hexavalent lattice points (Fig.  3.8b ). Each pentamer exhibits a roughly cylindri-
cal shape with a hollow conical interior (Fig.  3.8c ). Except for the fl exible C-terminal arm (CTA), 

  Fig. 3.8    Subunit packing and intersubunit interactions in the all-pentamer  T  = 7 structure of polyomavirus. ( a )  T  = 7 
icosahedral lattice as viewed along the icosahedral twofold axis. The fi ve-, three-, and twofold symmetry elements are 
denoted by  pentagon ,  triangle , and  oval  symbols. ( b ) Crystallographic structure of polyomavirus, viewed along the 
twofold axis as in ( a ), showing the close packing of pentamers on a  T  = 7 icosahedral lattice (obtained from VIPER, 
Reddy et al.  2001  ) . Pentamers sit on the fi ve- and six-coordinated positions of the lattice. Two of these locations are 
denoted. ( c ) The icosahedral asymmetric unit consisting of a pentamer at the six-coordinated position and a subunit 
(shown in  pink ) from the pentamer at the fi vefold axis. The subunits in the pentamer were colored differently (obtained 
from VIPER, Reddy et al.  2001  ) . Application of the fi ve-, three-, and twofold symmetry generates the structures 
shown in ( b ). The CTAs emerging from each subunit are clearly seen. ( d ) A schematic representation of the inter-
change of CTA arms between the pentamers that hold the capsid together (Liddington et al.  1991  ) . The pentameric 
subunits are depicted as  triangles  inside a  pentagon . The subunits in the pentamers at the sixfold node are colored in 
different colors as in ( c ). The pentamer at the fi vefold axis is shown in  white . The CTAs emerging from each subunit 
is shown in the same color as the subunit. The CTA from the pentavalent pentamer is shown in  gray . Three distinct 
types of inter-pentameric interactions involving interchange of CTAs are observed in the structure. First type, between 
the pentavalent pentamer and two hexavalent pentamers related by the local threefold axis ( gray ,  red , and  green  
CTAs), between the two hexavalent pentamers related by the local twofold axis ( yellow  and  cyan ), and the third type, 
between the hexavalent pentamers related by the icosahedral twofold axis ( blue – blue )       
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the subunits that compose both types of pentamers exhibit a similar structure. Interestingly, the main 
body exhibits the same canonical eight-stranded jelly roll  β -barrel fold as the subunits in the  T  = 3 
icosahedral viruses except that the long axis of this fold is oriented radially in the polyomavirus in 
contrast to a tangential orientation in the  T  = 3 viruses. The subunits in the pentavalent pentamer sur-
rounded by fi ve hexavalent pentamers have identical environments. However, the local environment 
for the subunits in the hexavalent pentamer, surrounded by a pentavalent pentamer and fi ve other 
hexavalent pentamers, varies. How do these subunits conform to these local variations? The situation 
is analogous to the two quasi-equivalent dimers in the  T  = 3 structures. Instead of a fl exible NTA as 
in  T  = 3 viruses, in papovaviruses, the fl exible CTA of the capsid protein subunit provides the 
molecular switch to adapt to the local environment. The CTA extending away from the main body 
of each pentameric subunit invades the subunit of an adjacent pentamer such that each pentamer 
receives and donates fi ve arms (Fig.  3.8d ). The required variability for the capsid formation comes 
from the manner in which the conformationally fl exible CTA are exchanged between the adjacent 
pentamers in the  T  = 7 icosahedral lattice.   

   3.4.2 Triangulated Lattice and Subunit Packing 

 One of the main tenets of the quasi-equivalence theory that triangulated icosahedral lattices allow for 
effi cient close packing of subunits is clearly evident in the high-resolution structures of spherical 
viruses including the papovaviruses. However, there are distinct variations in how triangulated lat-
tices confer optimal subunit packing. The all-pentamer papovavirus structure represents a unique 
variation in which subunit packing involves a triangulated lattice despite the mismatch between the 
molecular symmetry and the lattice coordination. Except for the 12 pentamers at the fi vefold posi-
tions of the  T  = 7 lattice, the location of other pentamers, at the six-coordinated positions, is not 
consistent with their molecular symmetry. The advantage, however, is clearly evident considering 
that a triangulated lattice intrinsically provides locations for effi cient hexagonal close packing of the 
subunits. The papovavirus structures elegantly demonstrate how the six-coordinated positions in 
the  T  = 7 lattice allow for a favorable close packing of the roughly cylindrical pentamers between the 
fi vefold positions requiring only three different types of interpentamer contacts (Fig.  3.8d ). 

 In the  T  = 3 structures with 180 identical subunits, as discussed previously, the subunit packing is 
as per the quasi-equivalent theory. The trapezoidal-shaped  β -barrel domains of the capsid protein 
pack closely into rings of 6 at the hexavalent lattice points and rings of 5 around the pentavalent 
positions. Structures of picornaviruses (Hogle et al.  1985 ; Rossmann et al.  1985 ; Luo et al.  1987 ; 
Acharya et al.  1989  )  present an interesting variation depicting how a  T  = 3 lattice allows similar 
packing but with nonidentical subunits. In picornaviruses, the icosahedral asymmetric unit consists 
of chemically nonidentical VP1, VP2, and VP3. Despite not having any sequence homology with 
capsid proteins of  T  = 3 viruses or with themselves, VP1, VP2, and VP3 exhibit the same canonical 
 β -barrel fold. The arrangement of 180  β -barrels, from 60 copies of each of the VP1, VP2, and VP3, 
is strikingly similar to that observed in the  T  = 3 icosahedral lattices formed by 180 identical copies 
of a capsid protein. In the picornavirus structures, VP1, VP3, and VP2 occupy the same positions as 
chemically equivalent A, B, and C, respectively, in the  T  = 3 icosahedral viruses. Because VP1, VP2, 
and VP3 are chemically nonidentical, the picornavirus structures are described as a pseudo  T  = 3 lat-
tice. The pseudo  T  = 3 organization in the comovirus provides yet another interesting variation with 
two chemically distinct polypeptide chains, the small (S) protein with one  β -barrel domain and the 
large (L) protein with two  β -barrel domains (Lin et al.  1999  ) . The packing of the  β -barrels from 
these two proteins follows  T  = 3 lattice and is similar to that observed in the  T  = 3 icosahedral struc-
tures. The  β -barrel of the S protein occupies the position corresponding to A in the  T  = 3 lattice, 
whereas the two  β -barrels of the L protein occupy positions corresponding to B and C.  
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   3.4.3 Capsid Assembly 

 In an attempt to answer what dictates appropriate conformational switching in the formation of 
icosahedral shells, Berger et al.  (  1994  )  has proposed a local rule-based theory suggesting that protein 
subunits make use of local information to guide the capsid assembly and that the choice for a par-
ticular interaction is dictated by its immediate neighbors. In the  T  = 3 icosahedral viruses, dimer of the 
capsid protein is thought to be the building block for the assembly. In solution, these dimers are 
perhaps in a dynamic equilibrium between the “bent” and “fl at” conformations, and during the assem-
bly, these dimers adopt appropriate conformational states. Two different assembly pathways have 
been proposed for the  T  = 3 icosahedral viruses. In the case of sobamoviruses, such as southern bean 
mosaic virus (SBMV), it is suggested that assembly involves the formation of pentamers of dimers as 
an intermediate step followed by the association of other dimers resulting in the formation of a  T  = 3 
shell (Erickson et al.  1985  ) . Such a pathway is consistent with the observation that deletion of 
NTA in the SBMV results in a  T  = 1 structure formed by the association of 12 pentamers of dimers. 
A similar pathway involving pentamers of dimers as an assembly intermediate is also proposed for 
noroviruses (Prasad et al.  1999  ) , which is supported by recent mass spectroscopic analysis of recom-
binant Norwalk virus particles (Shoemaker et al.  2010  ) . In the case of tombus viruses, such as TBSV, 
it is suggested that the assembly intermediate involves trimers of dimers, consistent with the observa-
tion that the ordered NTAs of the C subunits form a stable internal structure at the icosahedral three-
fold axes of the  T  = 3 shell (Sorger et al.  1986  ) . These viruses have a stretch of basic residues at the N 
terminus (R arm) of the capsid protein that can interact with the RNA. The intermediate assembly 
unit, either pentamers of dimers or trimers of dimers, is thought to be nucleated by interaction with 
the packaging signal in the genomic RNA (Sorger et al.  1986 ; Harrison  2007  ) . In the case of norovi-
ruses, the capsid protein, lacking the basic R arm, itself has all the determinants for the formation of 
the  T  = 3 structure because the recombinant capsid protein of noroviruses readily assembles into  T  = 3 
structures (Prasad et al.  1999  ) . The role of RNA in directing the assembly pathway is readily apparent 
in the structure for fl ock house virus (a nodavirus) (Fisher and Johnson  1993  ) . For picornaviruses, the 
assembly pathway is somewhat better characterized. The 5S structural unit consisting of one copy of 
VP0, VP3, and VP1 and 14S pentameric caps of VP1–VP2–VP3 are known to be the intermediates. 
In the case of papovaviruses, in which preformed stable pentamers are the building blocks, the correct 
assembly of the pentamers onto a  T  = 7 lattice is likely dictated by interactions with the viral minichro-
mosome. Initial interactions between the pentamer and the DNA, involving the N-terminal arms of 
the subunits, may serve as a nucleation center for further stepwise addition of individual pentamers or 
a cluster of pentamers, consisting of one pentavalent pentamer surrounded by fi ve other pentamers 
(1+5 cluster), to form the T=7 capsid structure with the encapsidated genome (Stehle et al.  1996 ; 
Mukherjee et al.  2007 ). During this process, the curvature is appropriately modulated by local altera-
tions in the “bonding” between the pentamers involving the CTAs. 

 As can be seen from the above discussion, the interplay between the global restraints, which 
allow optimal packing of the subunits to form a closed shell of proper size to accommodate the 
genome, and local conformational variability, which allows, necessary fl exibility in the intersubunit 
contacts for modulating the curvature, dictates structural realization in icosahedral viruses.  

   3.4.4 Scaffolds, Glue Proteins, and Cores 

 In more complex icosahedral viruses such as dsDNA bacteriophages, herpes simplex viruses, and 
adenovirus, the establishment of the icosahedral lattice involves several other factors like scaffolding 
proteins, accessory proteins, maturation-dependent proteolysis, and even larger-scale conforma-
tional changes in their major capsid proteins than is observed in simpler icosahedral viruses. 
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 In contrast to assembly based on the encapsidation of the nucleic acid concurrently with the forma-
tion of the capsid shell by stepwise addition of smaller assembly intermediates as discussed in the 
previous section, in some of these viruses, capsid assembly is accomplished by the formation of a 
complete capsid shell, followed by the insertion of the nucleic acid. Such a mechanism avoids some of 
the problems associated with the former assembly mechanism, such as the requirement that both the 
capsid proteins and the nucleic acid be brought to a common assembly point and properly staged for 
assembly, and the necessity of using a nonicosahedral component (the RNA) to help build an icosahe-
dral capsid. However, this mechanism introduces other problems that must be solved. First, since most 
dsDNA phages and viruses packaged by this mechanism have a single genome segment, it is absolutely 
required that only one copy of the nucleic acid be inserted into each capsid shell. This is accomplished 
by having a DNA packaging machine, called the portal, located at only one of the 12 vertices of the 
capsid (see also Chap. 22). Second, the capsid shell must be of the correct size to fi t the nucleic acid 
genome, and it must be empty of cellular proteins, which could interfere with DNA insertion. This is 
accomplished by assembling the capsid around a set of virally encoded scaffolding proteins. Thus, the 
shell is guaranteed to be the right size and  T  number, and the scaffolding proteins are removed either 
during DNA insertion or by proteolysis after capsid shell assembly. Third, in the cases studied so far, 
the capsid proteins of the procapsid have a different conformation that they do in the mature virion. 
This could serve as a signal that the DNA has been packaged, and is ready for the fi nal steps of virus 
maturation, like the addition of the phage tail. Finally, the DNA insertion is accompanied by an increase 
in internal pressure generated by the repulsion of the charged nucleic acid. This pressure may be as 
high as 40 atm and has been suggested to facilitate or power DNA release. Most dsDNA bacterio-
phages have mechanisms, such as glue proteins in epsilon 15 or chemical crosslinking of the capsid 
shell proteins as in HK97, to strengthen the capsid shell against this pressure. So how do the capsid 
proteins, the scaffolding proteins, the glue, and the portal interact in this system of virus assembly? 

   3.4.4.1 “True”  T  = 7 Capsid Organization 

 Structures of procapsids and mature capsids of dsDNA bacteriophages such as P22 (Prasad et al. 
 1993 ; Thuman-Commike et al.  1996 ; Jiang et al.  2003 ; Chang et al.  2006 ; Chen et al.  2011  ) ,  ε 15 
(Jiang et al.  2006,   2008  )  and HK97 (Wikoff et al.  2000,   2006 ; Huang et al.  2011  )  have been well 
characterized. In these viruses, the icosahedral lattice is established according to the classical Casper 
and Klug quasi-equivalence theory, i.e., with 415 identical subunits arranged as 11 pentamers at the 
pentavalent positions and 60 hexamers at the hexavalent lattice points of the  T  = 7 l  icosahedral lattice 
(Fig.  3.9 ). The true  T  = 7 symmetry is locally broken at one of the fi vefold vertices because of the 
presence of the portal protein complex and sometimes a tail; as a result, there are only 11 pentamers 
instead of 12. The subunits at the hexavalent positions in the procapsids of these viruses show a 
skewed arrangement and only adopt a near sixfold symmetric organization in the mature capsids 
(Fig.  3.9a, b ). Interestingly, as in the case of  T  = 3 viruses, which all exhibit a canonical jelly roll 
 β -barrel structure, these viruses and other tailed bacteriophages (Baker et al.  2005 ; Fokine et al. 
 2005  )  also exhibit a common fold that was fi rst described in the high-resolution crystallographic 
structure of HK97 and hence is called HK97-like fold (Wikoff et al.  2000 , see also Chap. 15 )  
(Fig.  3.9c ). Unlike in the case of papovaviruses, in which the capsid protein is preformed into 
pentamers (one species), the capsid protein subunits in these viruses have to switch between hexa-
meric and pentameric clustering on the  T  = 7 lattice.   

   3.4.4.2 Scaffolding Protein 

 To ensure accurate formation of the capsid shell, these viruses use an elaborate mechanism involving 
a scaffold which is either provided by a separate virally encoded protein as in the case of P22 (Fane 



333 Virus Structural Organization

and Prevelige  2003 , see also Chap. 14 )  or by a part of the capsid protein itself as in the case of HK97 
(Huang et al.  2011  ) . In P22, the scaffolding protein exits signaling for the maturation of the 
capsid, and then, it is recycled for the further rounds procapsid assembly. In the case HK97, the 
reordering of the N-terminal region of the capsid protein is suggested to provide a trigger for 
the maturation (Huang et al.  2011  ) . 

 Recent cryo-EM reconstructions of P22 procapsid have provided some insights into the possible 
role of scaffolding proteins in directing the  T  = 7 procapsid assembly (Parent et al.  2010a,   b ; 
Chen et al.  2011  ) . In the reconstructions of the P22 procapsid, imposing icosahedral symmetry, the 
major portion of the scaffolding protein density is not clearly observed, suggesting that the major-
ity of the scaffolding protein does not conform to the icosahedral symmetry of the capsid. However, 
the portion that interacts with the inside surface of the capsid shell is visible (Fig.  3.9d ). These 
interactions are observed to be stronger with the hexavalent subunits than with the pentavalent 
subunits, suggesting that scaffolding protein may promote or stabilize the hexamer of the capsid 
protein relative to the pentamer. It is clear that the scaffolding proteins infl uence the icosahedral 
lattice because P22 mutants with altered or missing scaffolding proteins make a signifi cant number 
of  T  = 4 capsid shells with half the number of hexavalently disposed units, i.e., 30 versus 60 

  Fig. 3.9    Structural organization in the procapsid and mature capsid of P22. ( a ) Subunit packing in the procapsid 
showing the hexameric and pentameric clustering of the capsid protein subunits on a  T  = 7 l  lattice. The backbone 
structure of the subunits shown is derived from the ~4 Å cryo-EM structure. The subunits surrounding the fi vefold axes 
are colored in  red , and the six quasi-equivalent subunits at the hexavalent nodes ( circled  in  red ) are shown in different 
colors. Notice the spherical shape of the capsid, skewed clustering of the subunits around a hole at the hexavalent 
positions. These holes may be the exit points for the scaffolding proteins. ( b ) Mature capsid structure at ~4 Å deter-
mined using cryo-EM technique. The subunits are colored as in ( a ). Notice the angular shape, symmetric organization 
of the hexavalent subunits, and closure of the hole ( red circle ). ( c ) Conformational changes in the capsid subunit. 
 Above : procapsid subunit.  Below : Mature capsid subunit. The domains and the loops in the HK97-like fold are shown. 
( d ) Inside surface of the procapsid showing the density due to scaffolding protein ( red ). ( e ) Asymmetric reconstruction 
of the procapsid, viewed along the 12-fold axis of the portal. ( f ) Cross-section showing the inward extension of the 
portal density. Figures from Donghua Chen and Wah Chiu       
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(Thuman-Commike et al.  1998  ) . Thus, the scaffolding protein may infl uence the formation of the 
hexameric and pentameric clustering of the capsid protein subunits by altering the ratio of hexam-
ers to pentamers during the assembly process.  

   3.4.4.3 The Portal 

 There is no evidence that the capsid proteins of P22 oligomerize into either hexamers or pentamers 
before being incorporated into the capsid shell. Thus, the shell appears to be built monomer by 
monomer, without the participation of preformed pentamers or hexamers. It is likely that the portal 
protein together with scaffolding protein guides the assembly of capsid protein into the correct shell. 
Visualization of the portal complex, because it is located at only one of the 12 fi vefold vertices, 
requires reconstructions of the capsid structure without imposing icosahedral symmetry as was fi rst 
done in the case of phi29 (Tao et al.  1998  )  and subsequently with several other dsDNA 
bacteriophages including P22 (Jiang et al.  2006 ; Chen et al.  2011  ) . In the cryo-EM reconstructions 
of P22 procapsid, without imposing the icosahedral symmetry, the portal protein complex is clearly 
seen and sits as a dodecamer at one of the fi vefold vertices (Chen et al.  2011  )  (Fig.  3.9e, f ). Such a 
reconstruction shows that the portal interacts more directly with scaffolding protein than with the 
capsid shell in the procapsid consistent with the notion that scaffolding protein recruits the portal 
protein complex (Fane and Prevelige  2003  ) . This suggests that the portal protein is a key participant 
in the capsid assembly (Chen et al.  2011  ) . If the level of portal protein is kept well below that of the 
scaffolding or capsid proteins, the portal protein may nucleate the assembly of a capsid shell by its 
interactions with scaffolding and capsid shell proteins. This would in turn assure that there is only 
one portal per capsid, which is a requirement for proper DNA packaging. Capsids assembled in the 
absence of portal proteins are aberrant in their size, form, and/or symmetry.  

   3.4.4.4 Maturation and Expansion 

 During maturation of P22, the capsid protein undergoes a major conformational change, making the 
capsid shell thinner and the hexon interactions more symmetric. The shell becomes more angular 
from its round shape in the procapsid, is thinner by about 40 Å, and expands in diameter by about 
100 Å (Prasad et al.  1993 ; Chen et al.  2011  ) . The process of DNA packaging and concomitant release 
of the scaffolding proteins, through the small holes at the hexavalent positions of the procapsid, may 
trigger the conformational changes in the subunits and subunit contacts resulting in a dramatically 
expanded capsid. Similar expansion accompanied by large-scale conformational change upon matu-
ration is also observed in HK97 and  ε 15 (Jiang et al.  2006 ; Wikoff et al.  2006  ) . In the HK97, matura-
tion is accompanied by the formation of an intersubunit isopeptide linkage that cross-links the entire 
capsid conferring stability to the capsid to withstand the pressure created by DNA packaging. In 
P22, which does not form a cross-linked capsid like HK97, strong protein–protein interactions 
among its capsid shell subunits appear to render suffi cient structural rigidity in the mature virion 
(Parent et al.  2010a,   b ; Chen et al.  2011  ) .  

   3.4.4.5 Glue Proteins 

 The nucleocapsid of herpesvirus, a dsDNA virus of eukaryotic origin with a distinctly different 
structural organization, nevertheless shares several characteristics with dsDNA bacteriophages 
(Heymann et al.  2003  ) . It exhibits a  T  = 16 icosahedral structure (~1,250 Å in diameter) with pen-
tamer and hexamer clustering of the major capsid protein VP5. 960 copies of VP5 forms 12 pentamers 
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and 150 (10 T  − 1) hexamers as expected from the quasi-equivalent symmetry (Schrag et al.  1989 ; 
Zhou et al.  1994,   2000  ) . In addition to VP5, capsid also consists of what are known as triplex pro-
teins, VP19c and VP23 (in a stoichiometric ratio of 1:2), that are positioned at the local and strict 
threefold axes of the  T  = 16 lattice. These triplexes function as glue holding together the surrounding 
VP5 capsomeres. Similar to dsDNA bacteriophages, capsid assembly is assisted by scaffolding pro-
tein which is proteolytically degraded prior to the packaging of the genomic DNA (Nicholson et al. 
 1994 ; Rixon et al.  1996  ) . Recombinant baculovirus expression of VP5 and VP19c alone, i.e., in the 
absence of VP23 and the scaffolding protein, results in smaller-sized particles with  T  = 7 symmetry 
suggesting the role of VP23 and the scaffolding protein in ensuring the correct capsid assembly 
(Saad et al.  1999  ) . Another interesting similarity with dsDNA bacteriophages is that VP5 exhibits 
the HK97-like fold (Baker et al.  2003 ; Bowman et al.  2003  ) . In addition to these components, as 
revealed by the electron cryo-tomographic reconstructions, the nucleocapsid has a unique fi vefold 
vertex with a 12-fold symmetric portal for inserting the genomic dsDNA (Cardone et al.  2007 ; 
Chang et al.  2007 ; Deng et al.  2007  ) . The nucleocapsid capsid also exhibits maturation-dependent 
morphological alterations (Heymann et al.  2003  ) . These observations clearly indicate that DNA 
packaging mechanism in herpes virus resembles that in the tailed dsDNA bacteriophages. 

 Adenovirus, another dsDNA virus, represents more intricate and complex architecture (~1,000 Å 
in diameter) involving the arrangement of multiple proteins on a triangulated icosahedral lattice. It 
shows a different solution for the problem of pentamer and hexamer clustering on such a lattice. In 
this virus, the capsid organization is based on a pseudo  T  = 25 lattice (Stewart et al.  1991 ; Liu et al. 
 2010 ; Reddy et al.  2010  ) . Instead of the same protein forming a pentameric and hexameric clusters 
as in the case of dsDNA bacteriophages discussed above, two different proteins occupy the pentava-
lent and hexavalent positions on the  T  = 25 lattice (Fig.  3.10a ). The protein called penton base forms 
a penton at the 12 vertices incorporating a trimer of the fi ber protein, and another protein called 
hexon occupy the 260 hexavalent positions on the  T  = 25 lattice, however, as trimers. Crystallographic 
structures of penton (Zubieta et al.  2005  ) , hexon (Roberts et al.  1986 ; Athappilly et al.  1994  ) , and 
the fi ber protein (van Raaij et al.  1999  )  have been determined. Previous cryo-EM studies provided 
some insights into the overall capsid organization in this complex virus (Stewart et al.  1991 ; 
Saban et al.  2006  ) . Recently, the structure of the adenovirus capsid has been determined to near 3 Å 
resolution using X-ray crystallographic (Reddy et al.  2010  )  as well as cryo-EM techniques 
(Liu et al.  2010  )  providing a clearer picture of the intricate interactions between various components 
in the capsid organization (Fig.  3.10 ). The hexon protein, which forms stable trimers in solution, is 
incorporated in this oligomeric state into the capsid structure. Each hexon subunit exhibits an elabo-
rate structure with two jelly roll  β -barrels. In the hexon trimer, the disposition of these six  β -barrels, 
two from each subunit, is such that it gives a pseudohexagonal contour to the trimer base appropriate 
for close packing of hexons at the hexavalent positions in the  T  = 25 lattice. The pentons and hexons 
are held together in the capsid structure by an intricate network of glue (or cement) proteins 
(Fig.  3.10b ). A similar pseudo  T  = 25 capsid organization is also observed in PRD1, an enveloped 
dsDNA bacteriophage (Abrescia et al.  2004,   2008 ; Cockburn et al.  2004 , see also Chap. 16 ) . The P3 
protein of PRD1 positioned at the hexavalent positions of the  T  = 25 lattice also exhibits a similar 
“double  β -barrel trimer” suggesting such a trimeric organization is evolutionarily conserved 
(Benson et al.  1999,   2002,   2004 ; Saren et al.  2005  ) .   

   3.4.4.6 Cores 

 The dsRNA viruses particularly in the family Reoviridae such as rotavirus, bluetongue virus, and 
reovirus with 10–12 dsRNA genomic segments, which encode multiple structural proteins, exhibit 
even more elaborate and complex icosahedral capsid organization with multiple concentric capsid 
layers (Fig.  3.11 ) (Lawton et al.  2000 ; Jayaram et al.  2004 ; Harrison  2007  ) . The complex structural 
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organization in these viruses appears to have evolved to compartmentalize the requirement of host 
cell interaction and the necessity to transcribe multiple genome segments within the capsid layers. 
Because the host cells do not have enzymatic machinery to convert dsRNA into mRNA, these viruses 
carry within the capsid interior of the enzymes required for transcribing the genome segments into 
mRNA and also capping the transcripts. It is to the advantage of the virus to carry out transcription 
endogenously not only to avoid any degradation of the genome by cellular nucleases but also to 
prevent cellular antiviral interferon response triggered by increased concentrations of dsRNA during 
replication, particularly in mammalian hosts.  

 One common theme in these dsRNA viruses is the assembly of the outer capsid layer(s), typically 
based on  T  = 13 l  icosahedral symmetry, and is assembled on the innermost layer that surrounds the 
dsRNA genome (see also Chap. 17). This innermost layer exhibits unusual icosahedral organization 
consisting of 120 subunits (forbidden “ T  = 2”) arranged as 60 asymmetric dimers on a  T  = 1 icosahe-
dral lattice (Lawton et al.  1997 ; Grimes et al.  1998 ; Reinisch et al.  2000 ; Chen et al.  2006  )  (Fig.  3.11e ). 
Such an organization appears to be highly conserved in all the dsRNA viruses including dsRNA 
viruses of bacterial and fungal origins (Naitow et al.  2002 ; Ochoa et al.  2008  ) , and the available 
structural data also indicate that the polypeptide folds of the proteins that form this layer are similar, 
despite lacking any noticeable sequence similarity. 

  Fig. 3.10    Adenovirus capsid organization. ( a ) 3.4 Å cryo-EM structure of adenovirus capsid as viewed along the 
icosahedral threefold axis. One of the icosahedral facets is indicated by  dashed white lines . The structure is radially 
colored according to the chart shown. ( b ) Schematic representation of structural organization of pentons, hexons, and 
the cement proteins (VIII, IIIA) in the  T  = 25 (pseudo) icosahedral facet [same as indicated in ( a )]. The hexon trimers 
are shown as  hexagons  and pentons as  pentagons  in  golden yellow . The color coding for the cement proteins are shown 
in the side. The so-called GON (group of nine) hexons, because they remain associated following the capsid disas-
sembly, are shaded in  gray . The fi ber protein which insets in to the penton is not observed in the cryo-EM structure as 
they are fl exible. ( c ) Crystallographic structure of the hexon subunit. The orientation of the subunit structure is chosen 
such that top region is at the virion exterior. The structure is colored according to the secondary structural elements; 
 α -helices in  cyan ,  β -sheets in  pink , and loops in  brown . The radially oriented  β -barrels are shown by  black arrows . 
( d ) Hexon trimer as viewed from the top, corresponding to the view of the trimer in the center of virion structure 
( a ) along the icosahedral threefold axis. The structure is colored following the same scheme as in ( c ). The trimer has 
a striking hexagonal contour at its base, because of the orientation of the two β-barrels in each subunit, which is appro-
priate for its location at the 6-fold positions of the T=25 lattice. Fig.  3.10a, b  from Dr. Hong Zhou       
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 It is possible that this unique organization of the core capsid layer in these viruses has evolved to 
serve a dual purpose: to properly position the transcription enzyme complex and organize the genome 
to facilitate endogenous transcription. In many of these viruses, the virally encoded enzymes required 
for the transcription (RNA-dependent RNA polymerase) and capping intimately associate with this 
layer at the fi vefold positions (Prasad et al.  1996 ; Zhang et al.  2003 ; Nason et al.  2004  ) . One model 
is that pentamers of dimers of the subunits in the core layer associate along with the transcription 
enzyme complex, and 12 of these pentamers further associate to form the core layer with 120 sub-
units, which then serves as a platform for the assembly of the outer layers perhaps by sequential 
addition oligomeric (typically trimers) of capsid protein that constitutes the outer layer(s).    

   3.5 Helical Viruses 

 In addition to icosahedral symmetry that is commonly found in the spherical viruses, another sym-
metry that is prevalent among viruses is the helical symmetry. Many rod-shaped viruses such as 
viruses belonging to family Tobamoviruses (Namba and Stubbs  1986 , see also Chap. 28 ) , potyvi-
ruses (Kendall et al.  2008  ) , rhabdoviruses (Ge et al.  2010  ) , and nucleocapsids of several animal 
viruses such as Sendai viruses (Egelman et al.  1989  )  exhibit this kind of symmetry. In contrast to 
icosahedral symmetry which involves only rotational symmetry, helical symmetry involves both 

  Fig. 3.11    Structure and location of various protein components in the triple-layered architecture of rotavirus are 
shown using a cutaway view of a lower-resolution cryo-EM structure of the TLP as the reference. ( a ) The mature 
rotavirus particle consisting of VP4 spikes ( red ) that emanate from the outer capsid layer, VP7 layer which exhibits a 
 T  = 13 l  icosahedral organization with 260 VP7 trimers located at all the icosahedral and local threefold axes ( yellow ), 
VP6 layer ( blue ), which also exhibits a  T  = 13 icosahedral organization with 260 VP6 trimers, and the innermost VP2 
layer consisting of 120 subunits of VP2 ( green ). The transcriptional enzymes VP1/VP3 anchored to the VP2 layer and 
projecting inward from the fi vefold axes are shown in  red . ( b ) A VP4 spike extracted from the cryo-EM map (Li et al. 
 2009  ) . The foot domain is also indicated. ( c ) X-ray structure of VP7 trimer (PDB ID:3FMG, Aoki et al.  2009  ) . 
( d ) X-ray structure of VP6 trimer (PDB ID:1QHD, Mathieu et al.  2001  ) . ( e ) Structure of the VP2 dimer that consti-
tutes the icosahedral asymmetric unit of the innermost capsid layer (PDB ID:3KZ4, McClain et al.  2010  )  
( f ) Transcription enzymes VP1/VP3 (shown in  gold ) inside the VP2 layer in  green        
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rotational and translational components, which when combined, give a screw axis. Repeated appli-
cation of rotation to a motif followed by translation along an axis gives rise to a structure with helical 
symmetry with a defi ned pitch ( P ). Helical structures are typically characterized by the radial loca-
tion of the subunit with respect to the helix axis; the rotation per subunit, which is equivalent to the 
number of subunits per turn ( n ) in the helix; and the axial rise per subunit ( h ). 

 The best-characterized example of a helical virus is tobacco mosaic virus (TMV). It is a rod-
shaped virus ~3,000 Å long and 180 Å in diameter, with a central hole of 40 Å in diameter. The 
structure of TMV has been determined to 2.8 Å resolution using X-ray fi ber diffraction studies 
(Namba and Stubbs  1986 ; Namba et al.  1989  )  and most recently to a similar resolution using cryo-
EM techniques (Ge and Hong Zhou  2011  ) . The capsid protein of TMV forms a one-start, right-
handed helix of pitch 23 Å, with 16-1/3 subunits in each turn (Fig.  3.12a ). Interestingly, such a 
capsid organization leads to hexagonal close packing of the subunits, which is a common theme in 
many of icosahedral virus structures as discussed above. In icosahedral viruses, the encapsidated 
genome often does not obey the symmetry of the capsid; as a result, in the structural studies of these 
viruses which implicitly make use of the icosahedral symmetry, information about the structure of 
the genome and how it is organized is lost. However, in the case of TMV, the entire genome is well 
ordered and follows the helical symmetry of the capsid, thus providing details of not only how the 
capsid subunits interact with the genome but also how these interactions lead to virus assembly. 
The capsid subunits in the TMV structure wrap around the genomic RNA such that the RNA lies 
inside a groove, at a radius of 40 Å, between successive helical turns. Each subunit interacts with 
three nucleotides. The subunit structure is predominantly alpha-helical with a core consisting of a 
right-handed four antiparallel  α -helix bundle (Fig.  3.12b ). One of the helices from this bundle makes 
extensive contacts with the genomic RNA.  

  Fig. 3.12    The structure of TMV, an example of a helical virus. ( a ) Cartoon representation of the helical arrangement 
of the subunits in the TMV. The shoe-shaped capsid protein subunits wrap around the genomic RNA ( red ) following 
helical symmetry. Some of the subunits are numbered to indicate number of subunits in a turn of the helix. The radius 
of the helical assembly, pitch of the helix, along with inside radius at which protein interacts with the genomic RNA 
is indicated. ( b ) A cartoon representation of the crystallographic structure of the TMV capsid protein subunit with 
three nucleotides of the genomic RNA (PDB ID:2TMV, Namba et al.  1989  ) . The N- and C-termini are denoted. The 
structure is colored according to the secondary structural elements ( cyan  –  α -helices,  red  –  β -strands, and  brown  – 
loops). The RNA bases are indicated along with the location of the residues Asp 116 of the capsid protein       
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 The interactions between the TMV capsid protein and the genomic RNA in general are nonspecifi c 
involving the basic residues of the protein and the phosphate groups of the RNA. One exception, 
however, is the anomalous repulsive interaction between the carboxylate group of Asp116 and a 
phosphate group of the RNA (Namba et al.  1989 ; Ge and Hong Zhou  2011  )  (Fig.  3.12b ). Considering 
that TMV, and in general any viral assembly, has to assemble and disassemble during its infectious 
cycle, it is suggested that such a repulsive interaction, which may be required to maintain an energy 
balance, confers metastable nature to the TMV and functions as a trigger for driving viral disassem-
bly (Namba et al.  1989 ; Culver et al.  1995 ; Stubbs  1999  ) . 

 The assembly process in TMV has been studied extensively, and it serves as the best- characterized 
example of cocondensation of capsid protein and genomic RNA. In this process, the viral RNA 
interacts with a 20S aggregate, a two-turn helix of the capsid protein, and the assembly proceeds by 
addition of 20S aggregates through a highly cooperative process pulling the 5 ¢  end of the RNA 
through the central hole of the growing TMV rod (Caspar and Namba  1990 ; Butler  1999 ; Klug 
 1999  ) . It is suggested that a disorder-to-order transition of a loop in the capsid protein, analogous to 
conformational switching in the icosahedral viruses, that is induced by the binding of RNA may play 
an important role in this process (Namba et al.  1989 ; Culver et al.  1995  ) . In the X-ray structure of 
the 20S aggregate, this particular loop is disordered, whereas in the TMV structure, it is ordered. The 
TMV assembly is initiated by the specifi c recognition of the sequence AAGAAGUCG in the viral 
RNA by the TMV capsid protein (Zimmern  1976 ; Butler  1999  ) . The high-resolution structure of the 
fully assembled TMV has provided some insights in to how the capsid protein recognizes this 
sequence (Namba et al.  1989  ) . Although the three RNA-binding sites in each subunit can accom-
modate any base, one of the binding sites is particularly suitable for G and allows favorable hydro-
gen bond interactions. In the initiation sequence, every third nucleotide being G thus may provide a 
strong discrimination for the higher affi nity binding of the packaging signal over the rest of 
the sequence in which the XXG motif does not occur in phase with a statistically signifi cant 
frequency.  

   3.6 Enveloped Viruses 

 During their morphogenesis, several viruses acquire a lipid envelope derived from a cellular organ-
elle which remains part of their capsid organization. In some of the viruses such as infl uenza viruses, 
herpes viruses, coronaviruses, bunya viruses, and HIV, the lipid envelop is externally located and is 
studded by various viral proteins, whereas in others such as alphaviruses and fl aviviruses, the lipid 
envelop is internally located underneath the outer proteinaceous capsid layer. With the exception of 
alphaviruses and fl aviviruses, many of the enveloped viruses lack highly symmetric organization and 
are less amenable for high-resolution structural analysis. However, structures of the individual pro-
tein components of these enveloped viruses, e.g., hemagglutinin (Wilson et al.  1981 ; Bullough et al. 
 1994  ) , neuraminidase (Varghese et al.  1983 ; Xu et al.  2008  ) , and M2 protein of infl uenza virus 
(Acharya et al.  2010  ) ; glycoprotein of mouse hepatitis virus (Xu et al.  2004  ) ; gp120 and gp41 of 
retroviruses (Chan et al.  1997 ; Chen et al.  2005  ) ; envelop protein of a fl avivirus (Rey et al.  1995 ; Rey 
 2003 ; Li et al.  2008  ) ; and most recently, E1/E2 complex of alphaviruses, have been well character-
ized (Li et al.  2010 ; Voss et al.  2010  ) . These structures have provided signifi cant insight into the 
mechanism of how the lipid bilayers in these viruses fuse with the membrane of the target cell (Rey 
 2006 ; Lamb and Jardetzky  2007 ; Harrison  2008  ) . In addition, the highly symmetric parts of envel-
oped viruses such as the nucleocapsid of herpes virus that exhibit  T  = 16 icosahedral organization 
(as discussed above) and the core of hepatitis B virus, which can form either a  T  = 3 or a  T  = 4 
icosahedral structure, have been well characterized (Crowther et al.  1994 ; Conway et al.  1997 ; 
Wynne et al.  1999  ) . 
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 The only enveloped viruses that have been structurally characterized to high resolution are the 
internally enveloped alphaviruses such as Sindbis virus (Paredes et al.  1993,   1998 ; Zhang et al. 
 2002  ) , Venezuelan encephalitis virus (Zhang et al.  2011  ) , and Semliki Forest virus (Mancini et al. 
 2000  )  and fl aviviruses such as dengue virus (Kuhn et al.  2002 ; Kaufmann et al.  2006 ; 
Pokidysheva et al.  2006 ; Li et al.  2008 ; Yu et al.  2008a,   b  ) . These viruses exhibit icosahedral orga-
nization. Alphaviruses consist of two concentric  T  = 4 capsid layers that bracket the lipid bilayer 
(Figs.  3.13a, b ). The outer layer is formed by heterotrimers of E1 and E2 glycoproteins, whereas the 
inner layer is formed by the core protein (Fig.  3.13b ). The N-terminal transmembrane helices of the 
E1 and E2 protein subunits penetrate across the underlying lipid layer and interact one-to-one with 
the core protein subunits enabling proper registry of the outer and inner  T  = 4 layers (Fig.  3.13c ). 

  Fig. 3.13    Icosahedral organization in the enveloped viruses. ( a ) Cryo-EM structure of Venezuelan encephalitis virus 
(VEE), an alphavirus, determined to ~4.5 Å resolution showing the overall organization of the outer capsid composed 
of 80 trimers of E1 ( green ) and E2 ( blue ) heterodimers (Zhang et al.  2011  ) . These trimers occupy local and strict 
threefold axes of the  T  = 4 icosahedral lattice ( black lines ). ( b ) Structure of the VEE inner capsid extracted from the 
cryo-EM of the virion shown in ( a ). 240 subunits of the capsid protein are organized on a  T  = 4 lattice ( black lines ) in 
register with the outer  T  = 4 E1/E2 capsid layer. ( c ) An equatorial section showing the interactions between the outer 
E1/E2 proteins ( green  and  blue ) with the inner capsid protein ( red ) through the membrane bilayer. ( d ) Structural 
organization in the dengue virus, a fl avivirus (obtained from VIPER, Reddy et al.  2001  ) . The 180 copies of the E 
protein are organized as 90 dimers on the surface of the virion. The three subunits in the icosahedral asymmetric unit 
are colored in  blue ,  green , and  red . Despite having 180 subunits, as can be seen, the packing of the 90 dimers in a 
herringbone-like pattern is not quasi-equivalent and does not follow quasi-equivalent  T  = 3 icosahedral lattice (shown 
in  black lines  for reference) (Fig. 3.13 a – c , courtesy Corey Hryc and W. Chiu)       
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Although the subunit organization in the capsid layers of the alphaviruses is generally in accordance 
with the principles of quasi-equivalence theory, the capsid of fl aviviruses presents an entirely novel 
organization (Kuhn et al.  2002  ) . The fl avivirus outer capsid, which sits above the lipid bilayer, is 
composed of 90 dimers of the major capsid protein, E glycoprotein, arranged as sets of three nearly 
parallel dimers that lie tangentially on the icosahedral surface (Fig.  3.13d ). Although the capsid 
consists of 90 dimers, their arrangement does not conform to a classical  T  = 3 quasi-equivalent lat-
tice. This structure thus can be best described as a  T  = 1 icosahedral structure with three molecules 
in the asymmetric unit, analogous to the situation in the core particles of rotavirus with 120 subunits 
which is described as having a  T  = 1 structure with two molecules in the asymmetric unit. In addition 
to the E protein, fl avivirus capsid also consists of M protein whose precise location is not defi nitively 
assigned. In contrast to the alphaviruses, which have well-organized core structure, the nucleocapsid 
of the fl avivirus formed by the C protein does not exhibit any ordered organization.   

   3.7 Conclusion 

 The quasi-equivalence theory proposed almost half a century ago has been remarkably useful in 
describing icosahedral virus structure. The generality of its predictions arises from the simplicity 
afforded by the assumption that groups of subunits packing in a plane are energetically favored to 
have six neighbors (i.e., are hexagonally close-packed) and that curvature can be generated by intro-
ducing nodes (vertices) with only fi ve such neighbors. However, such generality and adaptability can 
come at the cost of specifi city. The propensity for subunits to form quasi-equivalent interactions 
leading to a wrong (usually smaller and simpler) fi nal capsid structure indicates that more informa-
tion is sometimes required. So we observe that in some viruses with  T  = 7 symmetry, such as P22, 
scaffolding proteins are used either as a template core around which a proper-sized capsid can form, 
or, more subtly, to control the relative proportion of subunits which adopt hexameric interactions to 
those which form pentamers. This idea of altering the stability of one conformational form over 
another is also exemplifi ed in the RNA viruses, where the RNA plays a role in stabilizing capsid 
proteins in the proper ratio of conformations. In the members of  Reoviridae , the inner core layer 
forms a simple  T  = 1 “permanent scaffold” from 60 dimers, upon which the  T  = 13 outer layers are 
built. In adenovirus and herpesvirus, the role of scaffolding is augmented by the incorporation of 
accessory proteins in the capsid shell, which also appear to function to infl uence the curvature, and 
therefore the triangulation number of the capsid shell. Finally, the tendency for hexagonal close 
packing to be a controlling infl uence in virus assembly appears to be so robust that in the case of 
polyomavirus, where pentamers seem to be the only oligomeric species present, pentamers come to 
occupy the hexavalent positions. The exceptions to the quasi-equivalence theory prove the rule.      
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  Abstract   The past few decades have seen tremendous advances in single-particle electron 
 cryo-microscopy (cryo-EM). The fi eld has matured to the point that near-atomic resolution density 
maps can be generated for icosahedral viruses without the need for crystallization. In parallel, sub-
stantial progress has been made in determining the structures of nonicosahedrally arranged proteins 
in viruses by employing either single-particle cryo-EM or cryo-electron tomography (cryo-ET). 
Implicit in this course have been the availability of a new generation of electron cryo-microscopes 
and the development of the computational tools that are essential for generating these maps and 
models. This methodology has enabled structural biologists to analyze structures in increasing detail 
for virus particles that are in different morphogenetic states. Furthermore, electron imaging of fro-
zen, hydrated cells, in the process of being infected by viruses, has also opened up a new avenue for 
studying virus structures “in situ”. Here we present the common techniques used to acquire and 
process cryo-EM and cryo-ET data and discuss their implications for structural virology both now 
and in the future.  

  Abbreviations  

  1-D    One dimension; one dimensional   
  2-D    Two dimensions; two dimensional   
  3-D    Three dimensions; three dimensional   
  CCD    Charge-coupled device   
  Cryo-EM    Electron cryo-microscopy   
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  Cryo-ET    Electron cryo-tomography   
  CT    Computed tomography   
  CTF    Contrast transfer function   
  EM    Electron microscope; electron microscopy   
  EMDB    Electron Microscopy Data Bank (  http://www.emdatabank.org    )   
  FSC    Fourier shell correlation   
  FT    Fourier transform   
  GUI    Graphical user interface   
  SNR    Signal-to-noise ratio   
  SSE    Secondary structural elements   
  WPOA    Weak phase object approximation   
  ZPC    Zernike phase contrast      

    4.1 Introduction 

 Many viruses are composed of a highly symmetric capsid shell that serves as a container for their 
genome. In the past few decades, structures of icosahedrally arranged capsid shells solved by elec-
tron cryo-microscopy (cryo-EM) have progressed from low-resolution (30–50 Å) to well beyond the 
subnanometer resolution threshold (<10 Å). However, the imposition of icosahedral symmetry to 
reconstruct the capsid shell structure conceals the structures of the protein components that do not 
have such an arrangement (i.e., nonicosahedral). These protein components can play key roles in a 
virus’ life cycle, from packaging its genome, to infecting its host cell, and even viral genome tran-
scription. To recover these features, it is necessary to reconstruct the virus structure without any 
imposed symmetry. While it may seem conceptually easy to identify these special features of a virus 
from raw images, in reality this process is extremely diffi cult and relies on specialized software that 
is powerful enough to detect these features. Once such nonicosahedrally organized components can 
be resolved, their structures can also be determined at subnanometer resolutions. 

 The single-particle approach to virus reconstruction usually assumes a high degree of structural 
homogeneity in the virus sample, which may not be true in some cases [e.g., the tegument proteins 
of a herpesvirus or the unevenly distributed envelope spikes of human immunodefi ciency virus 
(HIV)]. To address this issue, electron cryo-tomography (cryo-ET) has found a niche for visualizing 
extremely heterogeneous samples. Unlike the single-particle approach, cryo-ET obtains structural 
information by collecting a series of images of the same specimen area at different tilt angles and 
reconstructing them into a 3-D map, much in the same way that modern medical X-ray computed 
tomography (CT) scanner provides a 3-D view of the human body. Cryo-ET followed by posttomo-
graphic averaging of computationally extracted tomographic subvolumes can provide a 3-D density 
map of homogeneous molecular components in a heterogeneous virus structure. This approach can 
also provide snapshots of a biological process in situ. For example, it is possible to study the struc-
tural changes in viruses that accompany infection, capsid assembly, capsid maturation, and other 
processes in the virus life cycle. While the level of detail generated from this approach is far lower 
than that possible with cryo-EM in the current state of the technology, there is still much that can be 
learned about virus–host cell interactions even at these low resolutions. 

 Regardless of the tools used to generate a 3-D virus reconstruction, the ultimate goal is to produce an 
atomic model of the protein components of the virus. The structural detail of the reconstruction is a func-
tion of the resolution of the map (Fig.  4.1 ). In a low-resolution map (20–40 Å), only shape and overall 
arrangement of the virus capsomeres can be determined. At subnanometer resolutions (<10 Å),  α -helices 
and  β -sheets become visible in the map, and as the cryo-EM reconstructions push toward near-atomic 
resolutions, C α  backbones and some bulky side chains can be delineated in the map (beyond 4.5 Å).  

http://www.emdatabank.org
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 In this chapter, we will introduce both cryo-EM and cryo-ET, with a focus on how to process the 
data generated by these techniques. Specifi cally, we will discuss single-particle reconstructions of both 
icosahedral and nonicosahedral components of virus particle, and tomography of pleomorphic speci-
mens containing homogeneous components (e.g., a virus envelope with protein spikes and cells 
infected with viruses). We will also address how these results can be validated and interpreted, includ-
ing annotation and model building. Additionally, in line with such a rapidly evolving fi eld, we will 
cover selected emerging techniques that will likely play a role in structural virology in years to come.  

   4.2 Cryo-Electron Microscopy and Tomography 

 Light microscopes have been used for centuries to observe objects that are too small for the human 
eye to resolve. In the 1930s, with the advent of the electron microscope, it became possible to visual-
ize objects that were beyond the range of resolvability by conventional light microscopes. While the 
principles that dictate the behavior of these two instruments are similar, the main difference lies in 
the fact that electron microscopes use electrons (not light) as an illumination source. As resolvability 
is inversely proportional to the wavelength of the illumination source (4,000–7,000 Å for light, 
0.025 Å for 200 KeV electrons), electron microscopes have the distinct advantage that they can 
potentially resolve features tens of thousands of times smaller than even the best light microscope. 

 Electron microscopy has been implemented for a variety of applications, but here we focus on the 
use of transmission electron microscopy (TEM) in cryo-EM for reconstructing virus particles. 
Cryo-EM fi rst started in the mid-1970s (Taylor and Glaeser  1974,   1976  ) , and during the 1980s, it 
was refi ned using a rapid plunge-freezing procedure (Adrian et al.  1984 ; Chiu  1986 ; Dubochet 
et al.  1988 ; McDowall et al.  1983  ) . This rapid freezing procedure has the advantage that the sample 
is frozen quickly enough that ice crystals do not have time to form, resulting in a thin vitrifi ed ice 
layer embedding the sample of interest. These ice-embedded specimens can be readily imaged in 
an electron microscope as long as the sample is kept at a temperature that is below the phase 

  Fig. 4.1    Structural features of bacteriophage P22 procapsid [EMD-1824] that are visible as a function of resolution. 
The map density is radially colored       
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 transition temperature of the vitreous ice (~ −145°C). However, while it is possible to preserve the 
specimen at these low temperatures, vitrifi ed specimens are extremely sensitive to the electron beam 
and can tolerate only limited electron exposure. It has been shown by a number of radiation damage 
studies that the practical temperature for imaging frozen, hydrated biological specimen is approxi-
mately −170°C    (Bammes et al.  2010 ; Comolli and Downing  2005 ; Iancu et al.  2006  ) , and in general, 
the electron exposure used for single-particle cryo-EM ranges from 15 to 25 e/Å 2 . 

 In biological cryo-EM, the images collected on the microscope can be interpreted in terms of the 
weak phase object approximation (WPOA) (Erickson and Klug  1971 ; Unwin and Henderson  1975  ) . 
The WPOA makes two assumptions: the electrons are elastically scattered by the specimen (they 
suffer no energy loss), and the phase change of the scattered electrons is slight. The phase variations 
of the scattered electrons in the object plane, which carry the specimen’s density information, are 
converted into spatial intensity variations in the image plane through interference. As a result, 
the specimen must be very thin in order to satisfy the assumptions of the WPOA. Under the 
WPOA, the 2-D image can be treated as the projection of the original 3-D object’s density, 
modulated (convoluted) by a sinusoidal contrast transfer function (CTF). In practice, in addition to 
this phase contrast, there is also a small amount (~10% or less) of amplitude modifi cation, which is 
expressed in the form of a co-sinusoidal function. 

 If the sample is not thin enough to satisfy the WPOA assumptions, it becomes very diffi cult to 
restore the original object’s density function from the collected 2-D particle images. Even though there 
have been theoretical predictions, based on the WPOA, for the maximum attainable resolution as a 
function of specimen thickness (DeRosier  2000 ; Ho et al.  1988 ; Leong et al.  2010 ; Schmid et al.  1994 ; 
Zhou and Chiu  2003  ) , no systematic experimental verifi cation has yet been reported. Interestingly, the 
3.6-Å resolution map of human adenovirus, reconstructed by cryo-EM, is almost identical to the struc-
ture determined by X-ray crystallography (Liu et al.  2010a ; Reddy et al.  2010  ) , demonstrating that with 
the 900-Å-thick virus particle, the WPOA assumptions have not been violated. 

 In addition to the CTF, there are numerous instrument factors that affect the image, including the 
spatial and temporal coherence of the electron source, instability of the lens and specimen holder, 
and the point spread function of the recording media (Chiu and Glaeser  1977  ) . All of these factors 
act to dampen the high-frequency information in the images and thus the likelihood that the data will 
be useful for a high-resolution reconstruction. This dampening can be expressed analytically as the 
product of a series of envelope functions which can be approximated simply as a Gaussian function 
 E ( s ) = exp(− Bs  2 ), with its width at half maximum set to the experimental  B -factor (Saad et al.  2001  ) . 
In the course of image reconstruction, all of the parameters inherent in the CTF and the envelope 
function should be determined on a per particle basis (Jiang and Chiu  2007  ) .  

   4.3 Single-Particle Reconstruction Methods 

 The goal of any single-particle virus reconstruction is the generation of a 3-D density map of the 
virus from the 2-D projection images produced by the electron microscope. The ability to start with 
2-D projections of an object and then work back to a full 3-D density function is entirely based on 
the central section theorem (DeRosier and Klug  1968  ) . This theorem states that the Fourier trans-
form (FT) of a 2-D projection of a 3-D object is identical to a central section of the FT of the 3-D 
object. The section is perpendicular to the direction of projection and passes through the origin. 
Thus, the original 3-D object can be recovered by fi lling a volume in Fourier space with many of 
these central sections and then computing the inverse FT of this volume. 

 The theory behind the single-particle approach for cryo-EM is that by collecting thousands of 
images of a structural homogeneous virus particle in different orientations, the 2-D particle images 
can, with suffi cient angular sampling, be used to reconstruct its 3-D structure. In order to obtain a 
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3-D reconstruction from 2-D images, views of the specimen in suffi ciently different directions are 
required. In single-particle imaging, multiple copies of a randomly oriented specimen are distributed 
throughout the vitreous ice layer. Thus, imaging any area will provide different views of the speci-
men. The assumption of homogeneity predicts that the differences that are observed in the raw 
images are due to projections of the particles in these different orientations. In the case of a specimen 
that has a preferred orientation on the grid (e.g., only top views), tilting the grid to a fi xed angle 
during imaging (random conical tilt) can circumvent the problem by generating views from different 
directions. A few fi xed angles can be used in order to increase the number of views from 
different directions. Unfortunately, as a consequence of both these assumptions, by combining mul-
tiple images together on the basis of structural homogeneity, any structural heterogeneity in the data 
will be averaged out and not appear in the fi nal reconstruction. 

 As mentioned above, the particle images are convoluted with the CTF and envelope function of 
the electron microscope. As such, the computational tasks required for this process are to determine 
the orientation of each of the individual particle images and correct any image defects prior to recon-
structing the data. Since a virus particle is typically made up of both icosahedrally and nonicosahe-
drally arranged components, the methods of reconstruction differ depending on whether icosahedral 
symmetry is assumed. We will discuss the various methods used to determine both icosahedrally and 
nonicosahedrally arranged structures in the virus particles. 

   4.3.1 Reconstructing Icosahedral Viruses 

 In the 1970s, DeRosier, Crowther, and Klug developed algorithms that we still use today for 
reconstructing 3-D maps of icosahedral virus particles from electron micrographs (Crowther 
 1971 ; Crowther et al.  1970a ; DeRosier and Klug  1968  ) . These methods use common lines to fi nd 
the orientations of the 2-D particles and Fourier–Bessel inversion to compute the 3-D map as 
described below. This approach was fi rst applied to tomato bushy stunt virus (TBSV), which was 
prepared using the traditional negative stain procedure. From just six particles, even though the 
particles had shrunk by 10% as a result of the negative staining procedure, the overall morphology 
of TBSV could still be determined from the reconstruction. In the 40 years following these fi rst 
reconstructions, the resolutions of icosahedral virus reconstructions have improved to the point 
that the once lumpy densities representing virus capsomeres can now be resolved at near-atomic 
resolutions, detailing the intricate structures that comprise them (Fig.  4.1 ) (Chen et al.  2011  ) . 
These advances were made possible by numerous improvements in cryo-specimen preservation, 
the coherence of the electron beam, the stability of the cryo-specimen holder, and particularly in 
the software used to process the data. While there are many options when it comes to choosing a 
software package for virus reconstruction, all of them follow a common path of particle image 
preparation, 2-D image orientation determination, and 3-D map synthesis. The differences in 
these programs lie in the algorithms they use for alignment and reconstruction, which will be 
described below. 

   4.3.1.1 Initial Data Preparation 

 The fi rst step in any single-particle reconstruction is determining the quality of the individual 
micrographs or CCD frames (Fig.  4.2a ) and selecting the best ones for further processing. The 
quality of a micrograph can be judged visually by an experienced microscopist or through inspec-
tion of the CTF rings in the power spectrum (Fourier transform) of the micrograph (Fig.  4.2b ). It 
is a common practice to exclude images that contain drift and astigmatism as seen in Fig.  4.2d . 
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  Fig. 4.2    Image preprocessing and data assessment. ( a ) Typical electron micrographs of herpes simplex virus type I 
collected on a 300-kV electron cryo-microscope. Higher contrast ( right side  of  a ) as a result of defocus is visible in 
the raw images. ( b ) Differences in defocus are also visualized in Fourier space with different CTF oscillating patterns. 
( c ) Power spectrum curves from boxed herpes particles at different defocuses, which can be used to fi t CTF curves of 
the corresponding micrographs. ( d ) Comparison between a normal image and images with aberrations (e.g., drift, 
astigmatism). For the purposes of quality control, images that contain these aberrations are typically excluded prior to 
processing the data for a 3-D reconstruction       

Once a subset of good micrographs has been selected, particles in these micrographs are 
 individually selected (boxed) and stored as individual particle images. Next, the CTF parameters 
and the envelope function for each micrograph can be determined from the circularly averaged 
power spectrum (Fig.  4.2c ) of the boxed particles from the micrograph. From such a power spec-
trum, it is possible to estimate the signal-to-noise ratio (SNR) at any resolution (spatial fre-
quency) of the data. Images that have a poor SNR at the desired resolution are typically removed 
from  further consideration. While there are programs that can automatically or semiautomati-
cally  determine these CTF parameters ( fi tctf  in EMAN, ctffi nd3/ctftilt, and  tf ed  in SPIDER), 
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many users often choose to visually inspect the output and/or manually refi ne the parameters 
using a GUI program ( ctfi t  in EMAN,  robem  in AUTO3DEM,  bshow  in BSOFT, and  ctfmatch  in 
SPIDER) (Heymann et al.  2008a ; Ludtke et al.  1999 ; Mindell and Grigorieff  2003 ; Shaikh et al. 
 2008 ; Yan et al.  2007  ) .   

   4.3.1.2 Building an Initial Model 

 After the CTF parameters of the boxed particles have been determined, the next stage of the process 
is to start the iterative refi nement for each of the fi ve spatial parameters (2 for center, 3 for orient-
ation) of each particle image (Fig.  4.3 ). The fi rst step of this process generally requires an initial 3-D 
model as a reference. One way to obtain an initial model is to download an icosahedral virus density 
map from the electron microscopy data bank (EMDB:   http://www.emdatabank.org    ), scale its dimensions 
to approximately match the current dataset, and then low pass fi lter the map to keep only the 
icosahedral shape and size information. It is important when selecting a virus from the EMDB to 
choose a different virus than the one under study as it virtually eliminates all possibility of model 
bias in the reconstruction. Alternatively, an initial model can be generated from the raw data by 
randomly assigning icosahedral orientations to a few hundred particles and reconstructing a 3-D 
density that has approximately the right size for the target particle (Liu et al.  2007  ) . A more sophis-
ticated approach involves computing the self-common lines of a handful of particle images, thereby 
determining their icosahedral orientations without using any reference model (the particle itself 
is the reference; see below) from which an adequate initial model can be built (Fuller et al.  1996  ) . 
In the early days of cryo-EM, model bias was a concern for 3-D virus reconstruction as refi ning a 

  Fig. 4.3    Generalized schematic for single-particle reconstruction. ( a ) A single cryo-EM micrograph or CCD frame 
can contain anywhere from just a few to hundreds of particles. ( b ) The fi rst step in reconstruction is to box the indi-
vidual particles from all micrographs. Depending upon the software used, it may be necessary to invert the particles’ 
contrast prior to alignment and reconstruction. ( c ) Once boxed, the power spectrum of the boxed particles of a 
micrograph can be used to determine the particles’ CTF. ( d ) Using the determined CTF parameters, the particles can 
be aligned to a model and then reconstructed to a better-resolved map. The fi rst step in this process is to build an initial 
model, as discussed in text. While there are a variety of different alignment schemes used in single-particle virus 
reconstruction, the general approach is to align the single-particle images to references projected from either an initial 
model or a previously reconstructed model, and then iteratively refi ne this model until it converges       

 

http://www.emdatabank.org
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model from an inaccurate starting model could provide erroneous results. However, with improve-
ments in both image quality and alignment/reconstruction software, researchers can routinely 
achieve subnanometer resolution maps for most virus capsids. As secondary structural elements 
(SSEs) in the reconstruction become apparent in these subnanometer resolution reconstructions, the 
question of model bias is practically inexistent because it is unlikely for a map suffering from model 
bias to reach such a resolution.   

   4.3.1.3 Particle Orientation and Center Determination 

 The most time-consuming aspect of generating a 3-D virus map is the process of iteratively refi ning 
the orientation and center parameters (Fig.  4.3d ). This procedure involves comparing the particles 
images with some 2-D references projected from a 3-D model (either an initial model or a model 
computed from a previous iteration) to determine their centers and orientations. Accuracy in deter-
mining the center and orientation of each particle image is an important factor in the quality of the 
3-D reconstruction. While there are a variety of ways to determine these parameters, the most fre-
quently used methods are projection matching and common lines (Fig.  4.4 ).  

  Fig. 4.4    Single-particle 2-D alignment methods. ( a ) Schematic of projection matching method. By comparing 
individual raw single-particle images to projections made of a model at known orientations, it is possible to defi ne 
classes of particles that can then be averaged together to obtain a 3-D density map. ( b ) Cross-common line method. 
According to central section theorem, the Fourier transforms of any two images/projections intersect along a line 
where the values are identical. If the two images are generated from two totally different orientations, the intersection 
line is called cross-common line (right  top  of  b ). Considering the icosahedral symmetry of a virus particle, there are 
60 pairs of cross-common lines between the two images. If the orientations of the two images are only related to its 
icosahedral symmetry, they are actually the same image. The  intersection line  is called self-common line. There are 
37 unique pairs of self-common lines for an icosahedral particle image       
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   Projection Matching 

 In the projection matching method, unique 2-D projections are generated from the 3-D model 
for all possible views at a given angular step size. The initial model can be obtained as described 
in Sect.  4.3.1.2  and can be updated using a reconstruction produced at the end of each refi ne-
ment cycle during this iterative process. These projections are compared against the pre-centered 
raw particle images in order to determine the orientations of the raw particle data. The orienta-
tion of the particle is assumed to be the same as the orientation of the projection it matches most 
closely. However, before this comparison can be made, in order to fully utilize the information 
in a raw image, the CTF must be deconvoluted from the raw particle images (equivalently, the 
CTF could be applied to the projection images). As the resolution of the map is dependent on 
how accurate the particle orientations are, a fi ner angular step size is required in order to refi ne 
the model to higher resolutions. Unfortunately, as these projections are sampled in 3-D space, 
the number of projections increases cubically with fi ner step size. In the process of refi ning a 
model to higher resolution, there is a trade-off between resolution and computation time as the 
requirement for precise orientation determination requires an ever-increasing number of com-
parisons to be made. 

 Projection matching can be carried out either in real or Fourier space. In order to speed up the 
computation, the alignment is typically performed in both Fourier and real space and involves deter-
mining a particle’s projection angles (  θ  ,   φ  ) and in-plane rotation angle (  ω  ) separately and refi ning 
the predetermined center ( x  and  y ). Different software packages implement these three steps in a 
variety of ways, each using different mathematical principles. 

 One approach to projection matching is to fi nd the best in-plane rotation angle (  ω  ) for a given 
projection, use this angle to refi ne the center, and then use these two results to fi nd the best match 
among all the projections. To fi nd the in-plane rotation angle, both the raw particle image and the 
model projection are converted to polar coordinates. Then a 1-D FT of an annulus of the data is 
computed, and the in-plane rotation is determined by the highest correlation between the 1-D FTs of 
the raw particle image and model projection. After in-plane alignment, the center of the particle is 
refi ned using the correlation between the image and projection. Given the in-plane rotation and cen-
ter between the image and the projection, a correlation score can be computed. Applying these steps 
to a single raw particle image and each of the model projections will result in a set of scores. The 
particle orientation is assigned to the in-plane rotation, center, and projection with the best score 
(Ludtke et al.  1999  ) . 

 In order to minimize the error propagation implicit in the process of sequential parameter search, 
another approach is to perform the local center refi nement and global in-plane rotation search 
simultaneously. As a result, this method calculates the rotational correlation between an image and 
a projection for each of the possible center positions in the neighborhood of the image’s predeter-
mined center (Joyeux and Penczek  2002  ) . This simultaneous search is time-consuming (for exam-
ple, a 10-pixel neighborhood will increase calculation by 10 times). To speed up computation, 
FRM2D (fast rotational matching for 2-D images) converts the alignment problem (usually formu-
lated by one in-plane rotation and two translations) into one translational and two rotational searches 
(Cong et al.  2003  ) . It takes advantage of fast Fourier transforms (FFTs) in rotational space to speed 
up the search for the two rotational parameters, while the one translational parameter is explored 
by limited exhaustive search. FRM2D can search more effi ciently, depending on the fi neness of the 
angular sampling and linear search range (Cong and Ludtke  2010  ) . 

 The polar Fourier transform (PFT) is another approach that uses a different sequence of steps for 
determining the orientation parameters (Baker and Cheng  1996  ) . First, the precentered particle 
image is converted to polar coordinates ( Γ ,  r ), and a 1-D FT for each annulus of data is computed. 
The values in an annulus have a fi xed radius  r  in the Cartesian image but different  Γ  angles, and the 
amplitudes of the 1-D FTs of these data are rotationally invariant (invariant in the in-plane rotation 
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  ω   in the Cartesian image). As a result, the best matching projection can be determined fi rst, and this 
provides the two Euler angles (  θ  ,   φ  ) associated with the projection. Next the in-plane rotation   ω   can 
be determined by rotational correlation between the best matching projection and the raw particle 
image. Given the three Euler angles, cross-correlation can be used to refi ne the image center. This 
method is very fast, but may suffer from interpolation and propagation errors because of the three 
separate searches. Furthermore, as this method only uses amplitude information from the 1-D FTs 
(phase information is ignored), it may not be very sensitive at high resolution. 

 Once the centers and orientations of the individual particles have been determined, all the par-
ticles that matched the same projection can be averaged together. These 2-D class averages have 
the advantage of increasing the SNR above that of a single image. It is important to note that prior 
to averaging, the CTF must be deconvoluted in the individual single-particle images. Otherwise, 
the average of images with different CTF parameters would result in the loss of signal at specifi c 
spatial frequencies. These class averages can then be used for reconstructing a 3-D volume 
(Sect.  4.3.1.4 ).  

   Common Lines 

 Another approach to particle orientation determination relies on the central section theorem, which 
assumes that planes in Fourier space intersect at the origin (DeRosier and Klug  1968  ) . In the case of 
cryo-EM, the individual images recorded in a microscope are projections of randomly oriented 
objects, and the Fourier transform of these individual particle images exists as 2-D planes in a 3-D 
Fourier volume. For any two planes in Fourier space, the line at which the planes intersect is known 
as a common line (Fig.  4.4b ). For icosahedral viruses, each of the 60 equivalent icosahedral orienta-
tions defi nes a plane in Fourier space that is related to each other through this symmetry (Fig.  4.4b ). 
The line at which any two of these planes intersect is known as a self-common line. For any 
icosahedral particle, there are 37 self-common lines, including 12 from the fi vefold symmetries, 10 
from the threefolds, and 15 from the twofolds (Crowther et al.  1970b ; Glaeser et al.  2007  ) . Therefore, 
there is a great deal of information inherent in a single icosahedral particle with which the Fourier 
amplitudes and phases of two particles can be matched to each other (provided the particle’s center 
is correctly identifi ed). 

 The self-common line method works best for icosahedral viruses as it relies on the symmetry 
inherent in the particle. Additionally, as a result of the icosahedral symmetry in these particles, it is 
possible to determine the particle’s center either from a center of mass calculation or from the cross-
correlation of an image and the same image rotated by 180°. To determine the individual particles’ 
orientations, an exhaustive search is performed for all possible orientations. The accuracy of an ori-
entation is judged by the phase residual, which is a score that measures the discrepancy of the self-
common lines for the given orientation. The orientation with the smallest phase residual is assumed 
to be the correct one. Subsequently, the predetermined center of the particle can be further refi ned 
based on this orientation (Fuller et al.  1996  ) . Since the self-common line method uses the individual 
raw image itself as a reference image, it does not require an initial model, thus freeing it of model bias. 
Unfortunately, the accuracy of the self-common line method for determining particle centers and 
orientations is limited by the small number of self-common lines (37 of them) and error propagation 
from one step to the next, which precludes its use for studies with excessively noisy images. 

 In the same vein as the self-common line approach are cross-common lines (Fig.  4.4b ). Unlike the 
self-common line method, which uses the particle itself as a reference, cross-common lines occur 
between a particle and another particle. The references in the cross-common line method can be either 
projections from a 3-D model/map or other single-particle images whose orientations are known. 
Cross-common lines can use multiple references instead of only one reference (the image itself, as in 
self-common lines), which makes it possible to use all of the information in the 2-D Fourier  transform. 
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To determine a particle’s orientation, the cross-common line method also uses the phase residuals of 
the cross-common lines to judge if an orientation is correct. As more references are included in the 
comparison, the phase residual will be more sensitive to variation in the orientation when searching 
near the true orientation. While this approach allows for the orientation to be determined very accu-
rately, it also increases the possibility of inaccurately determining the true orientation (i.e., very small 
radius of convergence) when a large angular step size is used in an exhaustive search. This small 
radius of convergence requires a very exhaustive and simultaneous search of the center and orienta-
tion parameters, a process that was once nearly impossible to achieve (Fuller et al.  1996  ) . Fortunately, 
as more computational resources have become available, the cross-common line method can be 
exploited for accurate single-particle orientation determination (Zhou et al.  1998  ) . 

 The cross-common line method was implemented in the refi nement loop of several software 
packages: SAVR (Jiang et al.  2001b  ) , IMIRS (Liang et al.  2002  ) , and SPIDER (Shaikh et al. 
 2008  ) . However, it requires an accurate determination of the particle’s center in the image, so that 
the search can be mostly limited to orientation space (  θ  ,   φ  ,   ω  ). The multi-path simulated anneal-
ing (MPSA) optimization algorithm was later developed to use cross-common lines to globally 
determine both center and orientation simultaneously by minimizing the phase residual of the 
cross-common lines between the raw image and reference projections (Liu et al.  2007  ) . The core 
of the MPSA algorithm relies on a Monte Carlo optimization scheme, which is formulated to 
optimally search a very small portion of the 5-D (2-D for center, 3-D for orientation) space, sav-
ing a tremendous amount of CPU time as compared with the exhaustive search methods. However, 
as a result of using Monte Carlo, there is no guarantee that the search result represents the true 
global minimum (i.e., the correct center and orientation). Nevertheless, the speed of the MPSA 
algorithm enables it to perform the same search multiple times, and the consistency of these 
results/solutions (reaching the same orientation) can confi rm the determined orientation as a 
global minimum. 

 Since both the center and orientation parameters are determined simultaneously in the common 
line approach, there is no error propagation as compared with the other sequential methods. This 
characteristic of the cross-common line approach permits the accuracy of the orientation search to 
extend far beyond the resolution range used in the orientation search, resulting in a converged 3-D 
volume sooner. However, as most of cross-common lines do not overlap with the 2-D Fourier-space 
grid points, the method would suffer from interpolation errors in the high-resolution data. While it 
may be possible to overcome these interpolation errors by oversampling the 2-D Fourier transform 
of the images, this process will inevitably have larger memory demands.   

   4.3.1.4 Reconstructing a 3-D Volume 

 The only requirement for reconstructing a 3-D volume is a set of single-particle images (or class 
averages) and their corresponding orientations. The resolution of the 3-D map will depend on the 
total number of particles, accuracy of the orientations, the quality of the data, and many other factors 
(e.g., weighting scheme, interpolation method, CTF correction). Discussed below are the methods 
by which these maps are synthesized, either in Fourier or real space. 

   Fourier-Space Reconstructions 

 The most direct way to build a 3-D model from 2-D projections is through an inverse Fourier trans-
form. Here, as in common lines, the central section theorem is used, but this time as a straightfor-
ward application for computing a particle’s 3-D volume from a set of 2-D projections. The direct 
Fourier inversion technique takes the FTs of the particle images, and inserts these 2-D FTs into an 
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empty 3-D matrix, according to the determined particle centers and orientations. Once all the 2-D 
FTs have been inserted into this volume, it is possible to generate a real-space 3-D map by comput-
ing the inverse FT of this 3-D Fourier volume. In this method, CTF correction must be applied to the 
individual particles before inserting the 2-D FTs into the 3-D Fourier volume (class averages must 
already have corrected CTFs as well). As with many of the particle alignment protocols, errors in 
interpolation can limit the pursuit of high resolution. Since this procedure requires a 2-D section to 
be placed in a 3-D volume, interpolation is inevitable because the grid points (voxels) do not overlap. 
While 3-D oversampling can potentially reduce the effect of interpolation errors, the massive mem-
ory and computational resources required for large virus particles often constrain the use of this 
approach for high-resolution reconstructions. 

 An alternative method, Fourier–Bessel synthesis, can partially address the memory and 
interpolation issues that arise from the direct Fourier inversion approach. This method uses cylindri-
cal coordinates   ρ  ( r ,   φ  ,  z ) in real space or  F ( R ,  Φ ,  Z ) in Fourier space (Crowther  1971  ) . Each of the 
inserted FT of the particle images  F ( R ,  Φ ,  Z ), at a given cylindrical annulus ( R  and  Z  are constant in 
an annulus), can be expanded into a  Φ -related Fourier–Bessel series, which overcomes the data 
interpolation problem in the  Φ  direction. The expansion coeffi cients can be determined by least 
squares fi tting, so long as the total number of particle images is greater than the number of the expan-
sion coeffi cients, as determined by targeted reconstruction resolution. Once the coeffi cients are 
determined, the real-space density   ρ  ( r ,   φ  ,  z ) can be synthesized in two sequential steps of 1-D inte-
gration/summation that requires only a very small amount of memory. Even though Fourier–Bessel 
synthesis is still susceptible to interpolation errors, the memory requirements of this approach are 
signifi cantly lower than for direct Fourier inversion. 

 A third method for reconstruction is spherical harmonics, which is similar to the Fourier–Bessel 
method but uses spherical coordinates   ρ  ( r ,   θ  ,   φ  ) and/or  F ( R ,  Θ ,  Φ ) instead of cylindrical coordinates 
(Liu et al.  2008a  ) . The advantage of spherical coordinates is that the method is less susceptible to 
interpolation errors. However this comes at the cost of signifi cantly increased CPU time for the 
reconstruction. This method expands each of the inserted 2-D Fourier transforms into a series of 
spherical harmonic coeffi cients at a given Fourier shell radius ( R  is held constant). The two- 
dimensional expansion coeffi cients can also be obtained through least squares fi tting, and then the 
density map   ρ  ( r ,   θ  ,   φ  ) can be synthesized from these coeffi cients. Just as with Fourier–Bessel syn-
thesis, the Cartesian coordinates for the real-space 3-D map are interpolated from the spherical 
coordinates of the spherical harmonic method.  

   Real-Space Reconstruction (Back Projection) 

 Conceptually, the images collected on the microscope can be visualized as a fl attening process by 
which a 3-D object becomes a 2-D image. If this process were directly reversible, then the 2-D image 
could be “stretched” back into 3-D space by recovering the height information, which was lost due 
to this fl attening, from any nonparallel projection of a similar object. While the process described 
above appears to be relatively straightforward, nonuniform sampling caused by the conversion from 
polar to Cartesian coordinates when the 2-D images are “stretched” back into 3-D space overweights 
the low-resolution components, resulting in a blurred 3-D map. This overweighting can be corrected 
using FTs to apply a windowed ramp fi lter to the 2-D images prior to back projecting. As this fi lter-
ing process requires both forward and backward FTs, back projection requires one extra Fourier 
inversion for each image compared to the direct Fourier inversion method described above, which 
quickly increases computation times. However, the back projection method requires half the mem-
ory needed by direct Fourier inversion, making it desirable for problems that are intractable due to 
memory constraints. Furthermore, and most importantly, simple linear interpolation is often suffi -
cient for the back projection approach, while more complicated approaches are needed for interpo-
lating high-resolution data in Fourier space reconstruction methods above (Stark et al.  1981  ) .   
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   4.3.1.5 Processing and Refi ning a 3-D Map 

 Once a reconstruction cycle is complete, the 3-D map may need additional processing before the 
next iteration of refi nement. In some cases, to enhance the visibility of structural features, it may be 
necessary to boost the high-resolution components and/or fi lter out noise at specifi c spatial frequen-
cies of the map. The real-space noise outside the capsid and any density within the capsid (if not of 
interest) can be removed by masking the 3-D volume. As masking can cause edge artifacts, a soft 
mask is preferred over a sharp mask. In addition, normalizing the density map can help reduce any 
artifacts that may result from masking the 3-D volume. These steps are important for minimizing 
any noise in the reference projections used in the subsequent refi nement iterations. This iterative 
refi nement process stops when the 3-D map no longer shows any improvement.  

   4.3.1.6 Postprocessing of 3-D Volumes 

   Map Sharpening 

 Upon inspection of a refi ned 3-D map, it may appear as if certain features are not adequately resolved 
in the volume. While this can have many potential causes (e.g., preferred orientations in the data, 
uneven weighting, interpolation errors), it is possible to recover much of the missing information by 
“sharpening” the map. The process of map sharpening scales specifi c spatial frequencies (resolutions) 
above others. One such sharpening procedure is accomplished by multiplying by an appropriate 
 B -factor curve (i.e., exp( Bs   2  )) in Fourier space to preferentially scale up the high-resolution compo-
nents (Fernandez et al.  2008 ; Rosenthal and Henderson  2003 ; Zhang et al.  2010a  ) . As there is no 
precise criterion for choosing the proper  B -factor, a more objective way to sharpen the map is to scale 
the power spectrum of the map to match the solution scattering of the virus (Schmid et al.  1999  ) .  

   Noncrystallographic Symmetry Averaging 

 The icosahedral symmetry in many virus capsids means there are 60 copies of the asymmetric unit 
in each particle. Thus, this symmetry can be used not only to determine orientation but also to 
increase the SNR of the data, thereby improving the resolution of the reconstruction. Additionally, 
each of the 60 icosahedral asymmetric units may be comprised of several protein subunits (typically 
given by the virus T-number) (Glaeser et al.  2007 ; Johnson et al.  1994  ) . Provided that these subunits 
are found in similar conformations, it is possible to average them together to further increase the 
SNR of the data, thus improving the map’s resolution. As this local averaging does not follow the 
overall icosahedral symmetry of the capsid, it cannot be performed during reconstruction and must 
be done afterward. The process of extracting and averaging similar subunits is called “noncrystal-
lographic symmetry (NCS) averaging,” which is borrowed from a term in X-ray crystallography. 
NCS averaging was fi rst used in cryo-EM to improve a subnanometer resolution reconstruction of 
herpes simplex virus capsid (Zhou et al.  2000  )  and has since been used to enhance several near-
atomic resolution reconstructions (Settembre et al.  2011 ; Zhang et al.  2010b  )  (see Table  4.1 ).   

   Visualization and Segmentation 

 Once a fi nalized 3-D volume has been obtained, using any of the methods described above 
(Sect.  4.3.1.4 ), the data can be visualized with a variety of programs, including Chimera 
(Pettersen et al.  2004  ) , Amira, and Avizo. These programs allow the user to manipulate the volume 
in 3-D, and some even support the use of stereographic presentation so that the 3-D maps can be 
visualized in a “true 3-D” environment. 
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 One of the most important steps in interpreting and annotating a map is segmentation, a process 
that enhances visualization of the density maps. While it is possible in some cases to directly seg-
ment the data based on the discontinuities observed between densities, for the majority of cases, 
segmentation is performed based on X-ray data of the molecule or homologous structures, 
biochemical experiments, biological information, or other supporting experimental evidence. Amira 
and Avizo are two commercially available programs that are designed for manual segmentation. 
Alternatively, densities can be segmented manually using “color zone” tools, or semiautomatically 
using Segger (Pintilie et al.  2010  )  that is part of the Chimera suite. 

 For high-resolution maps (<5 Å), further interpretation and validation are often needed but have 
the distinct advantage of being able to produce C α  backbone traces of the proteins in the map. As 
the resolution of a reconstruction approaches atomic resolution, it becomes possible to visualize and 
model the complex side-chain interactions in these proteins (see Sect.  4.5 ).   

   4.3.1.7 Selected Examples of Near-Atomic Resolution Structures 

 Table  4.1  and Fig.  4.5  are selected compilations of the near-atomic resolution virus structures solved 
by single-particle cryo-EM. The structures of these viruses were solved by a variety of computational 
procedures and software packages. While crystal structures exist for some of the structures, in other 
cases they have yet to be solved. Where crystal structures are available, they demonstrate remarkable 
structural similarities both in their backbone traces and in some of their side-chain densities (Chen et al. 
 2009 ; Reddy et al.  2010  ) . In the case of adenovirus, the cryo-EM map resolves more of the connective 
density representing the cementing capsid proteins than is visible in the corresponding crystal map 
(Liu et al.  2010a ; Reddy et al.  2010  ) . In the case of P22, the detailed structural changes between the 
procapsid, which contains scaffolding proteins, and the mature phage, which contains the viral DNA, 
clearly illustrate the structural mechanism of phage maturation (Chen et al.  2011  ) . These are just a 
few examples of the knowledge gained about the structural features and assembly of virus capsids; 
while only a few such structures have been solved to date (Hryc et al.  2011 ; Zhou  2011  ) , more are 
expected to come in the future and likely at higher resolutions.   

   4.3.2 Reconstructing Particles Without Imposing Symmetry 

 In the traditional application of cryo-EM for studying virus particles, any features/proteins that do 
not satisfy the condition of being icosahedrally arranged will be lost. However, there are a variety of 
situations where the assumption of icosahedral symmetry prevents the visualization of certain virus 
features such as the genome packaging complex of some dsDNA viruses. Furthermore, these noni-
cosahedrally ordered features may have their own symmetry which is obscured by the symmetry 
mismatch with the icosahedral capsid shell. Symmetry mismatch in complex macromolecular 
assemblies has been recognized for over 30 years (Hendrix  1978  ) . This problem arises when two 
objects that have different symmetries (e.g., 5- and 12-fold) are part of the same macromolecular 
complex. Essentially, the symmetry averaging for either of the objects must be decoupled because 
assigning one symmetry to the whole complex would obscure the subunit arrangement of the other 
component. The problems in directly visualizing such symmetry mismatches have recently been 
solved and is attributable to the tremendous advancements in both instrument and the software used 
to acquire and process the cryo-EM data. Unfortunately, in order to achieve a resolution equivalent 
to an icosahedral map, a symmetry-free map requires at least 60 times as much data. 

 In general, to correctly determine a particle’s symmetry-free orientation, the nonicosahedrally 
arranged components need to have enough signals to overcome both the noise in cryo-EM images as 
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well as the signal from the other components in the particle (e.g., capsid proteins, nucleic acids). 
Ideally, if these nonicosahedral components have a large mass, their signal is suffi cient for them to 
be identifi ed in the particle images. When this is not the case, the use of defocus adjustment to 
increase contrast in the micrographs can enhance the ability to identify these features in the projec-
tion images. Unfortunately, as discussed above, one potential downside of defocus-based contrast 
enhancement is the loss of high-resolution information. Although solutions may be forthcoming 
from a variety of alternative electron optics methodologies (e.g., a Zernike phase plate), their appli-
cation in low-contrast cryo-EM situations is still in its infancy. Such methodology is discussed in 
Sect.  4.6.5 . 

  Fig. 4.5    Selected near-atomic resolution cryo-EM density maps. The  left column  of the fi gure is the whole virus 
density map, the middle is the segmented subunit density map of the virus, and the  right column  is a close-up that 
shows their detailed features. ( a ) Human adenovirus [EMD-5172]. The protein IIIa density shows more connecting 
density than the X-ray density map. ( b ) Bacteriophage P22 [EMD-1826]. Individual bulky side chains are visible in 
the gp5 subunit of P22. ( c ) Rotavirus [EMD-5199]. At near-atomic resolution, the separations of beta strands in VP6 
[EMD-1461] can be clearly seen       
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 When available, the crystal structures of viral proteins are often docked into the cryo-EM density 
map to paint a picture of how these complex macromolecular machines function. In the case of the 
T4 phage, the capsid and tail were reconstructed separately by cryo-EM, and then the crystal struc-
tures of their component proteins were docked into the density maps to gain an understanding of 
how the individual parts contribute to the function of this complex molecular machine (Leiman et al. 
 2010  ) . However, new developments in data processing have now made it possible to resolve the 
structure of complex viruses as a single entity without imposing any symmetry, removing the need 
to separate the components prior to cryo-EM imaging. The following section describes how these 
advancements are implemented for symmetry-free subnanometer resolution reconstructions and 
how they have the potential to be extended to even higher resolutions.  

   4.3.2.1 Initial Data Preparation 

 The same data that are used for high-resolution icosahedral reconstructions can also be used for a 
symmetry-free reconstruction. For viruses that have extended asymmetric protrusions, such as a 
bacteriophage tail, the particle images may need to be adjusted prior to processing. Specifi cally, the 
box with which the particle image was initially selected may need to be enlarged to accommodate 
the tail structure. Furthermore, as a result of this larger box, it may be necessary to down-sample the 
images if memory and computation power are limited. 

 For any data collection scheme designed to see asymmetric features, to enhance contrast, the indi-
vidual images are typically acquired in a range of 3–5  μ m defocus. However, there is no specifi c 
defocus value that is optimum for every specimen, so the defocus value is often determined empiri-
cally. It is good practice to collect a series of images of a new sample across a broad range of defocus 
values and choose a defocus value that accentuates the asymmetric feature (as judged by visual 
inspection). However, discerning the asymmetric components in raw images is not always necessary 
because some symmetry-free reconstruction programs can identify the true asymmetric orientation 
even when the feature is not readily apparent in the raw images (Liu et al.  2010c  ) . Thus, the defocus 
target for acquiring the images should also depend on the desired resolution because of the trade-off 
between visualizing the feature in the raw micrographs and retaining the high-resolution information 
which is harder to retrieve at higher defocus. For example, a subnanometer resolution, symmetry-free 
reconstruction would preferentially record data closer to focus than if the target is at 25 Å resolution.  

   4.3.2.2 Building an Initial Model 

 Just as for an icosahedral reconstruction, a symmetry-free reconstruction requires an initial model for 
starting the orientation search. This initial model must simulate the nonicosahedral components and 
comes with the same caveat as before of not biasing the fi nal 3-D reconstruction. There are three com-
mon ways to create an initial model for symmetry-free virus reconstructions. The fi rst involves creating 
a chimeric model comprised of the icosahedral particle reconstruction combined with a model of the 
nonicosahedral feature produced by low pass fi ltering a known structure for the isolated component 
itself or an equivalent (Agirrezabala et al.  2005  ) . The second approach uses a simple geometric shape 
that mimics the approximate shape of the nonicosahedral feature [e.g., a cylinder for the tail of P22 and 
epsilon-15 (Chang et al.  2006 ; Jiang et al.  2006  ) ]. The third, and most direct, method uses an icosahe-
dral reconstruction map to fi nd the general shape of the nonicosahedrally arranged components (Liu et al. 
 2010c  ) . By lowering the isosurface threshold (generally 10- to 20-fold), the map’s non-icosahedral 
features become faintly visible at each of their icosahedrally related positions and can be extracted as an 
initial model (Fig.  4.6 ). The lower display threshold is needed because imposing icosahedral symmetry 
to the nonicosahedrally symmetric features reduces their visibility in the map.   
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   4.3.2.3 Determining the Asymmetric Orientation 

 Currently available software can determine the asymmetric orientation of a particle in two ways. The 
fi rst method, which does not make any assumptions about the symmetry of the particle, fi nds the 
orientation by exhaustively searching every possible orientation. While this approach is conceptu-
ally easy to understand, the exhaustive approach to orientation determination necessitates a large, 
homogeneous search space that is very time-consuming to process. Furthermore, it is more suscep-
tible to model bias. The second method takes advantage of prior knowledge about the icosahedral 
organization present in many viruses, and splits the process of asymmetric orientation determination 
into two steps. The fi rst step determines the particle’s icosahedral orientation, at which point the 
asymmetric orientation search is limited to the 60 equivalent icosahedral orientations. The problem 
of symmetry-free alignment then becomes a process of determining which one of the 60 possible 
choices is the “true” asymmetric orientation of the particle. Care must be exercised with this second 
approach for two reasons: it assumes that the icosahedral orientation is correctly assigned, and the 
second step of this alignment procedure does not correct for errors in the fi rst step. 

 To accurately determine the asymmetric orientation of a single-particle image, there needs to be 
enough contrast in the image to distinguish the nonicosahedral component from the other densities/
features in the image. If the component contributes a signifi cant part of the molecular mass of the 

  Fig. 4.6    A fl owchart for symmetry-free reconstruction using the dynamic masking technique developed in MPSA. 
Starting with a collection of single-particle images (whose icosahedral orientations are known) and the icosahedrally 
reconstructed map, a 3-D initial model and mask of the interested asymmetric features can be extracted and generated 
( red cylindrical area ). The 3-D mask is used to generate a series of 2-D masks for the raw particle data. After these 2-D 
masks are dynamically applied to a particle image to extract the interested asymmetric features, the resulting masked 
images are aligned to reference projections of the 3-D model. This process is iterated, each time generating a new 3-D 
mask and model from the intermediate 3-D symmetry-free reconstruction, until the symmetry-free map converges       
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whole particle (e.g., the tail in bacteriophage epsilon-15 (Fig.  4.7 )), it is relatively easy to fi nd these 
orientations. In the event that this does not hold true, it is necessary to increase the signal of the noni-
cosahedrally arranged component relative to the other components. One way to enhance this contrast 
is to subtract the known icosahedrally symmetric components (i.e., the capsid shell) from the image. 
This is accomplished by projecting the 3-D icosahedral map in the same orientation as a given raw 
particle image. This projection, which, as a result of icosahedral averaging, does not display the 
nonicosahedrally symmetric feature, can be subtracted from the raw particle image. Conceptually, 
the density that remains should correspond to the nonicosahedrally symmetric component alone. In 
practice, there are many factors that can reduce the effectiveness of this procedure, notably inaccu-
racy in the icosahedral orientation for projecting the image to be subtracted and improper scaling of 
its density to match that of the raw particle image.  

 Another way to enhance the contrast is by using a dynamic 2-D mask to remove portions of the 
raw particle image that do not contain the nonicosahedrally symmetric component (Liu et al.  2010b  )  
(Fig.  4.6 ). This 2-D mask is generated by projecting a 3-D mask encompassing a volume that is 
believed to contain the nonicosahedrally symmetric feature, at each of the possible icosahedral posi-
tions and orientations previously determined for a given single-particle image. Depending upon the 
orientation with which the 3-D mask is projected, the resulting 2-D mask will take on a variety of 
positions and shapes, hence a dynamic mask. To facilitate this process, a library of all possible 2-D 
masks is generated before beginning the orientation search process. Typically these masks are pro-
jected with an angular spacing of 5–10°. While it is possible to use a smaller angular step size, which 
would remove more of the undesirable signals, this would require more masks and would take longer 
to process. In contrast to the subtraction technique, this dynamic masking technique does not remove 
any of the undesirable signals (i.e., capsid proteins, nucleic acids) in the projection that overlaps with 
the nonicosahedrally symmetric components in the 2-D projection image. 

 The choice of which of the above approaches to use depends upon the scientifi c question at hand, 
and whether the 2-D images would benefi t from contrast enhancement. Once the 2-D raw particle 
images have been modifi ed, the process of alignment and refi nement can proceed. Just as for an 
icosahedral orientation search, alignment for symmetry-free reconstructions can either be in real 
space by projection matching or in Fourier space by common lines but without imposing any icosa-
hedral symmetry in the alignment procedure.  

   4.3.2.4 Reconstructing Asymmetric Density Maps 

 Once the asymmetric particle orientations have been determined, the reconstruction can be 
performed either in real space (back projection) or in Fourier space (direct Fourier inversion, 
Fourier–Bessel method, etc.). The reconstruction procedure is basically the same as for icosa-
hedral reconstruction (see Sect.  4.3.1 ), but since no symmetry is imposed in the process, it is 
more sensitive to preferred orientations. Since only one of the 60 symmetry-related planes is 
used during reconstruction, it is possible to sample this volume non-uniformly, resulting in 
artifacts in the 3-D map. As before, these symmetry-free reconstructions are refined until no 
further improvement is seen in the 3-D volume. Similarly, masking, normalizing, and the other 
processing steps described for icosahedral reconstructions can be applied to these symmetry-
free 3-D maps.  

   4.3.2.5 Selected Examples of Symmetry-Free Structures 

 Spherical viruses are composed of both icosahedrally and nonicosahedrally arranged proteins and 
nucleic acids. In the past few years, developments in image processing software have enabled cryo-
EM to solve the structures of these nonicosahedral components (Table  4.2  and Fig.  4.7 ). These 
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   Table 4.2    Selected examples of symmetry-free structures   

 Virus 
 EMDB 
IDs 

 Particle 
numbers 

 Reported resolution 
(Å) (resolution 
criterion) 

 Program 
(algorithm) 

 T7 phage procapsid (Agirrezabala et al.  2005  )   1161  4,460  24 (FSC 0.5)  SPIDER 
 T7 phage (Agirrezabala et al.  2005  )   1163  4,785  25 (FSC 0.5)  SPIDER 
 Epsilon-15 phage (Jiang et al.  2006  )   1175  15,000  20 (FSC 0.5)  EMAN, SAVR 
 Epsilon-15 phage (Murata et al.  2010  )   5207  5,600  13(FSC 0.5)  MPSA, EMAN 
 P22 phage (Chang et al.  2006  )   1222  16,000  20 (FSC 0.5)  EMAN 
 P22 phage (Lander et al.  2006  )   1220  20,267  17 (FSC 0.5)  EMAN, SPIDER 
 K1E phage (Leiman et al.  2007  )   1333  6,105  16.6 (FSC 0.4)  EMAN, SPIDER 
 Phi29 phage (Tang et al.  2008  )   1420  12,682   7.8 (FSC 0.5)  EMAN, Frealign, 

AUTO3DEM 
 P-SSP7 phage (Liu et al.  2010c  )   1715  15,000   9.2 (FSC 0.5)  MPSA, EMAN 
 P22 phage procapsid (Chen et al.  2011  )   1827  43,850   8.7 (FSC 0.5)  MPSA, EMAN 
 HSV-1 B-capsid (Rochat et al.  2011  )   5259  2,308  25 (FSC 0.5)  MPSA, EMAN 

  Fig. 4.7    Selected symmetry-free cryo-EM density maps. ( a ) Bacteriophage T7 [EMD-1163]. This is the fi rst 
symmetry-free reconstruction of a whole virus. An oblique view ( left ) and coronal slice ( right ) are shown. 
( b ) Bacteriophage epsilon-15 [EMD-1175]. This is the fi rst reconstruction to clearly show the genome organization 
and DNA packaging/injection apparatus in the context of the virion. ( c ) Cyanophage P-SSP7 [EMD-1715]. This 
symmetry-free reconstruction is the fi rst to show how the symmetry mismatch between 5-fold capsid and 12-fold 
portal structure is accommodated. ( d ) Human herpes virus type I B-capsid [EMD-5259]. This symmetry-free recon-
struction represents the fi rst such reconstruction for a nontailed virus particle with images recorded from an electron 
microscope equipped with the Zernike phase contrast optics. The green portal density can be easily visualized in the 
cutaway map and is located in one of the fi vefold vertices ( arrow )       

advances have opened up a new area of structural virology where it is possible to understand the 
complex structural organization of all the viral components regardless of their underlying symmetry. 
Furthermore, the resolutions of these studies are gradually moving toward the subnanometer mark, 
where it becomes possible to detect  α -helices and  β -sheets. An example of the value of these maps 

 



694 Reconstructing Virus Structures from Nanometer to Near-Atomic Resolutions…

is the light they have cast on the longstanding puzzle as to how the differing symmetries of the DNA 
packaging machinery and the capsid shell accommodate each other at a single unique vertex 
(Chang et al.  2006 ; Chen et al.  2011 ; Jiang et al.  2006 ; Lander et al.  2006 ; Liu et al.  2010c ; 
Murata et al.  2010 ; Tang et al.  2008  ) . Furthermore, the maps of the full and empty capsids of P-SSP7 
phages have revealed the structural changes that occur in the nozzle proteins to trigger genome 
release upon infecting its host cell (Liu et al.  2010c  ) .     

   4.4 Tomographic Reconstruction Methods 

 The two methods described in Sect.  4.3  assume that the particles under study are structurally homo-
geneous. Therefore, any differences in the 2-D images are assumed to be due to different particle 
orientations. However, these methods are not suitable to study viruses which do not have uniform 
structures, or viruses which are infecting the host cells. 

 In reality, no virus is made up of icosahedrally symmetric components only, and many have no 
icosahedrally symmetric components at all. For example, infl uenza ( Orthomyxoviridae ) surrounds 
its genome with a fl exible helical capsid that is enclosed by a pleomorphic envelope, and HIV has an 
envelope that encircles its nonicosahedrally symmetric nucleocapsid. As highlighted in Sect.  4.3.2 , 
even icosahedral viruses have nonsymmetric components. For example, herpesviruses have an ico-
sahedral capsid inside irregular tegument and envelope layers. In all these cases, the shapes and sizes 
of the membranes, their relationship to the capsids, and the distribution of the glycoproteins may 
vary from particle to particle. Similarly, viruses infecting their host cells will exhibit nonuniform 
properties as each virus is in a different step of infection. Fortunately, heterogeneity, polymorphism, 
fl exibility, and labile structures pose less of a problem for cryo-ET. Using posttomographic averag-
ing to enhance the contrast of the subvolumes of identical features, one can retrieve 3-D structures 
of individual protein components in a structurally heterogeneous virus or viruses in different stages 
of infecting a cell. 

   4.4.1 Specimen Preparation Considerations 

 Electron microscopy offers the opportunity to study a whole cell being infected by viruses. However, 
specimen thickness becomes an important consideration as specimens can become impenetrable to 
the electron beam if they are too thick (e.g., over 1  μ m). For very thick specimens, one solution is 
cryo-sectioning (Al-Amoudi et al.  2004 ; Hoenger and Bouchet-Marquis  2011  ) . In this procedure, 
the sample of interest is cooled very rapidly to liquid nitrogen temperature at very high pressures and 
usually in the presence of a cryoprotectant. Freezing at high pressure slows the formation of ice 
crystals and allows the formation of vitreous ice, which preserves structural features in the speci-
men. Ultra-thin cryo-sections are cut from the block of frozen material and transferred to a specimen 
grid for imaging in the EM. While this approach may seem ideal, the sections invariably contain 
many artifacts that are caused by the sectioning process and can complicate data interpretation 
(Dubochet et al.  1988  ) . Furthermore, as the optimal sectioning thickness is less than the diameter of 
many viruses (~750 Å), this approach may not provide the full picture of the virus structure in the 
cells. The following section describes the use of cryo-ET of specimens including isolated viruses 
and cells infected with viruses, which are thin enough to be prepared by the plunge freeze method as 
described above.  
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   4.4.2 Cryo-ET Data Collection 

 In contrast to single-particle data collection, where the sample is imaged at a fi xed angular position, 
the sample in tomography is rotated around an axis during imaging (Fig.  4.8 ). This allows for images 
of the same specimen area to be acquired at different tilt angles. Usually the microscope is mechani-
cally limited to a tilt range of ±70°, but specimen thickness or other factors may further constrain 
this range to ±60°. Within this range, the specimen can be tilted by a constant angular increment 
(typically 1° or 2°) or by a variable step that is proportional to the cosine of the current tilt angle 
(Saxton scheme) (Saxton et al.  1984  ) . In the Saxton scheme, the angular step is larger at low tilt 
angles and smaller at high tilt angles, which results in more even sampling in Fourier space.  

 In order to minimize damage to the specimen, the total electron exposure must be kept as low as 
possible. It has been established that low-resolution structures can be preserved up to an electron 
exposure of ~100 e/Å 2  (Bammes et al.  2010  ) . Therefore, this total electron dose must be divided 
among all the images (usually 60–150) in a tomogram. Consequently, each image will receive an 
exposure of only ~1 e/Å 2 , which is less than 5% of the exposure normally used for single-particle 
cryo-EM. As a result of this low exposure, each image is very noisy and has low contrast, which 
makes alignment and CTF correction very diffi cult. One way to improve the contrast is to image at a 
higher defocus (typically at least 3–10  μ m). This facilitates alignment of the images but does not 
necessarily help with CTF correction. As a result, CTF correction is usually not performed for tomog-
raphy, which limits the resolution to the fi rst zero of the CTF. Another signifi cant limitation to the 
resolution is the angular step that is used in collecting the tilt series (Crowther et al.  1970b  ) . Ideally, 
a small angular step would be used for fi ner sampling (higher-resolution data collection), but this is 
not possible because of the limited total exposure that must be partitioned among all the images.  

  Fig. 4.8    Generalized schematic for a tomographic reconstruction. ( a ) Schematic of a cryo-tomographic holder, which 
enables the sample to be tilted at a specifi ed angle. Most holders allow for the sample to be tilted in the range of ±60° 
to ±70°. ( b ) A series of tilted images are collected with a step size of 2°. ( c ) Images from a typical tilt series are not 
aligned with respect to each other due to mechanical imperfections in the TEM. Fiducial markers, typically gold 
nanoparticles, can be used to aid in alignment as they appear as high-density dots in micrographs. The aligned image 
stack can be used to reconstruct a tomogram ( d ). From the tomogram, the individual virus particles attached to the cell 
can be computationally extracted into subvolumes, aligned, and averaged. Shown here is bacteriophage epsilon-15 
attached to its  Salmonella  host cell [EMD-5216] ( e )       
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   4.4.3 Processing the 2-D Data (Tilt Series) 

 Subtle mechanical imperfections in the microscope stage can cause the specimen to shift as the stage 
is tilted during tomography. Thus, before a volume can be reconstructed, the individual images in a 
tilt series must be aligned to each other. To facilitate this alignment, gold particles (fi ducials), which 
appear as high-density dots in the images, can be applied to the specimen (Fig.  4.8 ). As the fi ducial 
markers are fi xed relative to the specimen, tracking their position across a tilt series allows the 
individual images to be shifted into alignment with each other (Amat et al.  2008 ; Brandt et al.  2001b ; 
Heymann et al.  2008 b; Kremer et al.  1996 ; Lawrence et al.  2006 ; Mastronarde  1997 ; Nickell et al. 
 2005  ) . The gold particles must be large enough for them to be visible under the imaging conditions 
used for tomography but not too large, as it is harder to accurately determine the center of a larger, 
nonspherical gold fi ducial, potentially introducing errors in alignment. As thicker specimens may 
need larger gold particles in order for them to be visible (especially at higher tilt), a reasonable start-
ing point is to use gold particles that are ~15 pixels wide (usually 100–200 Å, depending on imaging 
conditions) and make adjustments as dictated by the specimen. Alternatively, a mixture of sizes can 
be used. 

 Fiducial-based alignment algorithms perform an initial coarse alignment using cross-correlation 
between the images of tilted specimen, but they can also be aligned by visual inspection. This sim-
plifi es the process of locating the corresponding fi ducials in each image. The more widely distrib-
uted the fi ducial markers are throughout the volume of the specimen, the better the global alignment 
of the images will be. Even though three points are suffi cient to defi ne a plane, selecting more fi du-
cials will allow the software to provide a better solution. Once individual fi ducials have been selected 
in the 0°-tilt image, the software can use these coordinates and the initial tilt angles for each image 
supplied in the readout from the electron microscope stage to predict the positions of these same 
fi ducials in the other images. However, when the software fails to locate and center a fi ducial accu-
rately, user intervention is necessary. The user should examine the software solution and adjust the 
outliers (visually inspect the fi ducials with large errors and make sure they are accurately centered 
on the gold particle). Once all the selected fi ducials have been accurately positioned, their coordi-
nates are used to transform the 2-D images (translate, rotate, scale, distort) before reconstructing the 
3-D volume (i.e., a tomogram). 

 While it is relatively easy to use gold fi ducials to align tilt series, there are algorithms for marker-
free alignment (Brandt et al.  2001a ; Castano-Diez et al.  2007,   2010 ; Liu et al.  1995 ; Sorzano et al. 
 2009 ; Winkler  2007 ; Winkler and Taylor  2006 ; Zheng et al.  2007  ) . These methods can align the 
images by cross-correlation or by tracking identifi able features in the specimen itself. For example, 
membranes, which contain lipids with large positive head groups, tend to have good contrast in the 
images. Indeed, any prominent features in a sample that are evenly distributed in the tilt-series 
images can act as markers for fi ducial-free alignment. Aligning the images in this way is essentially 
the same process as is used for fi ducial-based alignment, but an advantage of this method is that the 
resulting 3-D reconstructions do not have the “shadows” that are a characteristic of gold fi ducials 
and have the potential to obscure regions of interest (Fig.  4.8 ). In addition, marker-free alignment 
does not suffer from possible movement of the gold beads under the electron beam (Wright et al. 
 2006  ) , which would cause inaccurate tilt-series alignment. 

 The aligned images are typically reconstructed into a volume by using weighted back projection 
rather than the Fourier-based methods (Sect.  4.3.1.4 ). In general, reconstructed volumes from cryo-
ET are much larger than those from single-particle cryo-EM, so back projection, which requires half 
the computer memory as Fourier methods, is preferred. The weighting function used for this back 
projection is as previously described in Sect.  4.3.1.4 , but the ramp function in this case is the radius 
in Fourier space at a defi ned cutoff (Gilbert  1972  ) . Thus, the Fourier amplitudes are weighted by 
their distance from the origin, and then zeroed after a certain resolution. Other methods to obtain the 
3-D density include iterative and algebraic algorithms, such as algebraic reconstruction technique 
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(ART) and simultaneous iterative reconstruction technique (SIRT) (Lakshminarayanan and Lent 
 1979 ; Marabini et al.  1998  ) . ART and SIRT iteratively minimize the differences between the projec-
tions from 3-D and the 2-D data, similar to the iterations of projection matching as discussed in 
Sect.  4.3.1  (Fig.  4.3 ). These iterative methods have higher computational demands, so they have 
been used less frequently than the weighted back projection approach. 

 All 3-D volumes derived by cryo-ET suffer from missing wedge artifacts. This is due to the lack 
of tilted views from 70° to 90° (or even from 60° to 90°, as mentioned above). The missing views 
result in a missing wedge of data in 3-D Fourier space. As a consequence, the densities in the fi nal 
tomogram are elongated in the direction parallel to the electron beam in real space. Nonetheless, a 
great deal of insight can still be gained from the 3-D map even in the presence of these artifacts. 
While there is a great deal of information that can be directly extracted from an individual tomo-
gram, for the purposes of this chapter, we will focus exclusively on computationally extracting 
subvolumes from this 3-D map for further processing. Various implementations of this approach are 
available and have been applied to different specimens (Table  4.3 ) (Bartesaghi et al.  2008 ; 
Bostina et al.  2011 ; Nicastro et al.  2006 ; Schmid  2011  ) .  

 After reconstructing a tomogram of a polymorphic specimen, identical or homogeneous compo-
nents can be recognized, such as virus glycoproteins or capsids. In contrast to overlapping densities 
in the 2-D images for single-particle cryo-EM, the different densities are discernible in 3-D, which 
simplifi es processing these data. These components are candidates for extraction into subvolumes 
for 3-D alignment, classifi cation, and averaging to improve the visibility of features in the volume. 
Each subvolume should contain one copy of the component of interest, and the subvolumes can 
originate from a single tomogram or from several tomograms. 

 Processing the subvolumes to enhance the structural features normally requires 3-D alignment 
and averaging. However, if the particles are not identical, classifi cation is necessary. This case would 
require iterative refi nement by alternating the alignment and classifi cation steps because of the inter-
dependence between these two steps. Accurate alignment needs homogeneous structures, while 

   Table 4.3    Selected examples of cryo-ET reconstructions   

 Virus  EMDB IDs 
 Subvolume 
numbers 

 Reported resolution 
(Å) (resolution 
criterion) 

 Program 
(algorithm) 

 Vaccinia virus (Cyrklaff 
et al.  2007   ) 

 n/a  n/a  n/a  IMOD 

 Human immunodefi ciency virus 
Env (Liu et al.  2008b  )  

 5019  4,741  19 (FSC 0.5)  Inspect3D, 
Protomo, IMOD 

 Human immunodefi ciency virus 
Env + antibody (Liu et al. 
 2008b  )  

 5018  4,323  22 (FSC 0.5)  Inspect3D, 
Protomo, IMOD 

 Human immunodefi ciency virus 
Env + antibody + CD4 
(Liu et al.  2008b  )  

 5020  4,900  23 (FSC 0.5)  Inspect3D, 
Protomo, IMOD 

 Epsilon-15 phage (Chang et al. 
 2010  )  

 5216, 5217, 
5218, 5219 

 83, 85, 44, 10  n/a  IMOD, EMAN 
(Tomohunter) 

  Sulfolobus  turreted icosahedral 
virus (Fu et al.  2010  )  

 n/a  n/a  n/a  IMOD 

 P-SSP7 phage (Liu et al.  2010c  )   1714  29  24 (FSC 0.5)  IMOD, EMAN 
(Tomohunter) 

 Maloney murine leukemia virus 
RNA (Miyazaki et al.  2010  )  

 1806  38  n/a  IMOD, EMAN 
(Tomohunter) 

 Epsilon-15 phage (Murata et al. 
 2010  )  

 5203, 5204, 5208  132  32, 38, 26 (FSC 0.5)  IMOD, EMAN 
(Tomohunter) 

 Poliovirus (Bostina et al.  2011  )   n/a  n/a  n/a  SPIDER, IMOD 
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accurate classifi cation needs accurate alignment to determine differences due to structure instead of 
orientation. To improve the 3-D alignment, an initial visual inspection can roughly classify the 
subvolumes (e.g., on the basis of particle diameter, presence of DNA in the capsid, or other coarse 
features) before aligning. An example of this classifi cation is illustrated for bacteriophage 
epsilon-15 attached to ghost cells that were visually separated on the basis of the presence of DNA 
in the capsids prior to alignment (Chang et al.  2010  ) .  

   4.4.4 Aligning and Averaging Subvolumes 

 One approach to 3-D alignment is an exhaustive search of all rotations. The subvolumes are rotated 
around three axes, and each transformation is compared against a fi xed (not rotated) reference sub-
volume (e.g., an initial or intermediate model). The reference can be a 3-D map derived from the 
single-particle method (Sect.  4.3.2 ), downloaded from EMDB, or another subvolume. The rotation 
that results in the best match between the two subvolumes is retained as the correct alignment. Once 
all the subvolumes have been aligned, they can be averaged together to increase the SNR of the data, 
reduce the effect of the missing wedge, and increase the resolution of the total aggregate subvolume. 
Reduction in the missing wedge is accomplished by averaging particles that have their missing 
wedges in different orientations so that the gaps in the structural information are effectively fi lled 
when these particles are combined. Similarly, the angular step between each of the tilted images, 
which is fi xed by the angular step size at which the tilt series was collected, can be reduced 
by combining particles derived from tilt series which have images taken at different tilt angles or 
rotations. 

 Cross-correlation is frequently used to align objects in 3-D (Schmid  2011  ) . This is accomplished 
by determining the orientation that maximizes the product from multiplying the 3-D Fourier trans-
forms of the two subvolumes. However, each subvolume extracted from the tomogram has a wedge 
of missing data in Fourier space, and multiplication by this artifact will ablate any signal (zero times 
anything is zero). This produces a very strong directional signal, and, if left unaccounted for, the 
process of maximizing the cross correlations will preferentially align the missing wedges rather than 
the two objects themselves. In order to compensate for this misleading scoring function, the cross-
correlation has to be scaled by the fraction of data that is not eliminated by the missing wedge 
(Schmid and Booth  2008  ) . Counting the number of nonzero amplitudes is easy to understand but not 
straightforward to accomplish computationally. Fortunately, it is possible to simplify this problem 
using Parseval’s theorem so that instead of counting the number of nonzero amplitudes in Fourier 
space, the cross-correlation map in real space is normalized (Schmid  2011  ) . By Parseval’s theorem, 
scaling the cross-correlation map in real space is equivalent to scaling the intensity in Fourier space. 
Hence, the magnitudes of the data voxels in the product (representing cross-correlation in Fourier 
space) will be scaled up when there are fewer nonzero voxels and scaled down when there are more 
nonzero voxels. This approach reduces the tendency to align the missing wedges of the particles, 
thus producing more reliable results. 

 A similar algorithm minimizes the dissimilarities between the two subvolumes and uses masks 
to restrict the comparison to only the region where the data in the two subvolumes overlap 
(Bartesaghi et al.  2008  ) . This general dissimilarity function can take the form of a cross-correlation 
or other scoring functions. Changing the Cartesian coordinates into spherical coordinates allows 
the use of the convolution theorem (spherical harmonics) to compute the rotational transformation 
that produces the best match, similar to the PFT for 2-D alignment (Sect.  4.3.1.3 ). The same is 
performed in Cartesian coordinates to fi nd the best translational transformation. The main advan-
tage of this approach is that by using spherical harmonics, the slower exhaustive search can be 
avoided. 
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 Another method for determining subvolume orientations is similar to the projection-matching 
scheme applied to 2-D images for single-particle reconstruction (Sect.  4.3.1.3 ), and requires an ini-
tial reference model (Förster et al.  2005  ) . The reference model is rotated around all three axes to 
generate a set of 3-D references. Next, a missing wedge is applied to these 3-D references, by mul-
tiplying a 3-D mask in Fourier space, so that the missing wedge effect is the same as that in the actual 
data. Then the individual subvolumes are compared with all the 3-D references, and the alignment 
having the highest cross-correlation coeffi cient is assigned to the subvolume. This is analogous to 
comparing the 2-D particle images with the 3-D model projections to fi nd their orientations for 
single-particle cryo-EM. 

 As with the normalized cross-correlation map method, comparing the subvolume to all the refer-
ences represents an exhaustive search. However, prior knowledge about the specifi c sample can be 
used to optimize the computation by limiting the search space. For example, searching for the ico-
sahedral orientation of a virus capsid can be limited to one of the 60 equivalent rotations rather than 
to a complete sphere (Murata et al.  2010 ; Schmid et al.  2006a ). Similarly, aligning the glycoproteins 
on the envelope of a virus may only require an exhaustive search in the neighborhood of the glyco-
protein’s axis (Förster et al.  2005  ) . An exhaustive search can also be hastened by beginning with 
down-sampled volumes and a large search step size. Once the approximate orientations are known, 
the original data can be processed with a fi ner step size to improve its accuracy. 

 Subvolumes that are aligned in 3-D can be averaged together. The algorithm to combine them 
must take into account the missing wedge. In the 3-D FT of subvolumes, voxels in the missing 
wedge have a value of 0, and combining these voxels with data voxels would reduce the average, 
resulting in an improper weighting of the data. One implementation uses the Fourier amplitudes to 
weight the sum of the real and imaginary voxels in Fourier space (Schmid and Booth  2008  ) . Another 
method keeps track of all the transformations required to align the subvolumes, applies the transfor-
mations to the corresponding subareas extracted from the raw tilt series, and reconstructs a 3-D 
subvolume (Walz et al.  1997  ) .  

   4.4.5 Classifi cation of Subvolumes 

 Many tomograms consist of a mixture of particles with different structures. Therefore, separation of 
the structural forms is necessary prior to performing subvolume averaging as described above. 
Classifi cation relies on accurate alignment, so after a preliminary visual classifi cation, alignment, 
and averaging, a more objective and accurate classifi cation can be used for refi nement. For example, 
a modifi ed maximum likelihood algorithm separated newly assembled  Sulfolobus  turreted icosahe-
dral viruses (STIVs) inside the cell into empty and full capsids (Fu et al.  2010  ) . Another algorithm 
uses the cross-correlation peak scaled by the number of nonzero amplitudes, which can also be used 
for alignment (above), to separate subvolumes into different groups (Schmid et al.  2006b ). In addi-
tion, an all-vs-all dissimilarity function between two subvolumes (above) can be used in a hierarchi-
cal ascending classifi cation technique (Bartesaghi et al.  2008  ) . After classifying the subvolumes into 
new groups with any of these algorithms, the next iteration would refi ne the alignment. As in the 
single-particle cryo-EM, iteration stops when there are no further improvements. 

 Iterative processing of carboxysomes is one such example of particle classifi cation (Schmid et al. 
 2006b ). Selected subvolumes were grossly classifi ed into nine arbitrary classes based on diameter, 
as determined by a 1-D radial density plot. Then all-vs-all alignment and averaging was performed 
on the subvolumes in each class, resulting in nine averaged class subvolumes. Next the subvolumes 
were compared against these averaged class subvolumes to generate a new classifi cation of the 
subvolumes. At the end, the initial nine classes were reduced to seven stable classes by alternating 
alignment and classifi cation in an iterative refi nement. Compared to the original subvolumes, the 
seven averaged subvolumes provided more interpretable information.  
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   4.4.6 Selected Examples of Cryo-ET Reconstructions 

 Cryo-ET is the method of choice for studying heterogeneous samples. In the case of the  Archaea  
bacteria  Sulfolobus  infected by STIV, cryo-ET showed a novel pyramid structure and distribution of 
capsids in different assembly states in the cytoplasm (Fu et al.  2010  ) . Cryo-ET with subvolume 
averaging has emerged as a powerful method for studying the structures of virus particles and 
infected cells. When applied to the study of the trimeric HIV glycoprotein (gp120) (Fig.  4.9d ), the 
averaged densities showed how gp120 changes conformation in order to interact with cellular recep-
tors, subsequently leading to membrane fusion and infection (Liu et al.  2008b  ) . Furthermore, the 
study challenged the proposed structural conformation based on X-ray crystallography (Chen et al. 
 2005  ) . Another example of subvolume averaging focused on a virus–cell interaction, where snap-
shots of epsilon-15 bacteriophages infecting their bacterium host (Fig.  4.9a–c ) revealed a tubular 
density spanning the bacterium periplasmic space (Chang et al.  2010  ) . For the fi rst time, this density 
has shown what is believed to be the conduit for viral DNA to enter the cell.    

   4.5 Data Validation and Interpretation 

 No matter what their resolution is, both cryo-EM and cryo-ET reconstructions allow researchers 
unparalleled access to virus structure and function. However, as these reconstructions have not yet 
reached atomic resolutions, it is often necessary to use a variety of fi eld-specifi c computational tools 
for analyzing these density maps. Interpreting and validating a 3-D density map depend on a variety 
of factors: the resolution of the map, availability of related structures, biochemical data, and other 

  Fig. 4.9    Selected tomographic subvolume averages. ( a ) Slice through a reconstructed tomogram showing the 
bacteriophage epsilon-15 at the surface of its  Salmonella  host cell. ( b ,  c ) Shown are averaged 3-D maps of epsilon-15 
attached to the cell before release of its genome ( b ) and after genome release ( c ). ( d ,  e ) Structure of the HIV gp120 
surface    glycoproteins: ( d ) in complex with b12-Fab ( green , PDB ID: 2NY7), EMD-5018 ( red ), and EMD-5022 ( gray ) 
and ( e ) in complex with CD4 and 17b-Fab ( blue , PDB ID: 1GC1), EMD-5020 ( cyan ), and EMD-5022 ( gray ). 
( f ) Orthogonal views of the averaged RNA density of Moloney murine leukemia virus fi tted to the ensemble of 
[ Ψ CD]2 NMR structures. This average represents the smallest structure solved to date by cryo-ET (43 kDa)       
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experimental information. Here we discuss the tools used and process behind interpreting and 
validating the 3-D structural information that results from these studies. 

   4.5.1 Map Validation 

 Conceptually, perhaps the most direct method for validating a cryo-EM reconstruction is to compare 
the structure to known atomic models or homologous structures. Generally, structures of individual 
components can be fi t visually or computationally and assessed for their agreement to the density 
map (see Sect.  4.5.4  for details). In a number of examples, such as herpes simplex, hepatitis B, and 
rice dwarf viruses, the subnanometer resolution cryo-EM density maps were actually published 
before the availability of their corresponding crystal structures (Baker et al.  2003 ; Böttcher et al. 
 1997 ; Conway et al.  1997 ; Zhou et al.  2001  ) . These subsequent atomic models bore out the structural 
model determined from the density map for the individual capsid proteins. Recently, work on rota-
virus and adenovirus has also clearly demonstrated the outstanding match between the cryo-EM 
density map, model, and available crystal structures at near-atomic resolutions (Liu et al.  2010a ; 
Zhang et al.  2008  ) . 

 While no validation methods are rigorously implemented in cryo-EM, several techniques have 
begun to emerge. One method uses tilted pairs, in which the same specimen area is imaged at 0° tilt 
and 10° tilt (Rosenthal and Henderson  2003  ) . Once the orientations of the particles in this tilt pair 
have been determined, the accuracy of the alignment can be assessed by verifying that the orienta-
tions differ by 10°. In addition to assessing the accuracy of the reconstruction, this method can also 
provide the handedness of the virus particle. An alternative approach uses a range of resolutions to 
determine the orientations of the particles (e.g., 15–1,000 Å) before reconstructing them using the 
entire range of spatial frequencies in the data. If the resolution of the reconstruction is found to be 
higher than what was used to orient the particles (e.g., 10 Å), one can be assured that the higher-
resolution information in the map is real and not due to alignment of noise by the software. 

 Bootstrapping has also been used to measure the validity of a 3-D reconstruction by generating a 
3-D variance map, which can approximate the potential error at each voxel in the reconstruction 
(Penczek et al.  2006  ) . Using the same particles and particle orientations that go into the fi nal recon-
struction, a new set of 2-D images is created in which a fraction of the particles are replaced by dupli-
cates of the other images. This process is repeated multiple times (tens to thousands), reconstructing 
a 3-D model for each iteration. These reconstructions are combined to produce a 3-D density repre-
sentative of the error at each voxel in the volume (a variance map). The variance map generated 
through this process shows the error present in each voxel of the fi nal reconstruction. This error/
variance can prove useful in interpreting the density map as regions of high variance are likely to cor-
respond to fl exible regions in the structure (Chen et al.  2008 ; Ludtke et al.  2011 ; Zhang et al.  2010a  ) .  

   4.5.2 Segmenting Cryo-EM and Cryo-ET Maps 

 Segmentation is the process of isolating specifi c regions of density in a 3-D map so that they can be 
extracted and visualized/processed separately. This process can be performed on any volume, and 
the features that can be segmented depend on the resolution of the data (Fig.  4.1 ). While it may only 
be possible to segment the capsid shell at low resolutions (~40 Å), at subnanometer resolutions, the 
protein subunits in the capsid shell can be approximately identifi ed and extracted for further  analysis. 
As the data reach near-atomic resolutions, it becomes possible to unambiguously identify specifi c 
protein subunits in the virus and extract them for further processing (Sect.  4.3.1.6 ). 
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 Segmentation can be accomplished with completely interactive tools like Amira and UCSF 
Chimera (Pettersen et al.  2004  )  or automated routines like Segment3D (Ludtke et al.  1999  ) . 
Semiautomated tools like VolRover (Baker et al.  2006b  )  and Segger (Pintilie et al.  2010  )  can take 
advantage of symmetry inherent in the sample, while other methods can be used to segment, aver-
age, and classify multiple copies of a subunit within a tomogram (Forster et al.  2008  ) . Regardless of 
technique, a mask is generally created for one or more subunits that defi ne its boundaries and can be 
used to separate it from the reconstruction. It is important to note that this process of segmentation 
is often imprecise and can lead to erroneous results, particularly in lower-resolution reconstruction. 
In the case of epsilon-15 phage, the initial 9-Å map failed to resolve the globular density on top of 
the major capsid protein as a second capsid protein, which was subsequently identifi ed in the 4.5-Å 
resolution structure of the virus (Jiang et al.  2008 ; Jiang et al.  2006  ) .  

   4.5.3 Identifying Structural Features in a Density Map 

 The availability of high-resolution cryo-EM density has stimulated the development of a number of 
specialized tools for structural analysis and model building (Table  4.4 ). In principle, many of these 

   Table 4.4    Computational 
tools used in the validation and 
analysis of cryo-EM density 
maps   

 Function  Program name (reference) 

 Segmentation  Amira (Visage Imaging, GmbH) 
 Avizo (VSG, France) 
 Chimera (Pettersen et al.  2004  )  
 CoDiv (Volkmann  2002  )  
 EMAN (Ludtke et al.  1999 ; Tang et al.  2007  )  
 Segger (Pintilie et al.  2010  )  
 VolRover (Baker et al.  2006b  )  

 Rigid body fi tting  Chimera (Pettersen et al.  2004  )  
 CoFi (Volkmann and Hanein  1999  )  
 DockEM (Roseman  2000  )  
 EMFit (Rossmann  2000  )  
 Foldhunter (Jiang et al.  2001a  )  
 Mod-EM (Topf and Sali  2005  )  
 Situs (Wriggers et al.  1999  )  
 UROX (Siebert and Navaza  2009  )  

 Flexible fi tting  DireX (Schröder et al.  2007  )  
 Flex-EM (Topf et al.  2008  )  
 MDFF (Trabuco et al.  2009  )  
 NMFF (Tama et al.  2004  )  
 NORMA (Suhre et al.  2006  )  
 Yup.scx (Tan et al.  2008  )  
 Situs (Rusu et al.  2008  )  

 SSE identifi cation   Helixhunter  (Jiang et al.  2001a  )  
 Sheetminer/Sheetracer (Kong and Ma  2003 ; Kong et al.  2004  )  
 SSEHunter (Baker et al.  2007  )  

 Modeling  Coot (Emsley and Cowtan  2004  )  
 EM-IMO (Zhu et al.  2010  )  
 Gorgon (Baker et al.  2011  )  
 Modeller (Topf et al.  2006 ; Topf and Sali  2005  )  
 O (Jones et al.  1991  )  
 Rosetta (Baker  2006 ; DiMaio et al.  2009  )  

(continued)
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tools are not specifi c for subnanometer resolution density maps and, while the results may not be as 
accurate, can be readily applied to lower-resolution data.  

 In subnanometer resolution density maps, SSEs begin to be resolved (Baker et al.  2010a ; 
Chiu et al.  2005  ) . In general,  α -helices appear as long rod-like densities, and  β -sheets appear as thin, 
fl at sheets at ~8 Å resolution. Around 7 Å resolution, connections between SSEs begin to be resolved, 
although not to the point to unambiguously identify the protein backbone trace. At ~5 Å resolution, 
the pitch of  α -helices begin to become visible, and  β -sheets transform from fl at densities to a series 
of interconnected strands, and when pushed to near-atomic resolutions, large charged side chains 
become visible. Based on these observations, a number of tools have been developed to directly 
analyze and model protein structure at subnanometer resolutions. Helixhunter (Jiang et al.  2001a  )  
was the fi rst computational tool to detect  α -helices in a density map and was later followed by 
SheetMiner and SheetTracer (Kong and Ma  2003 ; Kong et al.  2004  )  for detecting  β -sheets. SSEHunter 
offers a comprehensive solution to detect  α -helices and  β -sheets (Baker et al.  2007  ) , as well as the 
connections between the secondary structure elements (Ju et al.  2007  ) . 

 While SSEs can be used to describe gross protein structure at subnanometer resolutions, they can 
also be important in identifying structural and functional domains within a protein. In adapting fold 
recognition software, such as DejaVu (Kleywegt and Jones  1997  )  and COSEC (Mizuguchi and Go 
 1995  ) , a set of SSEs can be queried against a structural database to identify potential structural 
homologues in the absence of structural similarity. This is particularly useful in identifying common 
structural motifs in seemingly unrelated proteins, as in the case of the capsid proteins from herpes 
simplex virus type I and bacteriophages (Baker et al.  2005  ) . Furthermore, these SSEs can be used as 
landmarks for fi tting atomic models to the density map (Abeysinghe et al.  2010  ) .  

   4.5.4 Model Fitting to Cryo-EM Density Maps 

 When a known atomic model is available, fi tting it to a cryo-EM density map provides a valuable 
means for analyzing structure and function in a macromolecular assembly [reviewed in 
(Rossmann et al.  2005  ) ]. Fitting known structures is not restricted by the resolution of the density 
map and has been used both in the highest resolution single-particle reconstructions (Zhang et al. 
 2008  )  and in relatively low-resolution cryo-ET reconstructions (Zanetti et al.  2006  ) . Over the past 
two decades, a number of fi tting routines have evolved for use in cryo-EM, including Situs 
(Wriggers et al.  1999  ) , Foldhunter (Jiang et al.  2001a  ) , CoFi (Volkmann and Hanein  1999  ) , UROX 
(Siebert and Navaza  2009  ) , and EMFit (Rossmann  2000  ) . Generally, these tools use a rotational and 
translational search of a given model within the density map in which a scoring metric is used to 
measure the agreement of the model with the density. However, each program utilizes a slightly dif-
ferent metric and reports a variety of fi tting scores, so it is important to visually inspect the fi t and 
assess the results in the context of all available structural information. 

 Traditionally, the aforementioned fi tting methods treat an atomic model as a rigid body when fi t-
ting it to the density map. However, with fl exible fi tting methods, such as DireX (Schröder et al. 

 Function  Program name (reference) 

 Visualization  Amira (Visage Imaging, GmbH) 
 Avizo (VSG, France) 
 Chimera (Pettersen et al.  2004  )  
 PyMol (DeLano Scientifi c LLC, USA) 
 VMD (Humphrey et al.  1996  )  

Table 4.4 (continued)
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 2007  ) , Flex-EM (Topf et al.  2008  ) , MDFF (Trabuco et al.  2009  ) , NMDF (Tama et al.  2004  ) , Norma 
(Suhre et al.  2006  ) , and Yup (Tan et al.  2008  ) , atomic models are morphed to best fi t the density map. 
This type of fi tting is particularly useful when fi tting homologous structures, or structures in differ-
ent conformations to the density map (Trabuco et al.  2010  ) . In these fl exible fi tting methods, an 
atomic model is generally fi rst fi t to a density map as a rigid body and then allowed to deform over 
time to better fi t the density map. The fl exible deformation can be accomplished through a variety of 
algorithms, including normal modes, molecular dynamics, and geometric constraints. Again, fl exi-
ble fi tting can be used at any resolution, though higher-resolution density maps offer more well-
resolved features that can increase the accuracy of the fi t.  

   4.5.5 Deriving Protein Models from Cryo-EM Density Maps 

 In addition to model fi tting, computational modeling tools can be used to construct a structural 
model for a protein or domain in a density map (Table  4.4 ). In this context, a cryo-EM density map 
becomes a constraint for constructing and evaluating models generated by computational tools such 
as Modeller and Rosetta (Baker et al.  2006a ; DiMaio et al.  2009 ; Topf et al.  2005,   2006  ) . If a struc-
tural homologue is known, constrained comparative modeling creates an initial sequence– structure 
alignment and model (Topf et al.  2005,   2006 ; Zhu et al.  2010  ) . The alignment and model are then 
allowed to “evolve” in an effort to improve the model’s fi t to the cryo-EM density map. An example 
of this was in the near-atomic resolution structure of grass carp reovirus, where EM-IMO was used 
to build and refi ne protein structures in the virus based on the mammalian reovirus crystal structures 
and using the cryo-EM density map as a constraint (Zhu et al.  2010  ) . 

 In the absence of a structural homologue, a structural model for a small protein or domain may 
be constructed using a similar constrained ab initio modeling approach. Rather than using an initial 
structural template, ab initio modeling constructs a gallery of potential models, typically with Rosetta 
(Bradley et al.  2005  ) , and then evaluates their fi t to the density map along with a variety of other 
model-based scores (Baker et al.  2006a  ) . This procedure was used to construct a model for HSV-1 
VP26, a small capsid protein bound to the tips of hexon subunits (Baker et al.  2006a  ) . However, it 
should be noted that this procedure only works on relatively small proteins or domains (<200 amino 
acids). A recent extension of this procedure has been used to build and refi ne full atomic models of 
entire macromolecular assemblies using density constraints, though an initial structural template of 
all of the components is required (DiMaio et al.  2009 ; Ludtke et al.  2008  ) . 

 In both of the above density-constrained modeling approaches, resolution is a key determinant in 
of the accuracy of the models (Topf et al.  2005  ) . At lower resolutions, a density map provides only 
basic information about shape and may only be able to discriminate between possible protein folds. 
At higher resolutions, accuracy increases and even allows for optimal side-chain fi tting at near-
atomic resolutions.  

   4.5.6 De Novo Modeling 

 Single-particle cryo-EM reached another milestone in 2008 when the fi rst near-atomic resolution 
structures of rotavirus (3.88 Å) (Zhang et al.  2008  ) , GroEL (4.2 Å) (Ludtke et al.  2008  ) , cytoplasmic 
polyhedrosis virus (4.0 Å) (Yu et al.  2008  ) , and bacteriophage epsilon-15 (4.5 Å) (Jiang et al.  2008  )  
were reported. At this resolution, the pitch of the  α -helices and separation of the  β -strands could be 
seen unambiguously, and when combined with computational techniques, C α  backbone models 
could be built directly from the cryo-EM density maps (Baker et al.  2010b ; Jiang et al.  2008 ; 
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Ludtke et al.  2008  ) . However, these de novo models relied almost entirely on visual interpretation of 
the density and manual structure assignment as they did not have the resolution to utilize standard 
X-ray crystallographic methods for model construction. Current state-of-the-art reconstructions 
have continued to push toward higher resolutions and have now made it possible to resolve atomic 
details (Baker et al.  2010b ; Grigorieff and Harrison  2011 ; Zhou  2011  ) . 

 At these near-atomic resolutions, SSE detection coupled with density skeletonization 
(Abeysinghe et al.  2008 ; Ju et al.  2007  )  and sequence analysis can be used for constructing de novo 
structural models directly from a density map without the aid of an existing structural template 
[described in (Baker et al.  2010a  )  and (Baker et al.  2010b  ) ]. In de novo modeling, SSEs are used as 
anchors for establishing a topological model for a protein (Fig.  4.10 ). Once a topology has been 
established, individual atoms can be placed on annotated SSEs and along the density skeleton, in a 
similar manner to the techniques used in X-ray crystallography. While many model building toolkits, 

  Fig. 4.10    De novo modeling. A schematic diagram illustrates the process of building a de novo backbone model 
directly from the cryo-EM density map of bacteriophage epsilon-15 without the aid of a structural template. Once an 
individual protein has been segmented from the density map, SSEs are identifi ed along with a corresponding density 
skeleton. This density skeleton provides a set of possible topological paths that link the observed SSEs. From the 
sequence of the protein in question, secondary structure prediction yields a linear array of SSEs. Using a modifi ed 
graph matching approach, SSEs from the density map are correlated to those in the sequence based on relative size, 
position, and connectivity. From this, an initial topological model can be created by placing C α  atoms along the den-
sity skeleton of the specifi ed path. This model is then iteratively optimized with respect to visible density features and 
interactions with neighboring subunits in order to produce a fi nal model       
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such as Coot (Emsley and Cowtan  2004  )  and O (Jones et al.  1991  ) , offer a mechanism for placing 
atoms within a density map, none are specifi cally tailored to cryo-EM or near-atomic resolution 
density maps. Gorgon, a molecular modeling toolkit designed for subnanometer resolution density 
maps from cryo-EM and X-ray crystallography, provides a comprehensive suite of utilities that 
implement a complete protocol for C α  model construction (Baker et al.  2011  ) . The streamlined 
procedure provided by Gorgon has made it possible to construct complete backbone traces in a frac-
tion of the time required by the original de novo methods (Chen et al.  2011  ) .  

 At resolutions where side-chain density becomes visible, computational and de novo modeling 
protocols can be extended to compute full atomic models (Zhang et al.  2010a  ) . Essentially, a C α  
backbone trace is fi rst transformed into a full model and then iteratively refi ned to fi t the density and 
satisfy biochemical and geometric constraints. This process can either be done manually using inter-
active software like Coot and O or completely automated with refi nement routines in Rosetta 
(DiMaio et al.  2011  ) . However, a density map may not necessarily have uniform resolution through-
out the map, and thus only partial full atom maps can be generated for the protein (Chen et al.  2011  ) . 
Regardless of the technique used to construct the model, model validation techniques at this resolution 
(4.5–3.0 Å) are still limited and will require future efforts to determine their reliability and limit.   

   4.6 Conclusion and Future Directions 

 The ability to study large macromolecular complexes in near-native environments at subnanometer 
resolutions is one of the driving forces behind the development and growth of cryo-EM in the past 
decade. The success of cryo-EM for homogeneous samples spurred the development of cryo-ET for 
studying heterogeneous samples where the assumptions of single-particle cryo-EM do not hold. 
Both of these techniques have opened the door to the study of the structures and conformational 
changes that occur in the life cycle of viruses (Chen et al.  2011 ; Liu et al.  2010c  ) . While it took 
nearly 40 years to see the fi rst near-atomic resolution virus structure from cryo-EM, the technology 
has advanced to the point that subnanometer resolution reconstructions are now routine for most 
virus capsid structures (Grigorieff and Harrison  2011 ; Hryc et al.  2011 ; Zhou  2011  ) . Nevertheless, 
even though the fi eld has matured dramatically in the past few years, there is still a great deal of 
knowledge to be gained by pushing the resolution of these techniques even further. History has 
shown that these incremental improvements in resolution are the result of years of technological 
advances in both the microscope and in the software used to acquire and process the data. However, 
as the scientifi c community begins to embrace the utility of cryo-EM and cryo-ET as tools for struc-
tural biology, these advancements are likely to come at a hastened pace. Below we discuss what is 
on the horizon for virus reconstruction in an era of high-resolution electron microscopy imaging and 
reconstruction. 

   4.6.1 Single-Particle Reconstruction at Atomic Resolutions 

 From a simplistic statistical perspective, pushing these reconstructions to higher resolutions would 
only require more data. Most of the near-atomic resolution maps discussed were reconstructed using 
20,000–30,000 single-particle images, and the assumption of icosahedral symmetry equates this to 
roughly 1.2–1.8 million asymmetric projections that go into these single reconstruction. From a 
theoretical standpoint (Rosenthal and Henderson  2003  ) , to improve the resolution of these maps 
from near-atomic to atomic resolutions (4–3 Å), more than ten times the current number of single-
particle images will be needed (assuming a crystallographic  B -factor of 100 Å 2 ). Collecting such 
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massive, high-quality datasets can be facilitated by an automated imaging system that can operate 
continuously and effi ciently (Carragher et al.  2000 ; Nakamura et al.  2010 ; Potter et al.  1999 ; 
Stagg et al.  2006 ; Zhang et al.  2009  ) . The sheer magnitude of these datasets will require tapping into 
large-scale computing resources (CPU power, memory, and storage) to align and reconstruct the 3-D 
density maps. While it may be possible to process these data using the hundreds of CPUs available 
on modern-day graphics cards (GPUs), doing so will require the current software to be updated 
accordingly (Zhou  2011  ) . 

 Not only will atomic resolution cryo-EM reconstructions require magnitudes more data, but these 
images must be of high quality as well. Specifi cally, the individual images must have detectable 
signal up to and beyond 3.0 Å so that the alignment software can extract this information for a recon-
struction. There are numerous factors that need to be considered when targeting a 3.0-Å resolution 
reconstruction (e.g., microscope, image recording medium, alignment/reconstruction algorithm). 
On the instrument side, the electron optical system and the cryo-specimen holder have to be very 
stable, with coherent illumination but without drift or lens aberration. The current generation of 
microscopes appear to perform well, out to ~2.4 Å, and substantial improvement seems unlikely in 
the near future. Improvements can also be anticipated at the detector level. The CCDs currently in 
use do not directly record electrons but employ a scintillator to convert the electrons into photons, 
which are then recorded by the CCD. Unfortunately this process blurs the electron signal into an area 
of photons, effectively increasing background noise. The modulation transfer function of the CCD 
reduces the signal transfer substantially and loses practically all high-resolution information beyond 
the 0.5–0.6 Nyquist frequency of the detector. A CMOS-based direct electron detection device has 
recently shown the potential to improve the signal transfer effi ciency substantially (Deptuch et al. 
 2007 ; McMullan et al.  2009 ; Milazzo et al.  2005,   2010  ) . This offers the possibility of enhancing the 
high-resolution signal recorded on the detector by a factor of 5 or more. Such an improvement will 
in turn reduce the number of particle images needed to achieve a specifi c resolution by the same 
factor. Furthermore, the enhanced high-resolution contrast it provides may also improve the accu-
racy of the particle center and orientation determination. All these benefi ts will contribute to pushing 
the resolution of the reconstruction of biological specimens toward the resolving limit of the 
microscope. 

 It is unlikely that hardware improvements alone will solve all high-resolution reconstruction 
issues. Other parameters like defocus variation within a micrograph, magnifi cation scaling for dif-
ferent particle images, depth of focus, etc., must also be considered in order to achieve these resolu-
tions. In the few near-atomic resolution virus maps solved to date, attempts have been made to 
address these issues in the software used for alignment and reconstruction. Achieving atomic resolu-
tions may also necessitate avoiding even the slightest error propagation in alignment, so all of these 
parameters may need to be refi ned at the same time, together with the fi ve orientation parameters as 
discussed above. To handle this simultaneous, high dimensional refi nement, optimized search algo-
rithms will be required for processing the data.  

   4.6.2 High-Resolution Symmetry-Free Reconstruction 

 Current technology can generate subnanometer resolution symmetry-free reconstructions of virus 
particles from single-particle cryo-EM images. In terms of resolution, symmetry-free reconstruc-
tions of viruses are lagging far behind those where icosahedral symmetry is assumed. The reason for 
this is the sheer magnitude of data needed (60 times more than for an equivalent resolution in an 
icosahedral reconstruction), together with ambiguity in correctly determining the true asymmetric 
orientation. As for icosahedral reconstructions, part of this problem will be solved as the systems 
that automate image acquisition become mainstream. However, while it has been assumed that 
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software can always determine the true asymmetric orientation of each particle image for 
symmetry-free reconstructions, there is no guarantee that this orientation is correct. Maximizing the 
number of images where a true asymmetric orientation can be unambiguously identifi ed will require 
more sensitive algorithms and possibly advanced EM technology. Nevertheless, regardless of any 
improvement made in data collection and image processing, structural homogeneity is a require-
ment, a reality that should be considered for any specimen before attempting high-resolution asym-
metric reconstruction.  

   4.6.3 CTF Correction in Cryo-ET 

 Some viruses may contain structurally homogeneous components that are not uniformly distributed, 
such as the glycoproteins on the envelopes of HSV and HIV. While these components have been 
reconstructed using cryo-ET, these results have been limited to ~20 Å resolution (Liu et al.  2008b  ) , 
due largely in part to the defocus gradient in tilted images as well as limitations in electron exposure. 
For cryo-ET, the diffi culty in determining the defocus of the images (a major contributor to the CTF) 
is a result of the low dose per image, making correction of the CTF diffi cult. While potential solu-
tions to this problem have been proposed by correcting the CTF along strips of data parallel to the 
tilt axis (Fernandez et al.  2006 ; Winkler and Taylor  2003 ; Xiong et al.  2009  ) , these methods have not 
yet been widely adopted in the fi eld. In the event that the CTF can be accurately corrected for cryo-
ET, it will become possible to process the data extracted from these volumes to higher resolutions 
and potentially into the subnanometer range.  

   4.6.4 Model Validation 

 Modeling cryo-EM or cryo-ET maps is an essential pipeline in the methodology described here. 
When used properly, these tools can provide amazing insight into the structure and function of indi-
vidual proteins, macromolecular complexes, organelles, and even cells as illustrated in recent litera-
ture. However, the accuracy with which one can analyze a density map is a function of the map itself. 
Size, complexity, and quality all play critical roles in the ability to analyze a density map regardless 
of resolution. Another important consideration comes from the need to understand the limitations 
imposed by resolution when annotating structural features. While one would not expect to see side-
chain density or strand separation at 9 Å resolution, the absence of such features at 3.5 Å resolution 
may indicate potential problems in the reconstruction. It is certain that the development of computa-
tional tools for modeling and annotating remains a necessity in order to make this process faster and 
the results more accurate.  

   4.6.5 Phase Plate Electron Microscopy 

 With current technology, there is a trade-off between high-contrast and high-resolution information. 
One promising technology to achieve both is phase plate electron microscopy, which was initially 
proposed nearly 65 years ago (Boersch  1947  ) . One advantage of a phase plate electron microscope 
is that it dramatically enhances the low-resolution contrast of cryo-EM images because of the con-
version of the CTF from a sine to a cosine function. The theory behind phase plate electron micros-
copy is that, by altering the electron beam, it is possible to shift the phase of the scattered electron 
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beam, relative to the unscattered beam, thus dramatically enhancing the image contrast. Many 
devices have been proposed to induce this phase shift (Cambie et al.  2007 ; Danev and Nagayama 
 2001 ; Thon  1971  ) , and Zernike-type phase plates have already begun to show very promising results 
for cryo-EM (Danev and Nagayama  2008 ; Murata et al.  2010 ; Rochat  2011  ) . While there are many 
technical challenges to implementing this type of device, preliminary results suggest that it may be 
possible to reduce the data required for a subnanometer reconstruction by a factor of 3 (Murata et al. 
 2010  ) . Zernike phase contrast cryo-EM has also proven to be valuable for cryo-ET. For components 
that have proven diffi cult to study by conventional cryo-EM due to the weak signal from the low-
resolution component of the particle image, phase contrast microscopy may provide the necessary 
means to resolve their structures at resolutions beyond the current limit.  

   4.7 Conclusion 

 Cryo-EM, cryo-ET, and image processing software have been used to determine the structures of 
many viruses. This includes not only the icosahedral capsids but also portals, tails, glycoproteins, 
and other components without icosahedral symmetry. Analyses of these results have provided virol-
ogists and structural biologists with valuable insight into how viruses work. These structural studies 
have been enormously enriched by the use of the techniques described above that have developed 
over the past 40 years. Furthermore, the future holds enormous potential for visualizing viruses 
interacting with their host cells, which will extend our picture of the life cycles of these fascinating 
biological systems and make their structural investigation of interest to an even wider community.       
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  Abstract   Bacteriophages with contractile tails epitomize the concepts of “virus” and “phage” for 
many because the tails of these phages undergo a large conformational change – resembling the 
action of a syringe – upon the attachment to the host cell. The contractile tails belong to the recently 
recognized class of “contractile systems,” which includes phage tails, their close relatives R-type 
pyocins, the bacterial type VI secretion system, and the virulence cassette of  Photorhabdus . Their 
function is to deliver large proteins and/or DNA into the cytoplasm of a bacterial or eukaryotic cell. 
The structure of the core components of all contractile tail-like systems is conserved, but the corre-
sponding genes have diverged to such a degree that the common ancestry can no longer be easily 
detected at the level of amino acid sequence. At present, it is unclear, whether the contractile systems 
originated in bacteria or in phages. This chapter describes the structure and function of phage con-
tractile tails and compares them with other phage tails and with other known contractile systems.   

     5.1   Introduction 

 The host-cell attachment organelle of bacteriophages – the tail – is a complex macromolecular 
machine, which is responsible for host-cell recognition, attachment, and cell envelope penetration. 
The tail forms a channel connecting the phage capsid with the host cell during infection. Phage 
genomic DNA and proteins, which are packaged in the capsid, are translocated into the host-cell 
cytoplasm through this channel. 

 At present, all tailed phages (the order  Caudovirales ) are divided into three families based on the 
tail morphology:  Myoviridae  (long contractile tail),  Siphoviridae  (long noncontractile tail), and 
 Podoviridae  (short noncontractile tail) (Ackermann  2003  ) . This classifi cation is based on the visual 
appearance of the tail and does not take into account the life cycle of the phage, its genome 
replication strategy, or any other phage–host interactions, which occur inside the cell. Nevertheless, 
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bacteriophages with contractile tails on average have larger genomes than other bacteriophages. In 
fact, giant  Myoviridae  bacteriophages represent some of the most complex viruses with genomes as 
large as ~700 kbp (Serwer et al.  2007  ) . Phages with contractile tails and large genomes are strictly 
lytic, i.e., infection leads to host-cell lysis and phage genome does not integrate into the host-cell 
chromosome. All known phages with contractile tails have double-stranded DNA genome. 

 A contractile tail consists of the baseplate, the central tube (or the core), the external contractile 
sheath, and the terminator complex (Fig.  5.1 ) (Leiman et al.  2010  ) . The baseplate carries host-
 cell-binding proteins [also called receptor-binding proteins (RBPs)] and coordinates host-cell 
attachment with sheath contraction. The tail terminator complex attaches the tail to the phage capsid 
via a head-to-tail connector protein, a cone- or mushroom-shaped dodecamer, which is positioned in 
one of the 12 pentameric vertices of the capsid (Fig.  5.1 ).  

 Upon binding to the host-cell surface with the RBPs, the baseplate changes its conformation 
triggering sheath contraction. The sheath contracts to about half or more of its original length, which 
moves the entire phage particle closer to the cell surface and drives the rigid internal tail tube through 
the cell envelope (Fig.  5.1 ). Depending on the phage species, the tube might extend to several hun-
dreds of angstroms from the plane of the baseplate. 

 Phage tails have evolved to effectively breach all the constituent layers of the bacterial host-cell 
envelope. The extended external polysaccharides (if present) are both recognized and locally digested 
by RBPs, which possess an enzymatic activity specifi c to these sugars (Leiman et al.  2007 ; 
Walter et al.  2008  ) . This allows the phage to bind to the cell’s outer membrane, which is breached by 
the tail tube upon contraction of the tail sheath. The peptidoglycan layer is disrupted with the help 
of a glycosidase, which is also part of the tail, but its location in the tail and, possibly, number of 
such molecules in the tail varies in different phages. The tube is then able to interact with the cyto-
plasmic membrane. 

 The fi nal step of the infection is the translocation of DNA and proteins from the phage capsid into 
the host-cell cytoplasm. The tail is thought of as a passive conduit in this process because it does not 
appear to contain a source of energy necessary to make it an active participant of this translocation 
event. A very detailed description of phage genome delivery into the host cell is given in a different 
chapter of this book (see Chap.   7     in this book). 

  Fig. 5.1    Structure of a phage with a contractile tail. ( a ) Schematic showing major components of a contractile tail 
phage. RBP stands for receptor-binding proteins. ( b ,  c ) CryoEM reconstructions of phage T4 with the tail in the 
extended and contracted conformations (Fokine et al.  2004 ; Leiman et al.  2004 ; Kostyuchenko et al.  2005  )        
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 The tail of bacteriophage T4 is by far the best-studied contractile system (Coombs and Arisaka 
 1994 ; Leiman et al.  2010  ) . The T4 tail composition, assembly, structure, and conformational changes 
on attachment to the host cell are fairly well understood (Coombs and Arisaka  1994 ; Leiman et al. 
 2010  ) . The structure and function of phage P2 tail (the other “model” contractile tail) have been 
studied to a much lesser extent (Kahn et al.  1991  ) . These model systems are used for gene function 
prediction and assignment in all newly characterized contractile tail-like systems. 

 The accumulating genomic and protein structure data suggest that the contractile tail systems 
contain a set of conserved genes and have a common ancestor. Furthermore, many genes are shared 
with noncontractile tails also pointing to the common ancestry. A very compelling and plausible 
hypothesis stating that the contractile tails have likely evolved from noncontractile tails is beauti-
fully presented in    Chap.   6    . Thus, this chapter will not discuss such evolutionary relationships, but 
instead will summarize the currently available data and emphasize common features of contractile 
tail-like systems.  

    5.2   Contractile Tail Structure 

 Contractile tails have an average diameter of ~220 Å but vary greatly in length from ~1,000 to 
~4,500 Å. Despite its relatively large size, the organization of a contractile tail is fairly simple 
because its major part is a repetitive structure composed of two proteins – the internal tube and the 
external contractile sheath. Most of the tail’s complexity is concentrated in the baseplate, which is 
the control center coordinating the host attachment process. The sheath and the tube represent two 
major bands on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) and serve 
as the defi nitive markers of a contractile sheath-like structure. 

 All known contractile phages have sheaths with molecular weights (MWs) between ~40 and 
~80 kDa with the mean shifted to the lower values. A sheath with a MW of ~45 kDa is the most 
widespread among currently sequenced phages. The sheath proteins of two model phages, P2 and 
T4, have MWs of 43 and 71 kDa, respectively. On the other side, known tube proteins display less 
variation in their size. Their MWs are within the 15–21-kDa interval (18.5 kDa for T4 and 19.1 kDa 
for P2). The pair of sheath and tail tube genes also serves as a genetic marker of a contractile tail 
because the two genes are adjacent to each other with the sheath gene preceding the tube one and are 
transcribed from the sheath gene promoter. 

    5.2.1   Structure of the Sheath 

 The structure of the T4 sheath, the model object for all contractile sheath-like systems, was studied 
by several generations of structural biologists (reviewed in Coombs and Arisaka  1994 ; Leiman et al. 
 2010  ) . However, a major breakthrough happened only recently, when the crystal structure of the T4 
sheath protein gp18 (gene product 18) was solved (Aksyuk et al.  2009a    ) . Full-length recombinant 
gp18 forms polysheaths of various lengths, which are not suitable for crystallization (King  1968  ) . 
These polysheaths contain defects (missing subunits and other irregularities) making them diffi cult 
to analyze to high resolution because averaging techniques cannot be fully exploited. A large body 
of mutagenesis work went into producing a gp18 mutant, which would not form a polymeric struc-
ture (Kuznetsova et al.  1998 ; Poglazov et al.  1999  ) . The result of this work is a mutant called gp18M 
constituting about three-fourth of the full-length molecule (residues 1–510 out of 659) with one 
amino acid substitution Arg510 → Pro. 

 Gp18 consists of four domains. Twenty N-terminal and ~160 C-terminal residues form Domain 
I, which is not present in the gp18M crystal structure (the domains are renumbered compared to 
Aksyuk et al.  2009a    )  to make the nomenclature consistent with other sheath proteins). Domain II 
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(residues 21–87 and 346–510) consists of a  b -sheet with fi ve parallel and one antiparallel  b -strands 
plus six  a -helices, which surround the  b -sheet. Domain III (residues 88–97 and 189–345) is a two-
layer  b -sandwich, fl anked by four small  a -helices. Domain IV (residues 98–188) is a six-stranded 
 b -barrel plus an  a -helix. Together domains III and IV form the protease resistant fragment of the 
sheath protein (Fig.  5.2 ).  

  Fig. 5.2    Structure of the sheath protein. T4 gp18 (PDB ID 3FOA) and DSY3957 (PDB ID 3HXL) are shown as rib-
bon diagrams in the  top  and  bottom  panel, respectively. Domains I, II, III, and IV are colored  purple ,  blue ,  green , and 
 red , respectively. Domain I is not present in the crystals structure of T4 sheath protein gp18 and is shown as a  purple 
rectangle . The domain-swapped N-terminal arm, which is donated to Domain I by a different subunit belonging to the 
same strand of the sheath, is colored  yellow . The N-terminal arm belonging to the polypeptide chain of DSY3957 
(PDB ID 3HXL) shown in the  lower  panel is colored in  orange . In the crystal structure, it is donated to Domain I of a 
molecule related by crystal symmetry (not shown)       
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 The overall topology of the gp18 polypeptide chain is quite remarkable. Domain IV is “inserted” 
between residues 97 and 189, which belong to a loop connecting two  b -strands of Domain III 
(Figs.  5.2  and  5.3 ). The latter is inserted between residues 87 and 346 into a loop of Domain II. 
Domain II, in turn, is an insertion into Domain I.  

 T4 tail has been studied by cryo-electron microscopy (cryoEM) in the extended and contracted 
conformations (Leiman et al.  2004 ; Kostyuchenko et al.  2005  ) . The crystal structure of gp18M fi ts 
(as a rigid body) into the cryoEM map of the sheath in both conformations. Domain I interacts with 
the tail tube and forms the internal core of the sheath. Domains II and III are partially exposed to 
solution. Domain IV forms the sheath’s external surface. 

 T4 sheath is composed of 138 gp18 subunits, which are arranged in a six-start helix (Leiman et al. 
 2004  ) . Each of the six strands comprising the helix contains 23 gp18 subunits (Leiman et al.  2004  ) . 
The sheath is 240 Å wide and 925 Å long. The pitch and twist of the helix are 40.6 and 
17.2 Å, respectively (Kostyuchenko et al.  2005  )  (Fig.  5.4 ). Each gp18 subunit interacts with four 
neighbors: two related by the sixfold symmetry (interstrand contacts) and two within the same strand 
(intrastrand contacts). The interactions within the strand govern the connectivity and helical inter-
pretation of the sheath structure because the surface of the intrastrand subunit contact is fi ve times 
that of the interstrand (Kostyuchenko et al.  2005  ) .  

 The contracted T4 sheath is 330 Å wide and 420 Å long. It is also a six-start helix with a 16.4 Å pitch 
and 32.9° twist (Leiman et al.  2004  ) . Compared to the side-by-side arrangement of the gp18 strands in 
the extended sheath, the strands in the contracted sheath are interdigitated (Fig.  5.4 ). The axial com-
pression or contraction is accomplished by sliding one layer of the sheath subunits into the next one, 
which is accompanied by the increase in the sheath’s diameter. Upon sheath contraction, each of gp18 
subunits moves by ~50 Å away from the tail’s axis and tilts by ~45° (Aksyuk et al.  2009a    ) . 

 In the process of sheath contraction, gp18 subunits move as rigid bodies without refolding or 
signifi cant domain shifts (Aksyuk et al.  2009a    ) . Domains I of the gp18 subunits belonging to the 
same strand maintain the connectivity throughout the contraction process, thus preserving the helical 

  Fig. 5.3    Domainal organization of sheath proteins. The color code as in Fig.  5.2  Domains I, II, III, and IV are colored 
 purple ,  blue ,  green , and  red , respectively. The domain-swapped N-terminal arm is colored  yellow . The orientation of 
the sheath subunit relative to the tail axis is shown below each diagram       
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structure of the sheath, whereas Domains II through IV form new interactions in the contracted state 
(Fig.  5.4 ). Upon contraction, the contact area between gp18 molecules increases by about four times 
(Aksyuk et al.  2009a    ) .  

    5.2.2   Evolution of Sheath Proteins 

 The topology of gp18 polypeptide chain alone suggests that Domain I is likely the oldest part of the 
sheath structure (Figs.  5.2  and  5.3 ). Domains II, III, and IV were “picked up” over the period of 

  Fig. 5.4    Structure of T4 sheath in the extended and contracted states as determined by cryoEM (Leiman et al.  2004 ; 
Kostyuchenko et al.  2005 ; Aksyuk et al.  2009a    ) . Three of the six gp18 helices are extracted from the complete tail 
structure, which is shown in the extended ( a ) and contracted ( b ) conformations. Each strand is colored in a distinct 
color ( pink ,  blue , and  green ). The successive layers of gp18 subunits are numbered 1, 2, 3, 4, and 5 with the layer 
numbered 1 being closest to the baseplate. The middle panels of ( a ) and ( b ) show the arrangement of Domains II 
trough IV in three neighboring strands. The  rightmost  panels show the interactions of Domains I from the same three 
strands (note, that these domains maintain connectivity in the extended and contracted states). A simplistic representa-
tion of how Domains II through IV belonging to the three neighboring strands change their interactions in the extended 
and contracted states is also shown in the  middle  panels       
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evolution of the sheath to its current structure. This assumption is strengthened by comparing the 
primary and tertiary structure of gp18 with its homologs. 

 Due to the diversity of phage tail sheath sequences, only relatively close relatives of phage T4 can 
be identifi ed using the gp18 amino acid sequence. Mapping the amino acid sequence conservation 
onto the gp18M structure shows that Domains I and II are the most conserved parts of the 
structure. 

 In addition to gp18, crystal structures of two other sheath proteins are currently available at the 
Protein Data Bank (PDB,   http://www.pdb.org    ) under the deposition codes (IDs) 3HXL and 3LML 
(Figs.  5.2  and  5.3 ). They represent the complete products of genes  dsy3957  and  lin1278  from two 
different prophages infecting Gram-positive  Desulfi tobacterium hafniense  and  Listeria innocua , 
respectively (note that T4 is a Gram-negative  Escherichia coli  lytic phage). DSY3957 (3HXL) and 
LIN1278 (3LML) have very similar folds and show 43% sequence identity and a root mean square 
deviation (RMSD) of 2.8 Å upon superposition with 81% of residues participating in the alignment. 
The proteins consist of three domains connected by fl exible linkers. The domains are shifted and 
rotated relative to each other, thus elevating the RMSD value, but the matching domains have virtu-
ally identical folds. 

 A careful inspection of the structure of DSY3957 and LIN1278 shows that folds of two of their 
three domains are similar to those of gp18 Domains II and III even though there is no signifi cant 
sequence similarity (17% or lower overall) (Table  5.1 ) (Fig.  5.3 ). Domains II of the three proteins 
are very similar in size (~220 residues), whereas Domain III of gp18 is almost twice as big as that in 
the other two proteins (~160 residues vs. ~90 residues) because it contains many small and large 
insertions, one of which is Domain IV (90 additional residues). The third domain of DSY3957 and 
LIN1278 corresponds to Domain I of gp18, which is not present in the gp18M structure. HHpred 
analysis shows that Domains I of the three proteins have a 100% probability to have the same fold 
(Table  5.2 ).   

 This analysis shows that gp18, DSY3957, and LIN1278 have a common ancestor. Furthermore, 
we can propose that Domains I, II, and III likely represent the smallest unit, which can form a con-
tractile sheath-like structure. The common ancestry of the sheath proteins also suggests that all 
sheaths undergo similar reorganization during the contraction event with Domains I maintaining the 
connectivity throughout the process and Domains II and III forming new and more extensive inter-
subunit interactions in the contracted state compared to the extended one. 

 A possible explanation of how Domains I maintain their connectivity during the contraction event 
can be given with the help of the DSY3957 crystal structure and the T4 sheath cryoEM map. Domain I 

   Table 5.1    Comparison of the T4 sheath protein gp18M fragment crystal structure with crystal structures of two 
sheath proteins currently available at the PDB: DSY3957 (PDB ID 3HXL) and LIN1278 (PBD ID 3LML). The num-
ber of aligned residues, the RMSD between the equivalent C 

 a 
  atoms and the sequence identity percentage,    is given for 

each compared pair   

 Superimposed pairs  DSY3957 (3HXL)  LIN1278 (3LML) 

 T4 gp18 Domains II + III  227 residues/3.5 Å/10%  230 residues/2.6 Å/17% 
 T4 gp18 Domain II  155 residues/2.3 Å/12%  154 residues/2.1 Å/16% 
 T4 gp18 Domain III  84 residues/2.6 Å/12%  80 residues/2.5 Å/25% 

   Table 5.2    Gp18 Domain I (residues 1–20 plus 511–659) structure prediction using HHpred   

 Matching structure  Probability (%)   E -value   P -value  Sequence identity (%) 

 DSY3957 (residues 308–438)  100  2.50E-29  1.00E-33  19 
 LIN1278 (residues 314–452)   99.9  1.80E-24  7.30E-29  14 

http://www.pdb.org
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of DSY3957 is formed by residues 308–438 of one polypeptide chain and residues 1–25 of the 
symmetry-related molecule. In other words, one molecule donates its N-terminal arm to its crystal-
lographic neighbor, where these residues become a part of a  b -sheet within Domain I. By superim-
posing DSY3957 onto the structure of gp18 fi tted into the T4 sheath cryoEM map, we fi nd that the 
length of the donated N-terminal arm and the spatial orientation of Domains I stacked onto each 
other should allow such a domain swapping to take place within the sheath structure. Therefore, the 
entire inner part of the sheath is “cross-linked” by the chain-swapped Domains I. This property is 
likely universal for all contractile tail-like structures.  

    5.2.3   Structure of the Tube 

 The accumulated body of data does not allow to give a fully consistent description of the tail tube 
structure. Earlier studies of isolated T4 tubes suggested that their helical structure is identical to that 
of the sheath in the extended state. Furthermore, the sheath and the tube appear to contain the same 
number of subunits. The sheath polymerizes into the extended conformation only in the presence of 
both the baseplate and the tube. It was proposed that during tail assembly the tube serves as a scaf-
fold for the sheath and that the latter adapts the helical symmetry of the tube. 

 These conclusions are diffi cult to reconcile considering the latest structural data. Subunits, com-
prising the tube, are not well resolved in the T4 tail cryoEM maps, making symmetry determination 
impossible. If the tube and the sheath had the same symmetry, tube subunits should be well resolved, 
similar to the sheath subunits, but this is not the case. Furthermore, as it is shown in Chap. 6 in this 
book, the contractile tails, the long noncontractile tails, and the bacterial type VI secretion system 
(T6SS) have a common ancestor. The T6SS tube protein (called Hcp) forms tubes with sixfold sym-
metry in the crystalline form and, possibly, in solution. However, in these tubes, Hcp hexamers are 
stacked onto each other without any twist, which is inconsistent with the helical symmetry of the 
sheath. 

 It is nevertheless possible that the tube and the sheath have the same helical symmetry. The sub-
units of the tube might be unresolved in the cryoEM maps due to the powerful Fourier ripple of 
negative density caused by the sheath. This ripple overlaps with the tube density and signifi cantly 
deteriorates it. 

 An explanation – consistent with current data – for the tube and the sheath to have different sym-
metries also exists. The subunits of the sheath and the tube might come in register only at certain 
points of the elongated structure, and the tube would still serve as a scaffold for sheath polymeriza-
tion. Yet another possibility is that sheath subunit polymerization into the extended conformation is 
determined and driven by the baseplate, and the tube per se is not required for polymerization. 
Instead, only the proteins associated with the tube’s end are necessary for stabilization of the sheath, 
which is known to depolymerize quickly without the tail capping complex.  

    5.2.4   The Simplest Contractile Tail-Like Structure 

 In phages with large genomes, the baseplate is a very complex organelle. For example, the baseplate 
of phage T4 consists of 12 proteins. Two additional proteins form a cylindrical structure, onto which 
the tail tube subunits are assembled and polymerized into the tube. The structure and position of nine 
constituent proteins (or their major domains) in T4 baseplate are known. This information is used to 
understand the function of proteins in other baseplates. 
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 Phage genomes are diverse in general, but even close relatives display large variations in their 
RBPs, which emanate from the baseplate. Since the baseplate is responsible for interaction with the 
host-cell surface, it evolves faster compared to the rest of the genome because a small change in the 
baseplate structure might cause the phage to switch host specifi city, and such an adaptability is in 
general benefi cial for phage survival. 

 The diversity of baseplate genes of closely related phages increases toward the periphery culmi-
nating in the host-cell-binding regions of RBPs. This diversity pattern is even more pronounced in 
phages, which are related very distantly. Often, homologous proteins show no similarity at the 
amino acid sequence level, but the common ancestry could still be found at the level of protein 
structure. Unfortunately, structures of very few non-T4 baseplate proteins are currently available. 
One such pair of previously unknown homologs is gp27 (the central hub protein of the T4 baseplate) 
and gp44 of phage Mu. The two proteins have very similar folds but show only 9.6% sequence 
identity (Kondou et al.  2005  ) . It is clear now that the baseplate hub proteins of contractile and non-
contractile tails have a common ancestor (Sciara et al.  2010  ) . This is described in detail in Chap. 6 
in this book. 

 Despite the limited information on the structure of non-T4 baseplate proteins, it is possible to 
establish the relationship between the T4 proteins with known functions and their phage P2 and 
phage Mu homologs and extend this information to all other contractile tail-like systems. Furthermore, 
we can even attempt to describe the composition of a simplest contractile tail-like structure. The 
HHpred Web server (Soding  2005 ; Soding et al.  2005  )  and several crystal structures solved in the 
framework of the structural genomics initiative are very useful for this analysis. 

  The hub structure . The central part of a simplest contractile tail-like structure is formed by the 
homologs of T4 gp27 and gp5 proteins. The orthologs of these and other proteins mentioned below, 
which comprise the particles of P2 and Mu phages, are listed in Table  5.3  and shown in Fig.  5.5 . Gp5 
forms the central membrane-puncturing needle or spike in T4 baseplate. The N-terminal domain of 
gp5 is an OB-fold, and HHpred clearly shows that the N-terminal domain of P2 gpV and Mu gp45 
is a similar OB-fold. The three OB-fold domains of gp5 trimer are inserted into the channel formed 
by the trimeric gp27 donut-like structure, whereas the C-terminal domain comprises the membrane-
attacking spike. In T4 gp5, this domain is a very stable, intertwined trimeric  b -helix, and a high 
 b -structure content is predicted for the C-terminal domains of P2 gpV and Mu gp45 suggesting that 
they also might form a  b -helix. In general, the N-terminal OB-fold domain and the C-terminal 
 b -structure-rich domain is a common feature of all membrane-puncturing needles or spikes in phages 
of Gram-negative bacteria.   

 The trimeric gp5–gp27 hub forms the centerpiece of the otherwise sixfold symmetric baseplate. 
The gp27 trimer acts as a three to sixfold symmetry adaptor. One part of the gp27 trimer tightly wraps 
around the three N-terminal domains of gp5 trimer, whereas the other part is composed of six tandem 
domains with two domains per monomer, which results in 2 × 3 = sixfold symmetry. The six tandem 
tube domains of gp27 trimer serve as a starting point for polymerization of the tail initiator complex 
and the rest of the tail tube. The structure of gp27 trimer is conserved not only in contractile but also 
in noncontractile tails making the three to sixfold adjustment principle universal for all long tails. 

 One feature of T4 tail not found in other contractile tails is a lysozyme domain in their gp5–gp27 
complex orthologs. In T4, the lysozyme domain is “inserted” between the OB-fold and the C-terminal 
 b -helical domain of gp5. The gp5 lysozyme domain shows 43% sequence identity to T4L, the cyto-
plasmic T4 lysozyme encoded by gene  e  (Mosig et al.  1989  ) . T4L and the gp5 lysozyme domain 
have very similar structures with conserved catalytic residues suggesting their common ancestry 
(Kanamaru et al.  2002  ) . The likely function of gp5 lysozyme domain is to locally digest the pepti-
doglycan layer during infection to make an opening for the tube (Kanamaru et al.  2002  ) . However, 
a phage carrying a mutant gp5 with only 10% of the wild-type activity is almost as infective as the 
wild-type phage, suggesting that the residual activity is likely suffi cient for infection in the labora-
tory conditions (Kanamaru et al.  2005  ) . 
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 Nevertheless, the presence of the lysozyme domain in T4 gp5–gp27 complex remains some-
what enigmatic because even in close relatives of T4, such as, for example, in  Pseudomonas 
aeruginosa  phage KVP40, the gp5 ortholog does not contain a lysozyme domain (Rossmann et al. 
 2004  ) . Gp5 orthologs of P2 and Mu do not contain a lysozyme domain either (Table  5.3 ). 
However, a lysozyme or glycosidase domain can be detected at the C-terminus of tape measure 
proteins in some contractile and noncontractile phages (Piuri and Hatfull  2006 ; Boulanger et al. 
 2008  ) . Most probably, the C-terminal domain of the tape measure protein interacts with the 
ortholog of gp27 hub protein and is translocated into the periplasm during infection. In summary, 
a functional glycoside does not appear to be required for contractile tails under all infection 
conditions. 

 It is worth to mention that the gp27 ortholog of the contractile tail iodobacteriophage  j PLPE 
(Leblanc et al.  2009  )  encoded by gene 58 contains a lysozyme domain at its C-terminus (goose-type 
lysozyme), whereas its gp5 ortholog, encoded by gene 59, is lysozyme domain-free. Assuming that gp58 
and gp59 of  j PLPE form a complex similar to T4 gp5–gp27, the position of the lysozyme domain of 
 j PLPE gp58 in the complex and in the baseplate would match that of the gp5 lysozyme domain. 

 Orthologs of T4 gp5–gp27 complex are also found in phages infecting Gram-positive bacteria, 
but the membrane-interacting C-terminal domain of gp5 proteins in these phages is a coiled coil 
instead of the  b -helix (e.g., gp98 and gp99 from the  Listeria  phage A511 are homologs of T4 gp27 
and gp5, respectively). 

  Fig. 5.5    Structure of the simplest contractile tail. The proteins are labeled with the names of their T4 phage orthologs 
(Table  5.3 ) and are colored in distinct colors. The three domains of one sheath protein subunit are colored using the 
color scheme in Figs.  5.2  and  5.3        
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  The minimal baseplate . The structure of T4 baseplate shows that the hub is surrounded by three 
proteins – gp6, gp25, and gp53. The ortholog of gp25 can be identifi ed in the genomes of P2 and Mu 
using sequence similarity alone. The crystal structure of a gp25 homolog from a  Geobacter sulfurre-
ducens  prophage (GenBank NP_952040.1) was solved by structural genomics (PDB ID 2IA7). The 
fold of this protein is very similar to that of Domain I of the sheath protein, which forms the inner 
part of the sheath. It is likely that gp25 and Domain I interact in the baseplate and that Domain I and, 
possibly, the rest of the sheath originates from a gp25-like protein. In general, the gp25 ortholog is 
the most conserved protein (in terms of the amino acid sequence) in the baseplate. 

 The orthologs of T4 gp6 in the baseplates of P2 and Mu (gpJ and gp47, respectively) are 
predicted by HHpred with a very high confi dence (97% probability), but the “fi fth” baseplate 
protein (the other four being gp5, gp27, gp25, and gp6) is somewhat enigmatic. In P2 and Mu, this 
protein is gpI and gp48, respectively, but none of them shows any sequence similarity to each other 
or T4 gp53. Their only common trait is a similar size (~180 residues). It is possible that the T4 
ortholog of the “fi fth” protein is a domain of gp7. 

 The position and function of the three conserved baseplate proteins (orthologs of T4 gp25, gp6, 
and gp53/gp7) can be derived from the structure of T4 baseplate (Kostyuchenko et al.  2003 ; 
Aksyuk et al.  2009  b  ) . The ortholog of T4 gp25 protein is positioned near the hub and might interact 
with the sheath. There are six copies of gp25 in the baseplate in agreement with the sheath symmetry. 
The gp6 ortholog forms a major part of the “minimal” baseplate. Six gp6 ortholog dimers form a 
continuous ring enveloping the hub and the gp25 ortholog protein. Six copies of the “fi fth” baseplate 
protein (T4 gp53/gp7 ortholog) bind to the periphery of the gp6 ring. Tail fi bers bind to the “fi fth” 
protein and, possibly, to gp6 ortholog. 

  RBPs: The tail fi ber / tailspike and tail fi ber chaperone . The tail fi ber/tailspike is responsible for host-
cell receptor binding. It is an essential part of a functional tail. All known phage fi bers are trimers 
having folds with very complex topologies often dominated by intertwined  b -helices and, less often, 
 a -helical coiled coils (Steven et al.  1988 ; van Raaij et al.  2001 ; Thomassen et al.  2003 ; Walter et al. 
 2008 ; Bartual et al.  2010  ) . The C-terminal domain of the fi ber is responsible for receptor binding, 
and its N-terminal domains attach the fi ber to the baseplate. 

 The folding and attachment of the fi ber to the baseplate is governed by a phage-encoded chaper-
one, which is always positioned downstream to the fi ber. In some phages, the chaperone is part of 
the same gene or might remain bound to the fi ber after its attachment to the baseplate (Riede et al. 
 1985 ; Tetart et al.  1996  ) . In the latter case, the chaperone participates in host-cell receptor recogni-
tion and binding. The chaperones show a certain level of specifi city in attachment of the fi ber to the 
baseplate, suggesting that the chaperone–fi ber complex binds to the tail during the fi ber attachment 
(Williams et al.  2008  ) . 

  The tail tube initiator . T4 clearly possesses the tail tube initiator complex, which serves as a starting 
point for polymerization of the tail tube. The initiator complex is built onto the gp27 trimer. In T4, 
this complex contains gp48 and/or gp54 (Kostyuchenko et al.  2003  ) . Gp54 shows a signifi cant 
sequence similarity to T4 tail tube protein gp19 and tube terminator protein gp3. There is not 
enough data to identify tube initiator proteins in P2 or Mu, but since P2 gpU and Mu gp43 are tail 
components with unknown function and location, we can tentatively assign them the tube initiator 
function. 

  The tape measure protein . Similar to noncontractile tails, the length of the tail is controlled by the 
tape measure protein (Abuladze et al.  1994  ) . In T4, the tape measure protein gp29 appears to partici-
pate in the formation of the hub and the gp48/gp54 tube initiation complex (   Kikuchi and King 
 1975a,   b,   c,   d  ) . The tape measure proteins of contractile and noncontractile tails are most likely 
homologous and thus function in a similar manner. The structure and function of tape measure pro-
teins are described in detail in Chap. 6 in this book. Briefl y, several copies of the tape measure pro-
tein extend through the central channel of the tail tube as it is being built. In the fully assembled tube, 
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the tape measure protein adapts an extended  a -helical conformation, and its N-terminus interacts 
with the tail tube terminator and, possibly, with the sheath terminator protein. Some tape measure 
proteins contain an identifi able glycosidase domain at the C-terminus. High-resolution studies of T4 
tail did not provide suffi cient detail on whether the tube channel is occupied by the tape measure 
protein or phage genomic DNA extending from the capsid. 

 Interestingly, the contractile tail of iodobacteriophage  j PLPE mentioned earlier is one of the 
shortest known. The sheath part of the tail is only 600 Å (Leblanc et al.  2009  ) , and its putative tape 
measure protein of  j PLPE (gp55) is only 392 residues long. It does not contain an identifi able pep-
tidoglycan hydrolase domain and is likely to have an  a -helical structure throughout the sequence 
(McGuffi n et al.  2000  ) . In the extended  a -helical conformation, it can form a fi ber with a length of 
~600 Å, which roughly corresponds to the length of the tail, but unlike other tape measure proteins 
 j PLPE gp55 does not appear to form even a small globular domain at its termini. As the sheath 
proteins of all phages have a common core structure (see below), the pitch of the sheath helix is 
likely to be conserved and approximately equal to that found in T4, i.e., ~40 Å. Thus, the sheath and, 
consequently, the tube of  j PLPE contain approximately 15 × 6 = 90 subunits each. 

  The tail tube and the sheath . The structure of the tube and the sheath of phage T4 is described above. 
The helical parameters and the length of the sheath vary in different phages even though the core 
structure of the sheath protein (the three inner domains) is conserved. The length of the tail in differ-
ent phages varies, and phages with larger genomes have longer tails on average. 

  The tail terminator complex . In contractile tail phages, the tail is capped by two proteins, one of 
which interacts with the tail tube, whereas the other one most probably interacts with both the tube 
and the sheath (Coombs and Arisaka  1994 ; Leiman et al.  2010  ) . The tail tube capping protein is a 
homolog of the noncontractile tail terminator protein. The tube and sheath terminators in T4 are 
encoded by gp3 and gp15, respectively. It is not possible to identify the terminator proteins in neither 
P2 nor Mu using the sequence data alone, except for Mu gp37, which is clearly related to the non-
contractile tail terminator proteins (see Chap. 6). 

 In phage T4, the tail terminator complex can adapt two conformations – closed and open – 
associated with the extended and contracted sheath conformations, respectively (Kostyuchenko et al. 
 2005  ) . The conformation of the tail terminator complex controls the location of the leading end of 
DNA molecule in the tail. In the extended tail, the central channel of the terminator complex is 
closed, and DNA cannot exit the capsid. Sheath contraction causes the channel to open up, allowing 
the leading end of phage DNA to exit from the capsid and descent down the tail tube in preparation 
for ejection into the host cell.   

    5.3   Assembly of a Contractile Tail 

 Extensive studies of T4 tail morphogenesis showed that the baseplate is assembled fi rst (Kikuchi and 
King  1975a,   b,   c,   d  ) . The tail tube and sheath are built starting from the baseplate. Without the tube 
or the baseplate, T4 sheath assembles into a long polymeric structure called polysheath, whose struc-
ture is similar to that of the contracted sheath (Moody  1967a,   b,   1973  ) . The tube and the sheath must 
be capped with the tail terminator complex, or they would depolymerize (King  1968 ; Coombs and 
Eiserling  1977 ; Tschopp et al.  1979  ) . The fi bers are the last proteins, which attach to the baseplate. 
T4, like many large phages, contains two set of tail fi bers. The short tail fi bers attach to the 
baseplate directly, whereas attachment of the long tail fi bers requires the phage particle to assemble 
fully: the tail must be sheathed and bound to the DNA-fi lled capsid. Another set of fi bers, called 
whiskers or fi britins, emanating from the head-to-tail junction, participates in the long tail fi ber 
assembly. No other phage tail assembly was studied to such an extent, but because all contractile 
tails have a common ancestor, their assembly pathway is likely to resemble that of T4. 
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 The assembly process is strictly ordered. If a protein is excluded from the process, the assembly 
intermediate preceding the missing protein will accumulate in the cell (Kikuchi and King  1975a,   b, 
  c,   d  ) . Association of baseplate, tube, or sheath subunits into the complete structure does not appear 
to require any chemical energy. Except for gp5, no protein in the tail appears to undergo maturation 
proteolysis upon incorporation into the tail complex (Coombs and Arisaka  1994 ; Leiman et al. 
 2010  ) . 

 It is apparent, however, that the tail is originally assembled as a high-energy metastable structure, 
akin to an extended spring, which is locked in this conformation by noncovalent interactions and can 
contract when those interactions are disturbed. Exposure of tails to 3 M urea and heat, and abrupt 
pH changes disturb these interactions causing contraction (Coombs and Arisaka  1994  ) . Furthermore, 
the sheath protein assembles into a contracted sheath-like structure (the polysheath) in the absence 
of the baseplate and/or the tail tube. The contracted conformation of the sheath must be a very 
low-energy confi guration because it is resistant to 6 M urea and detergents. 

 Still, there must be a source of energy, which is used to build the extended sheath structure in the 
fi rst place. It is possible that the process is kinetically driven. The formation of the sheath in the 
extended conformation occurs about 50 times faster than the formation of polysheaths and, there-
fore, is a preferred pathway due to a lower activation energy (Arisaka et al.  1979 ; Tschopp et al. 
 1979  ) . The integration of the N-terminal arm of the sheath protein into the C-terminal domain of the 
next layer subunit in the sheath (Sect.  5.2.2 ) might also be an important factor driving the polymer-
ization of the sheath. Because the arm is evolved to interact with the C-terminal domain, its free 
energy is higher when it is extended into the solvent. This characterizes the sheath subunit before it 
becomes part of the polymeric structure. Thus, sheath subunits have a high intersubunit affi nity, and 
the baseplate–tail tube complex shifts the assembly process toward the extended structure. 

 T4 baseplate can exist in one of two conformations, which are coupled to two sheath states: the 
“hexagonal” conformation is associated with the extended sheath, whereas the “star” conformation 
is associated with the contracted sheath, which is found in T4 particle after attachment to the host 
cell (Coombs and Arisaka  1994 ; Kostyuchenko et al.  2003 ; Leiman et al.  2004  ) . The free energy of 
the hexagonal conformation is higher than that of the star because hexagonal baseplates switch to 
stars after prolonged storage. There is no published data about the structure or conformational 
changes of simpler baseplates (e.g., from phages P2 or Mu), but the structure of a noncontractile 
phage baseplate in two conformations is available (Sciara et al.  2010  ) . Upon host-cell binding, this 
baseplate undergoes a rearrangement resembling that of T4 baseplate, from which we can conclude 
that the conformation of the baseplate is coupled to host-cell binding and determines sheath confor-
mation in all contractile tail phages.  

    5.4   Interaction of the Contractile Tail with the Host-Cell Envelope 

 The baseplate coordinates host recognition and attachment with sheath contraction, which is initi-
ated at the baseplate and is propagated through its entire length of the sheath in a wavelike fashion 
(Simon and Anderson  1967a,   b ; Moody  1973 ; Aksyuk et al.  2009a    ) . Tail fi bers, which emanate from 
the baseplate, are the primary determinants of host-cell specifi city (Tetart et al.  1998 ; Williams et al. 
 2008  ) . The host-cell binding parts of the fi bers (their C-terminal domains) are positioned as far as 
1,000 Å from the baseplate in some phages. Successful receptor binding triggers the conformational 
change of the baseplate, which then leads to sheath contraction. Thus, the host-cell-binding signal 
must be transmitted through the length of the fi ber to the baseplate. The transmission of the signal 
occurs by way of a change in the orientation of the fi bers relative to the baseplate because the fi bers 
are not known to undergo refolding upon receptor binding. When the phage particle is free in solu-
tion, the fi bers do not have a fi xed orientation and point roughly sideways or even toward the capsid. 
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The fi bers of the phage bound to the host-cell surface point toward it. We will describe two possible 
mechanisms, which explain how and why this change in fi ber orientation happens only on the cell 
surface, but not when the phage is free in solution (Fig.  5.6 ). Notably, no chemical energy is used in 
fi ber reorientation and baseplate triggering.  

 The fi rst mechanism, which we favor, can be described as follows (Fig.  5.6 ). When the phage 
comes across a susceptible host cell, most probably only one or two of the fi bers bind to the host-
cell receptors. Thus, attached phage is now under the infl uence of all the solvent movements origi-
nating from cell swimming and other molecular motions of various sorts (Brownian, thermal, 
convective currents, etc.). The phage is tethered to the cell with its fi ber(s), while it is constantly 
being shaken by the solvent. Eventually, the other fi bers bind to the host-cell receptors, which lead 

  Fig. 5.6    Breaching the host-cell envelope. ( a – h ) Show stages and substages of the infection process.  Blue arrows  
indicate motions caused by solvent movement (Brownian, thermal, convection, etc.).  Magenta arrows  show the move-
ment of the phage capsid towards the host-cell surface, which is driven by sheath contraction. ( a ) The phage is free in 
solution, and its fi bers move freely around their most favorable position. ( b ) The phage binds to the host cell with one 
or two of its fi bers, which serve(s) as a tether restricting the movements of the phage particle. ( c ) The phage is moved 
in such a way that the fi ber is brought into a conformation from which it cannot switch back to the “free phage” fi ber 
confi guration. The fi ber forms new interaction with the baseplate proteins, and the baseplate initiates its conforma-
tional change. ( d ) The phage continues its hula dance on the cell surface while being attached to it with the tail fi ber 
tether. Eventually, the other fi bers fi nd their binding partners on the cell surface. ( e ) As in ( c ), the phage is moved in 
such a way that all of its fi bers, which have bound to the cell surface receptors, point toward the host cell. The confor-
mational change of the baseplate now proceeds. ( f ) The baseplate conformational change initiates contraction of the 
sheath, which drives the capsid and the tube toward the cell membrane. The outer cell membrane is punctured with the 
help of the baseplate central spike protein. ( g ) The spike dissociates from the tail tube tip, thus opening the tail tube 
channel. The tail-associated glycosidase creates a small opening in the peptidoglycan layer. ( h ) The tail tube interacts 
with the inner membrane, which is pushed toward it by the osmotic pressure of the cytoplasm in small region now 
lacking the peptidoglycan layer. Phage DNA is released into the cytoplasm       
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to both, orienting the phage perpendicular to the host-cell membrane and, at the same time, 
 causing all the fi bers to be pointed toward the host-cell surface. When the fi bers are in this con-
fi guration, new interactions are formed in the baseplate causing it to switch to a lower energy 
conformation, which unlocks the sheath allowing it to contract. The spontaneous tail contraction 
does not occur because the orientations of the fi bers associated with the extended and contracted 
sheath conformations are separated by a signifi cant free energy peak. This peak can be overcome 
only if the fi bers have become immobilized on the cell surface and the phage particle is being 
jiggled around by the solvent. This mechanism is supported by structural investigations of phage 
T4 baseplate (Leiman et al.  2004 ; Kostyuchenko et al.  2005  )  and R-type pyocin (P. Leiman, 
unpublished data). 

 The other possible mechanism of how fi ber reorientation can be coupled to sheath contraction 
upon attachment to the host-cell surface comes from the observation that many phages require 
divalent cations (most often calcium) for infection. Cell surface molecules, which include phage 
receptors (polysaccharides and proteins), bind those cations making their concentrations near the 
cell surface very high. The high concentration of the ions can cause the baseplate to change its con-
formation and extend the fi bers to bind to the host-cell surface. The baseplate will then change its 
conformation and unlock the sheath. This mechanism is similar to that proposed for the Gram-
positive  Lactococcus lactis  bacteriophage p2 (Sciara et al.  2010  ) , which requires calcium for infec-
tion. However, many contractile tail phages have very week requirements for medium composition 
for successful infection and can infect without calcium or any other divalent ions. Furthermore, 
phage tails contract in 3 M urea but stay intact in calcium or other divalent cations (Leiman et al. 
 2004 ; Leblanc et al.  2009  ) . 

 It is possible that both proposed mechanisms are in play. The fi bers become pointed to the host-
cell surface as a result of solvent-induced phage movement relative to the host-cell surface, but, at 
the same time, the baseplate is more predisposed to changing its conformation in the presence of 
“surface-associated” ions. It is possible that binding of fi bers to the host receptors releases additional 
ions, thus increasing the local concentration even further. 

 As the sheath contracts, it moves the capsid closer to the cell surface making the tail tube protrude 
from below the plane of the baseplate. The baseplate central hub complex, onto which the tube is 
assembled initially and which consists of T4 gp5 and gp27 orthologs, is dislodged from the base-
plate and now forms the tip of the tube. This complex is the membrane-piercing “device,” which is 
driven through the cell outer membrane by the energy of the sheath. The C-terminal domain of the 
T4 gp5 ortholog forms a membrane-piercing spike or needle, and its N-terminal domain plugs the 
opening of the gp27 ortholog trimer, which forms the rim of the tube. The gp5 ortholog must dissoci-
ate from the gp27 ortholog to open the tube channel to allow the phage DNA to exit through the tube. 
It is unclear whether the gp5 ortholog is used to disrupt both membranes and it eventually leaves the 
gp27 ortholog in the cytoplasm or it comes off in the periplasm. Furthermore, there is little data 
about the interaction of the tube with the inner membrane. 

 The large energy, which is stored in the condensed conformation of phage DNA packaged into 
the capsid, is not used in membrane penetration because the pyocins (DNA-free complexes) are able 
to disrupt the host-cell envelope and kill the cells (Scholl et al.  2009  ) . Furthermore, sheath contrac-
tion and DNA ejection are not linked (Leiman et al.  2004  ) . The contraction can be induced by sub-
jecting the phage to moderate concentrations of urea or pH and/or osmotic shock. Phages with 
contracted tails are, however, fairly stable and do not release their DNA. Therefore, the cytoplasmic 
membrane must contain a specifi c receptor, which opens up the tube and triggers the release of 
DNA. This receptor must be at least as abundant as the phage receptor on the cell surface. It is pos-
sible that the tube channel opening might be triggered by certain lipids comprising the cytoplasmic 
membrane. Translocation of DNA into the host cell through the tube is the next step in the infection 
process. The physics of this process is a hot topic of debate in today’s biophysics. This is covered in 
Chap.   7     of this book.  
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    5.5   Structure and Function of Other Contractile Tail-Like Systems 

 In the past few years, several systems, which appear to share their ancestry with contractile tail 
phages, have been characterized. Among those are the R-type pyocins, the bacterial type VI secre-
tion system (T6SS), the  Photorhabdus  virulence cassette (PVC), and rhapidosomes. 

    5.5.1   R-Type Pyocins 

 Pyocins are proteinaceous (DNA-free) bactericidal agents of  P .  aeruginosa . They were fi rst described 
by Francois Jacob as high molecular weight bacteriocins of  P .  aeruginosa  (Jacob  1954  ) , but similar 
bacteriocins were found in other Gram-negative and Gram-positive bacteria (Williams et al.  2008  ) . 
Pyocin DNA resides silently in the bacterial genome until it is activated with a UV or mitomycin C 
treatment (Matsui et al.  1993  ) . This treatment causes DNA damage and activates RecA, which 
degrades the PrtR protein, the repressor of PrtN, a positive transcription regulator of the pyocin gene 
cluster. 

 R-type pyocins are close relatives of phage P2 tail (Nakayama et al.  2000  ) . The R-type pyocin 
particle consists of at least 11 proteins all of which are related to P2 tail genes listed in Table  5.3 . 
R-type pyocin represents one of the smallest contractile tail-like systems. The tube/sheath capping 
proteins of R-type pyocins have signifi cantly diverged (in terms of the primary structure) from their 
P2 orthologs. 

 A pyocin-lysogenized bacterium can produce up to 200 R-type pyocin particles that leave the 
host by causing its lysis. Each of the newly released particles can bind to a bacterium and form a pore 
in its envelope causing depolarization of the cytoplasmic membrane and resulting in host death. Like 
phage, pyocins are very potent bacteriocins, and one pyocin particle is enough to kill a bacterium. 
A pyocin particle can strike only once. Being DNA-free, it does not multiply. Unlike that for a 
phage, the “infection” of a cell by R-type pyocin does not cause cell lysis, which means that the 
cytoplasmic content is not spilled out into the milieu immediately upon cell death. The host specifi c-
ity of pyocins and phages is determined by the tail fi bers, and  P .  aeruginosa  pyocins can be retargeted 
to kill  E .  coli  by equipping the pyocin with a fi ber from an  E .  coli  phage (Scholl et al.  2009  ) . 

 R-type pyocins are divided into fi ve subtypes (R1 through R5), each of which has narrow host 
range (up to a single  P .  aeruginosa  strain).  P .  aeruginosa  cells, which carry a particular pyocin, are 
resistant to it. Thus,  P .  aeruginosa  cells carrying a pyocin can suppress growth or completely elimi-
nate other susceptible  P .  aeruginosa  cells in a given environmental niche (Kohler et al.  2010  ) .  

    5.5.2   Type VI Secretion System 

 The type VI secretion system (T6SS) has been characterized as a secretion system of Gram-
negative bacteria relatively recently compared to the other fi ve types (Mougous et al.  2006 ; 
Pukatzki et al.  2006  ) . It is a remarkably versatile system: T6SS was shown to mediate the interac-
tion between a T6SS-expressing bacterial cell, its eukaryotic host and other bacteria (reviewed in 
(Records  2011  ) . T6SS manifests itself in an increased pathogenicity or determines it for some 
strains of  Vibrio cholerae ,  P .  aeruginosa ,  Edwardsiella tarda ,  E .  coli , and other bacteria. T6SS can 
function as a mediator of competitive interbacterial interactions and as a regulator of a cooperative 
social behavior. T6SS is found in plant-associated bacteria, including both pathogens and symbi-
onts (Records  2011  ) . 
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 T6SS genes are clustered in pathogenicity islands containing 15–20 open-reading frames and can 
be easily detected using a set of conserved genes as markers. It is found in about one quarter of all 
bacterial genomes currently present in the database, often in several copies per genome. In addition 
to the contiguous cluster, homologs of certain T6SS genes could be found in as many as 25 copies 
in different genomic loci. The T6SS genes are predicted to encode cytoplasmic, periplasmic, and 
membrane-associated proteins, ATPases, lipoproteins, and various substrates, which are typically 
recognized by virtue of their extracellular secretion (reviewed in Filloux et al.  2008  ) . Secreted sub-
strates lack recognizable signal sequences and appear in culture supernatant as unprocessed poly-
peptides. Inactivation of individual T6SS genes causes the secreted proteins to be trapped in either 
the bacterial cytoplasm or periplasm, depending on the mutation (Raskin et al.  2006  ) . One of the 
curious characteristics of the T6SS is that some of the proteins required for the function of the appa-
ratus are also extracellularly secreted by the system (Mougous et al.  2006 ; Raskin et al.  2006  ) . 

 Several T6SS proteins show either structural or sequence similarity to phage tail proteins 
(Leiman et al.  2009  ) . In particular, T6SS contains an ortholog of the tail tube protein called 
Hcp (the  h emolysin- c oregulated  p rotein), an ortholog of the gp5–gp27 complex called VgrG 
( v aline- g lycine repeat protein  G ), and a T4 gp25-like protein. Furthermore, two T6SS proteins with 
MWs of ~19 and ~55 kDa form a structure virtually identical to T4 polysheath in low-resolution 
electron microscopy images. This structure can be disassembled by the T6SS-encoded AAA+ 
ATPase in the presence of ATP and Mg ions. The presence of Hcp and VgrG in the external medium 
is the hallmark of active T6SS. VgrG often carries the “effector” or the pathogenicity domain at its 
C-terminus. Using T6SS, bacteria are able to deliver this large (1,000+ residues) trimeric protein 
directly into the cytoplasm of the host cell. Considering the information outlined above, it was pro-
posed that T6SS forms a large phage tail-like structure, which is able to extend from the cell surface 
to attack the host cell. Furthermore, this complex uses a contractile tail-like mechanism for translo-
cation of large molecules, such as a VgrG trimer, into the host-cell cytoplasm. 

 There are several features of T6SS, which set it apart from contractile phage tails. First, only three 
of the fi ve baseplate proteins listed in Table  5.3  are found in T6SS. The orthologs of T4 gp6 and 
gp53 (or P2 gpI) are not found in the T6SS gene cluster. Second, there is no tape measure protein. 
Third, T6SS sheath is formed by two proteins. Fourth, phage tail contraction is a one-time irrevers-
ible event, but T6SS sheath must act continuously, and thus, it must be able to reset itself. 

 Nevertheless, T6SS is clearly related to phage contractile tails (Leiman et al.  2009  ) . Because the 
structure of T6SS machine is unknown, it is very diffi cult to create a description of its mechanism, 
which would explain all the peculiarities of its structure and function.  

    5.5.3    Photorhabdus  Virulence Cassette and Rhapidosomes 

 The cytotoxic activity toward eukaryotic cells by  Serratia entomophila  and  Photorhabdus  species is 
attributed to the expression of a set of genes from the so-called PVC (Hurst et al.  2004 ; Yang et al. 
 2006 ; Hurst et al.  2007  ) . These genes assemble into structures resembling R-type pyocin particles. 
Bioinformatic analysis of the PCV gene cluster shows that it contains two orthologs of the tail tube 
protein or Hcp ( afp1  and  afp5 ), three sheath orthologs ( afp2 ,  afp3 , and  afp4 ), a protein with a gly-
cosidase activity ( afp7 ), the T4 gp5–gp27 complex ortholog ( afp8 ), a T4 gp25-like protein ( afp9 ), a 
T4 gp6 ortholog ( afp11 ), and an AAA+ ATPase ( afp15 ). The PVC gene cluster appears to represent 
a link between the pyocins and T6SS. On the one hand, it contains several tube and sheath proteins 
and the T6SS-like ATPase, but on the other hand, PVC appears to contain the complete minimal 
baseplate and, most importantly, is secreted into the medium, a property, which has never been seen 
for T6SS, but instead is a common feature of R-type pyocins and phages. Thus, the PVC is likely a 
pyocin-like structure, adapted to kill eukaryotic cells in a similar one-off stroke. 
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 The function and structure of rhapidosomes are quite unclear due to limited data (Yamamoto 
 1967  ) . Rhapidosomes appear to represent pyocin-like structures produced by  Photobacterium , 
 Proteus , and  Saprospira . Apparently, many environmental isolates use such objects to inhibit growth 
of other strains or closely related species in their ecological niche.   

    5.6   Conclusion 

 The analysis presented in this chapter shows that the presence of just two proteins, orthologs of T4 
gp25 and gp27, in a phage-like cluster of genes is a required and suffi cient condition to defi ne this 
cluster as a contractile tail relative. Orthologs of T4 gp25, but not the sheath or tube proteins, are better 
conserved and can often be detected using sequence alignment alone. For example, T4 gp25 and P2 
gpW are the only two proteins from T4 and P2 tails with a sequence identity of 26%, which is slightly 
above the “gray area” threshold (Haggard-Ljungquist et al.  1995  ) . The orthologs of T4 gp27 are more 
diverse, but because of their characteristic and unique secondary structure and domain organization, 
they can be identifi ed with help of HMM algorithms (Soding  2005 ; Soding et al.  2005  )  with a high 
degree of confi dence even if they display no signifi cant sequence identity to known gp27 orthologs. 

 Contractile tail-like systems are widespread in the biosphere. Remarkably, the contractile tail-like 
secretion systems can penetrate through both, the bacterial and eukaryotic cell envelopes, suggesting 
that the underlying principle of creating a membrane channel for subsequent protein/DNA transloca-
tion must be universal for bacteria and eukaryotes. However, the structure of many proteins, which 
are involved in creating this channel, and their fate during membrane penetration remain unknown 
at present.      
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  Abstract   In this chapter, we describe the structure, assembly, function, and evolution of the long, 
noncontractile tail of the siphophages, which comprise ~60% of the phages on earth. We place 
 particular emphasis on features that are conserved among all siphophages, and trace evolutionary con-
nections between these phages and myophages, which possess long contractile tails. The large number 
of high-resolution structures of tail proteins solved recently coupled to studies of tail-related com-
plexes by electron microscopy have provided many new insights in this area. In addition, the avail-
ability of thousands of phage and prophage genome sequences has allowed the delineation of several 
large families of tail proteins that were previously unrecognized. We also summarize current knowl-
edge pertaining to the mechanisms by which siphophage tails recognize the bacterial cell surface and 
mediate DNA injection through the cell envelope. We show that phages infecting Gram-positive and 
Gram-negative bacteria possess distinct families of proteins at their tail tips that are involved in this 
process. Finally, we speculate on the evolutionary advantages provided by long phage tails.   

     6.1   Introduction 

 Tailed phages are the predominant type of phage on earth, comprising 95% of the total 
 ( Ackermann  2007  ) . These phages are divided into three classes based on morphology: long non-
contractile ( Siphoviridae  or siphophages), long contractile ( Myoviridae  or myophages), or short 
( Podoviridae  or podophages). These tails fulfi ll two essential functions in phage propagation 
(1) attachment of the phage particle to the outer surface of the bacterium, and (2) injection of the 
phage DNA into the host cell. The construction of a phage tail involves many different phage 
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gene products and requires a carefully regulated multistep assembly pathway. The prevalence of 
tailed phages in spite of the complexity and metabolic cost of building these structures implies that 
tails must provide phages with a tremendous evolutionary advantage. Although attachment to the 
cell surface could likely be achieved through many mechanisms, injection of the genome through 
the thick peptidoglycan layer of the Gram-positive bacterium, or the labyrinthine double membrane 
of the Gram-negative bacterium may present the most diffi cult challenge in the life cycle of a phage. 
A tail appears to provide the best solution to this problem, and may represent one of nature’s best 
designed machines for the transfer of macromolecules into bacteria. 

 In this chapter, we describe the long noncontractile tail of the siphophages, which are the most 
abundant class of tailed phages. A description of the contractile tail of myophages is provided in 
Chapter 5. We fi rst provide an overview of the genomic and structural aspects of noncontractile tails, 
placing particular emphasis on features that are most conserved and on current knowledge pertaining 
to tail assembly. The second section explains how the tail components are utilized during the process 
of cell surface attachment and DNA injection. Finally, we discuss issues related to the evolution of 
long phage tails. In presenting this material, we include new insight gleaned from our own unpub-
lished sequence and structural analyses, and some speculation that we hope will not seem too far-
fetched. Remarkably, this chapter represents the fi rst ever general review on siphophage tails; 
thus, we had to cover a broad range of topics and many decades worth of research.  

    6.2   The Structure of the Noncontractile Tail 

    6.2.1   General Architecture and Assembly of a Noncontractile Phage Tail 

 As alluded to above, long phage tails can be divided into two distinctive classes:  noncontractile , 
which are found in the siphophages, and  contractile , which are found in the myophages. While this 
chapter is focused on noncontractile tails, defi nite evolutionary connections between these two types 
of long tails have become apparent in the past few years, and this issue is raised at many points in 
the chapter. Figure  6.1  displays the conserved features and protein components of the noncontractile 
tail. As depicted in this fi gure, we have adopted generic names and abbreviations for these proteins. 
The use of these names is aimed at clarifying our discussion as most of these proteins are 
confusingly designated by either numbers or letters that are not consistent among different phages.  

 As is depicted in Fig.  6.1 , the “top” surface of the tail, which interacts with the head, is formed 
by the tail terminator protein (TrP). The TrP attaches to the top of the tail tube by binding to the 
tail-tube protein (TTP), which is the most abundant protein in the  Siphoviridae  tail and comprises 
the bulk of the tubular portion. Tail tubes are usually composed of a stack of hexameric rings of the 
TTP. The tape measure protein (TMP) is found within the tail tube and its size determines the tube 
length by precisely regulating the number of tail tube rings that can polymerize into the tail struc-
ture. The tail tip complex (TTC) is positioned at the “bottom” of the tail and is responsible for 
interaction with the host cell. The TTC varies in structure and protein composition among different 
groups of siphophages with some displaying a narrow tapered tip while others possess diverse 
“baseplate” assemblies. Cell surface attachment is usually mediated by tail fi bers, which project 
from the TTC. We have divided tail fi bers into two groups depending on their position within the 
TTC, with central fi ber proteins (CFPs) being attached to the center of the TTC and side fi ber pro-
teins (SFPs) emanating from the side of the TTC. The folding of SFPs is aided by the side fi ber 
chaperones (SFCs). Two more families of proteins, which we refer to as the tail completion proteins 
(TCPs) and tail assembly chaperones (TACs), are also highly conserved in tail operons yet their 
functions are poorly defi ned. 

 Although the siphophage tail assembly pathway has been extensively characterized only for the 
phage  l  system, the basic assembly steps are very likely to be the same in all of these phages. As will 
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be described below, assembly initiates with formation of the TTC. The TTC serves as a platform 
upon which TTP polymerization occurs. The TMP is attached to the TTC prior to TTP polymeriza-
tion, and this reaction proceeds until the end of the TMP is reached. At this point, the TrP is added 
to permanently halt polymerization.  

    6.2.2   The Conserved Order of Siphophage Tail Genes 

 In general, the genes encoding proteins comprising the tails of diverse siphophages are arranged in a 
similar order. In light of the extreme sequence diversity seen among siphophage tail proteins, this 
conserved gene order provides crucial information for the prediction of gene function. The tail gene 
order usually follows the “body plan” of the phage tail with genes encoding proteins at the top of the 
tail (e.g., the TrP) appearing at the 5 ¢ -end of the operon and genes encoding proteins at the bottom of 
the tail being positioned at the 3 ¢ -end. Landmarks distinguishing most tail operons include large open-
reading frames encoding the TMP and tail fi bers (CFPs and/or SFPs) and a programmed translational 
frameshift involving the TAC, the gene of which is almost always located between the TTP and TMP 
genes. In Fig.  6.2 , we show the genomic layout of well-studied siphophages that will be highlighted 

DTP = Distal Tip Protein

BHP = Base Plate 
Hub Protein

RBP = Receptor 
Binding
Protein 

Gram-Positive TTC

TTP = Tail Tube Protein

TrP = Tail Terminator Protein

TCP = Tail Completion Protein

TMP = Tail Measure Protein

TTC = Tail Tip
Complex

CFP = Central Fiber Protein

Phage 
Head

?

DNA

TAC = Tail Assembly   
Chaperone

SFP = Side Fiber Protein

SFC = Side Fiber 
Chaperone

CFP

  Fig. 6.1    The conserved features and proteins of the siphophage tail. A schematic of the typical siphophage tail is 
shown. The names and abbreviations used in this chapter for conserved tail proteins are indicated. Proteins designated 
with  red arrows  are not found in the fi nal tail structure, but likely serve as chaperones. The “?” indicates that the posi-
tion of the TCP within the phage tail is not known. The  inset  shows schematic of features of the tail tip complex of a 
Gram-positive infecting siphophage. RBPs and CFPs are not always both present. The CFP may or may not be cova-
lently joined to the BHP. The  hatched boxes  in the Gram-positive TTC represent regions of the indicated proteins that 
display the tail-tube fold       
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in this chapter:  Escherichia coli  phages  l , and T5,  Bacillus subtilis  phage SPP1, and  Lactococcus 
lactis  phages TP901-1 and p2. In some cases, gene functions shown in Fig.  6.2  have been assigned 
through our own bioinformatic analyses performed in the process of preparing this chapter.   

    6.2.3   The Tail Terminator Protein 

 Although tail length is determined by the TMP, as will be discussed in Sect.  6.2.5 , addition of a TrP 
to the top of the tail is required to permanently halt tail polymerization, and form the interface for 
head attachment. Phage bearing nonsense mutations in TrP-encoding genes are unable to assemble 
viable phage particles, and lysates of such mutants display aberrantly elongated tails that are not 
attached to heads. Mutations affecting likely TrPs have been described in several myophages [Mu 
(Grundy and Howe  1985  ) , P2 (Lengyel et al.  1974  ) , T4 (Vianelli et al.  2000  ) , and SPO1 (Parker and 
Eiserling  1983  ) ]. Phage  l  gpU is the only characterized TrP from a siphophage, but it has been 
studied in much more detail than any other TrP. 

 GpU is monomeric at high concentration (~1 mM) on its own in solution, and its structure in this 
state was determined using NMR spectroscopy (Edmonds et al.  2007  ) . Upon contact with the hexa-
meric ring of the TTP at the top of the tail, gpU hexamerizes into a ring of similar dimension to the 
tail tube (Katsura and Tsugita  1977  ) . The biologically relevant hexameric structure of gpU was 
solved by X-ray crystallography, and mutagenesis studies based on this structure allowed identifi ca-
tion of the top (i.e., interacting with the head) and bottom surfaces of the gpU ring (Fig.  6.3 ) 
(Pell et al.  2009a  ) . It was found that amino acid substitutions at crucial positions on the top surface 
resulted in the production of normal length tails that could not attach to heads, presumably because 
these mutants were still able to interact with the tail tube and prevent aberrant polymerization. 
These mutants, when expressed from plasmids within infected cells, also inhibited the growth of 
wild-type  l  phage (“dominant negative” phenotype). On the other hand, mutants bearing substitu-
tions at the bottom surface of gpU were not dominant negative, and elongated tails were produced in 

  Fig. 6.2    The conserved genome arrangements of siphophage tail-encoding regions. Tail-encoding regions from 
siphophages,  E. coli  phages  l , and T5,  B. subtilis  phage SPP1,  L. lactis  phages TP901-1 and p2, and the  E. coli  myo-
phage Mu are shown. Genes encoding proteins that are likely to be homologous are depicted in the same color. 
Homology was established through searches using PSI-BLAST or HHPred. The generic abbreviations we have used 
for phage tail proteins are shown above the genes. Certain abbreviations are used only for Gram-positive infecting 
phages. Genes colored in  gray  all encode spike or fi ber proteins positioned at the center of the tail. However, homol-
ogy has not been established for all of these proteins. Ig-like domains attached to TTPs are shaded as are experimen-
tally established frameshifts in TAC genes       
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their presence, indicating that they were unable to interact with the tail tube and halt polymerization. 
Comparison of the NMR and crystal structures of gpU showed that regions on the bottom surface of 
the ring undergo large conformational transitions upon hexamerization, which involve unstructured 
regions becoming ordered. The unstructured regions in monomeric gpU were hypothesized to pre-
vent self-hexamerization until the tail tube is contacted. These studies on gpU illustrate some recur-
ring themes in investigations on morphogenetic proteins; namely, that unstructured regions often 
play crucial roles in regulating assembly, and that the isolation of dominant negative mutations can 
lead to the visualization of informative assembly intermediates. In addition, insight into the struc-
tural transitions occurring upon assembly can be obtained by comparing monomeric NMR struc-
tures with oligomeric crystal structures of the same protein.  

 Since all long-tailed phages must avoid uncontrolled tail-tube polymerization and create a 
head-joining interface at the top of the tail tube, they are all expected to possess a TrP. However,  l  is 
the only siphophage with a proven TrP, and extensive PSI-BLAST (Altschul and Koonin  1998  )  
searching for sequences similar to gpU yielded very few hits to other siphophages (Pell et al.  2009a  ) . 
By assuming that the TrP-encoding genes of siphophages generally lie adjacent to the TTP-encoding 
gene as is seen for  l  (Fig.  6.2 ), we identifi ed putative TrPs in diverse siphophages and found that the 
predicted secondary structure of these proteins was similar to the known secondary structure of gpU, 
despite the lack of sequence similarity between gpU and these other proteins (Edmonds et al.  2007  ) . 
This observation suggests that these proteins may be TrPs. It is notable that many putative TrPs from 
diverse siphophages, which we have identifi ed based on genome position, can be connected by PSI-
BLAST iterative sequence searches (our own unpublished results). For example, a PSI-BLAST 
search using the putative TrP of HK97 as a query revealed sequence similarity to putative TrPs in  B. 
subtilis  phage SPP1,  Pseudomonas aeruginosa  phage D3, and a variety of  Staphylococcus  and 
 Streptococcus  phages. Recently, a putative siphophage TrP from a prophage of     B. bronchisepta  was 
solved by a structural genomics group (PDB ID: 2L25). Its structure closely resembles that of gpU 
and its sequence is similar to the putative TrP of  E. coli  phage T1, and those of many other 
siphophages. This structure further supports the common evolutionary origins of TrPs with highly 
diverged sequences. 

 Although the sequence of gpU could not be linked by sequence alone to putative TrPs of most 
siphophages, gpU is clearly evolutionarily related to the TrPs of a large number of myophages. 
Through a database search, the structure of gpU was found to be very similar to that of protein 

  Fig. 6.3    The crystal structures of the TrP of phage  l  (gpU) and a prophage-encoded homologue. The structure of the 
biologically relevant hexameric form of gpU is shown (PDB ID: 3FZ2). The experimentally determined top (head 
binding) and bottom (tail binding) surfaces of the gpU hexamer are indicated (Pell et al.  2009a  ) . Specifi c residues 
implicated in tail (Asp54) and head binding (Arg111 and residues 29–33) are shown in stick representation, and are 
colored  green  and  yellow , respectively. The structure of gpU is compared to that of STM4215 (PDB ID: 2GJV), which 
is encoded in a prophage-derived region of  Salmonella . STM4215 is a component of a myophage tail       
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STM4215 (PDB ID: 2GJV), which is encoded in a prophage-related region of  Salmonella  (Fig.  6.3 ). 
Although this prophage element is uncharacterized, the gene encoding STM4215 lies adjacent to 
other genes encoding components of a contractile tail and the gene order resembles the tail region 
of the myophage Mu (Fig.  6.2 ). STM4215 was crystallized as a hexameric ring with very similar 
tertiary and quaternary structures to that observed for the hexameric crystal structure of  l  gpU 
(Pell et al.  2009a  ) .    Through PSI-BLAST searches and detection of transitive homology, the 
sequences of gpU and STM4215 were shown to be related to one another and to a diverse group of 
putative myophage TrPs (Pell et al.  2009a  ) . These related proteins include phage Mu gp37 (gpK), 
which is almost certainly a TrP based on its genomic position (Fig.  6.2 ) and the phenotype of 
mutants in the gene encoding it (Grundy and Howe  1985 ; Smith et al.  2010  ) . The conservation of 
structure and sequence among putative TrPs from diverse myo- and siphophages suggests that TrPs 
may be a conserved feature of all long-tailed phages that may have arisen from a common 
ancestor.  

    6.2.4   The Tail-Tube Protein 

 The TTP is the most abundant protein within siphophage tails, and is also referred to as the major 
tail protein in many publications. Here we use the term “tail-tube protein” to differentiate this pro-
tein from the tail sheath protein of myophages, which has also been referred to as a major tail 
protein, and to emphasize the probable common evolutionary origin of TTPs of both myo- and 
siphophages. The TTP of  l , gpV, is the only TTP that has been studied intensively. The N-terminal 
domain of gpV (gpV 

N
 , residues 1–160) is necessary and suffi cient for the formation of a tail tube, 

while the C-terminal domain (gpV 
C
 , residues 161–246), which is a member of the Ig-like domain 

family, plays an accessory role (see Sect.  6.3.1 ) (Katsura  1981  ) . The  l  tail tube is comprised of a 
stack of 32 hexameric rings of gpV. Purifi ed unassembled gpV exists in a monomer–dimer equilib-
rium (Katsura and Tsugita  1977  ) , but when the TTC is encountered, it readily hexamerizes and polym-
erizes into a tube (for a review of  l  tail assembly see Katsura  1983  ) . The TMP (gpH in phage  l ), 
extends inside the tail tube, and determines the number of gpV hexamers that are incorporated. 

 Determination of the solution structure of gpV 
N
  revealed a strong structural similarity with the 

TTP of the well-characterized PBSX prophage of  B. subtilis  (Fig.  6.4a ) (Pell et al.  2009b  ) , which was 
solved by a structural genomics group. This was a striking fi nding because the particles produced by 
PBSX possess a contractile tail; thus demonstrating that myo- and siphophage tail tubes are con-
structed with the same building block. Although the TTP of PBSX and gpV 

N
  display no detectable 

sequence similarity, this structural similarity, combined with the gene order conservation observed in 
regions encoding these proteins in most sipho- and myophage genomes (Fig.  6.2 ), provides strong 
evidence of an evolutionary link between the tubes of contractile and noncontractile tails. Due to the 
extreme sequence divergence among TTPs and other conserved tail proteins, the detection of struc-
tural similarities between these distantly related proteins is crucial for tracing their evolution.  

 The structure of gpV 
N
  was also discovered to be very similar to the putative tube protein of the 

Type VI secretion system, Hcp1 (Fig.  6.4b ) (Pell et al.  2009b  ) . This structural similarity provided 
additional support to previous observations that this secretion system is evolutionarily related to 
phage tails (Leiman et al.  2009  ) . Remarkably, Hcp1 is assembled into hexameric rings within its 
crystal lattice that stack to form tubes (Fig.  6.4c ). The dimensions of the Hcp1 hexameric rings 
(90 Å, with a 40-Å central hole) are strikingly similar to the dimensions of the hexameric rings of 
gpV in tails (90 Å, with a 30-Å central hole; Katsura  1981  ) . Modeling of gpV 

N
  into the hexameric 

structure of Hcp1 led to a prediction of the assembled structure of gpV 
N
  in the tail and mutagenesis 

provided biological support for this model. These data provided the fi rst molecular details of how a 
TTP assembles within the tail tube. 
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 Given the structural conservation of TTPs in both a contractile and noncontractile tail, as well as 
the Type VI secretion system, we predict that this conservation will be seen in all long-tailed phages. 
One apparent outlier among TTPs is that of phage T5, which exhibits threefold symmetry rather than 
sixfold (Effantin et al.  2006  ) . Interestingly, this TTP, which has few identifi able homologues, is 
approximately twice the size of other TTPs. It is possible that it possesses two copies of a TTP-like 
fold within its sequence, such that a pseudohexameric structure might exist. This phenomenon 
occurs in baseplate hub proteins (BHPs) and will be discussed in Sect.  6.2.7.1 .  

    6.2.5   The Tape Measure Protein 

 The TMP is a conserved feature of all long phage tails, and it plays key roles in both tail assembly 
and injection of the phage DNA into the host cell. The TMP attained its name because its length 
controls the length of the phage tail. Within any particular species of phage, virtually every particle 
possesses a tail with precisely the same length. It has been shown for both sipho- and myophages 
that this precisely determined tail length can be shortened or elongated by a proportional change in 

  Fig. 6.4    Comparison of the structure of the N-terminal domain of the TTP of  l  (gpV 
N
 ) to related structures. ( a ) The 

structure of gpV 
N
  (PDB ID: 2K4Q) is superimposed on the TTP structure (PDB ID: 2GUJ) from the  B. subtilis  

prophage-encoded myophage-like particle, PBSX. These structures can be overlaid with an RMSD of 1.9 Å over 57 
equivalent C 

 a 
  positions. ( b ) The structure of gpV 

N
  is superimposed on the structure of Hcp1 (PDB ID: 1Y12), the 

likely tube protein from the Type VI secretion system. These structures can be overlaid with an RMSD of 2.1 Å over 
74 equivalent C 

 a 
  positions. ( c ) Hcp1 forms a hexamer which is of the same size as the rings of gpV found within  l  

tails (Pell et al.  2009b  ) . As shown on the  right , Hcp1 also formed tubes upon crystallization that resemble phage tails. 
One molecule of gpV 

N
  ( blue ) is overlaid on the Hcp1 hexamer ( yellow ) in this fi gure       
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the length of the TMP (Abuladze et al.  1994 ; Katsura and Hendrix  1984 ; Pedersen et al.  2000  ) . 
Katsura most elegantly illustrated the role of the TMP in tail length determination by generating a 
series of deletions and one duplication in the  l  TMP that resulted in tails ranging from less than half 
the size of wild-type to one more than 20% longer (Katsura  1987  ) . The tail lengths observed for the 
12 different mutants correlated almost perfectly with the length of the mutant TMPs. 

 The position of the TMP within the tail as well as its precise mechanism of action have not been 
unequivocally determined. However, it has been shown for both  l  (Katsura and Kuhl  1975  )  and 
 L. lactis  phage TP901-1 (Vegge et al.  2005  )  that the TMP is a component of the precursor complex 
upon which TTP polymerization is initiated. Since all TMPs are predicted to be highly helical over 
most of their length, they are surmised to form extended helices that are encased within the tail tube. 
Supporting this idea, the amino acid lengths of most TMPs modeled as a continuous helix are con-
sistent with the observed length of their associated phage tail. For example, the 853 amino acid TMP 
of  l  would form a single continuous helix approximately 128 nm in length (~1.5 Å translation per 
residue in an  a -helix), which is similar to the ~135 nm length of the  l  tail tube. Given that the TMP 
forms a long helix that is attached to the tail tube initiator complex, the TTP likely polymerizes 
around the TMP and this polymerization pauses once the end of the TMP has been reached. At this 
point, the TrP must be incorporated or polymerization will continue, resulting in aberrantly long 
tails. The TMP may function by simply allowing TTP polymerization, while at the same time pre-
venting the interaction of the TrP with the growing tail tube. This possibility is supported by the 
observation that the  l  TrP will prevent the formation of any tail tube–related structures when TTP 
polymerization is initiated by aberrant initiator complexes lacking the TMP (Katsura  1976  ) . 
Furthermore, the  l  TrP is expressed at a higher level than the TTP (Murialdo and Siminovitch  1972  ) , 
which would facilitate its rapid addition to the growing tail tube once the end of the TMP was 
reached. The TMP is clearly not essential for TTP polymerization as this reaction can occur in the 
absence of the TMP in several different mutant backgrounds of phage  l  (Katsura  1976  ) . 

 The stoichiometry of the TMP of  l  was estimated at 6–7 per phage particle from microdensitom-
eter analysis of protein gels (Casjens and Hendrix  1974a  ) , which fulfi lls the expectation that six 
copies of the TMP per phage are required to match the sixfold symmetry of the tail tube. Since a 
six-helix bundle could fi t inside the confi nes of a tail tube (Fig.  6.5 ), this stoichiometry is reasonable. 
Interestingly, many TMPs possess recognizable conserved folded domains within their sequences. 
These domains often have high similarity to peptidase (e.g., pfam family: Peptidase_M23, PF01551; 
Finn et al.  2010  )  or peptidoglycan-degrading (e.g., pfam family: SLT, PF01464) domains. They are 
usually positioned near the C-terminal end of TMPs and might protrude from the bottom of the tail 
tube. However, deletion of one of these domains from the TMP of Mycobacteriophage TM4 did not 
completely abrogate function. This deletion did result in a shorter tail (Piuri and Hatfull  2006  ) , 
strongly implying that this folded domain, which is functionally important under some conditions 
(see Sect.  6.3.3 ), must be squeezed within the interior of the tail tube. The means by which TTP 
polymerization on the TMP could cause deformation of a folded domain is intriguing and has not 
been investigated.  

 Another interesting feature of TMPs is that several, including those of phages T5 (Zweig and 
Cummings  1973  ) , TP901-1 (Pedersen et al.  2000  ) , and PSA (Zimmer et al.  2003  ) , are found within 
phage particles in a proteolytically processed form. Studies on phage  l  TMP showed that approxi-
mately 10 kDa are cleaved from the C terminus (Walker et al.  1982  ) , and that this cleavage occurs 
during tail assembly only after TTP polymerization is complete and the TrP has been incorporated 
(Tsui and Hendrix  1983  ) . Since the C terminus of the TMP lies at the bottom of the tail, there must 
be a means by which completion of tail polymerization is sensed at the bottom of the tail so that 
cleavage is brought about at that location. The purpose for TMP cleavage and whether TMP cleav-
age occurs by the same mechanism and for the same purpose in different phages is not known.  
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    6.2.6   The Tail Assembly Chaperone 

 Another conserved feature of the genomic regions encoding long phage tails is the presence of two 
ORFs between those encoding the TTP and the TMP. These ORFs correspond to the  G  and  T  genes in 
 l  and have often been referred to by these names. In  l , gpT is never made on its own, but is only syn-
thesized in a form where it is fused to the C terminus of gpG to form a protein known as gpGT 
(Levin et al.  1993  ) . The gpGT fusion protein is formed through a −1 translational frameshift, which 
occurs at the end of the  G  ORF. This frameshift occurs at a frequency of approximately 4% resulting 
in a fi xed ratio between the abundance of gpG and gpGT during infection. Remarkably, the presence 
of a predicted frameshift mechanism is highly conserved across very diverse long-tailed phages in 
genes encoding the likely homologues of gpG and gpGT (Xu  2001  ) . Frameshifting in these genes has 
been experimentally proven for a number of different phages, including myophages [e.g.,  E. coli  phages 
Mu (Xu et al.  2004  )  and P2 (Christie et al.  2002  ) ] and siphophages infecting diverse bacterial species 
(e.g.,  Streptomyces  phage  j C31,  Mycobacteria  phage L5 and  E. coli  phage HK022; Xu et al.  2004  ) . 

 Although the functions of gpG and gpGT have not been fully elucidated, these proteins and their 
homologues have been referred to as TACs. This designation is based on the observation that gpG 
and gpGT are required for tail assembly and gpG is very highly expressed during a  l  infection at a 
level similar to the TTP, yet neither protein is found within assembled  l  particles (Levin et al.  1993  ) . 
The gpG to gpGT ratio is crucial for proper tail assembly, which explains the high conservation of 
the frameshift between these two ORFs as frameshifting ensures a fi xed ratio between the two pro-
teins regardless of transcription or translation level (Xu  2001  ) . The covalent attachment of the gpT 
moiety to gpG is also essential for function. Crystallographic studies of a putative TAC (as deduced 

  Fig. 6.5    A six-helix bundle, 
as may be formed by the 
TMP, can fi t inside a phage 
tail tube. The six-helix bundle 
formed by gp41 of HIV 
(PDB ID: 1K33) was 
positioned inside the 
hexameric ring formed by the 
tube protein of the Type VI 
Secretion System (PDB ID: 
1Y12). This ring possesses 
approximately the same inner 
diameter as a phage tail tube. 
The  lower  picture is a 
sideview with the front 
monomers removed       
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from its genomic position and presence of a frameshifted ORF) from  L. lactis  phage p2 revealed a 
spiral structure with an internal diameter of 36 Å, which is similar to the internal diameter of a tail 
tube (Siponen et al.  2009  ) . The authors speculated that the TAC may form a spiral around the long 
helical portion of the TMP and keep this protein in solution. A putative interaction between the TAC 
and TMP is consistent with experiments showing that gpG of  l  binds to the TMP and increases its 
solubility (Xu  2001  ) , and with the observation that in the absence of the putative TAC of  E. coli  
myophage P2, its TMP is proteolyzed at a rapid rate (Lengyel et al.  1974  ) . The biological relevance 
of the spiral seen for the phage p2 TAC is supported by other unpublished structures present in the 
PDB (3KLU and 3FGX) that we have identifi ed as likely prophage-encoded TACs. These proteins 
also form spirals in the crystal with internal diameters of approximately 40 Å. The TAC of phage 
HK97 (2OB9), which was solved by X-ray crystallography in our laboratory, was found to form an 
octameric ring with a 40-Å diameter. All these structures support the hypothesis that the TAC forms 
a spiral or rings around the TMP, and may carry out its chaperone function through this mechanism. 
The function of the C-terminal extension placed onto the TAC by frameshifting is not known, but 
some experiments have suggested that this region of  l  gpGT binds to the TTP (Xu  2001  ) .  

    6.2.7   The Tail Tip Complex 

 While the upper portions of the tails of all siphophages and myophages are likely constructed with 
related components assembling through similar mechanisms, tail tip structures are more diverse. EM 
studies have revealed a variety of structures at the tips of siphophages including tapered conical tips 
with a long straight fi ber at the end as seen on phages  l  and SPP1, baseplate-like structures as seen 
on  L. lactis  phages TP901-1 and p2, and even rosettes as seen at the tip of  E. coli  phage RTP 
(Wietzorrek et al.  2006  ) . The nature of the receptor-binding proteins found at siphophage tail tips 
can vary markedly with many phages, such as  l , SPP1, and T5 utilizing fi bers for interaction with 
their hosts while other phages, such as p2, use only a globular receptor-binding protein (RBP). 
TP901-1 displays both globular RBPs and a fi ber on its tail. Despite this apparent diversity, recently 
solved structures of siphophage tail tip proteins point to evolutionarily conserved features among 
diverse tail tips of sipho- and myophages. 

    6.2.7.1   The Baseplate Hub Protein 

 In myophages, the TTC is generally referred to as the “baseplate” and a component known as the 
baseplate hub protein (BHP) lies at the center of this structure (see Chapter 5). In the  E. coli  
myophage T4, the six wedges of the baseplate are connected to the BHP, gp27, which forms a 
central ring-shaped trimer. The BHP serves as the adaptor to connect the sixfold symmetric tail tube 
to the threefold symmetric tail spike (gp5), which protrudes from the bottom of the tail. This adaptor 
function is possible because the two domains comprising the top of the BHP possess the same 
tertiary structure; thus they form a pseudo-hexameric ring within the trimeric BHP structure that 
matches the sixfold symmetric components of the tail tube (Fig.  6.6a ). The BHP of  E. coli  myophage 
Mu, known as gp44 or gpP, possesses the same tertiary and quaternary structure as T4 gp27 despite 
a lack of detectable sequence similarity between these two proteins (Kondou et al.  2005  ) . The 
conservation of this structure in these diverse phages and the membership of Mu gp44 in a very 
large sequence family (pfam family: PF05954) imply that the baseplate hub is a widely conserved 
feature of myophages. A very similar structure is also found as a component of the Type VI bacterial 
secretion system, which is related to myophage tails (Leiman et al.  2009  ) .  

 The crystal structure of the complete TTC of the  L. lactis  siphophage, p2, revealed the presence of 
a trimeric central component, composed of ORF16, with strong structural similarity to the  myophage 
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BHPs (Sciara et al.  2010  ) . ORF16 occupies a similar position as the myophage baseplate hubs at the 
bottom of the tail tube; however, it does not connect to a tail spike or to baseplate wedge subunits. 
Since ORF16 possesses very few homologues detectable through sequence comparisons, the ques-
tion of whether BHP-like proteins are a widespread component of siphophage tails was not clear 
upon publication of this structure. However, an unpublished structure (3GS9) of a protein encoded by 
a  Listeria  prophage possesses strong structural similarity to BHPs (the individual domains of this 
protein can be overlaid on those from other BHPs with RMSD values of 1.8 Å or less, Fig.  6.6b ). This 
protein is 95% identical to gp18 of the characterized  Listeria  siphophage A118, and is encoded in a 
genomic position consistent with its performing the function of a BHP (i.e., its gene is located 2 
ORFs downstream of the TMP, Fig.  6.2 ). Our own bioinformatic studies focusing on gp18 indicate 
that homologues are found in almost all siphophages infecting Gram-positive organisms, including 
well-characterized phages such as SPP1 and TP901-1. However, no BHP-related sequences were 
detected in Gram-negative-infecting siphophages. Since there are currently no structures available 
for any TTC protein of a Gram-negative infecting siphophage, whether a new family of BHPs will be 
found in this class of phages remains an open question. 

 A distinctive feature of the BHP-fold-containing proteins of siphophages is their highly variable 
length. While gp18 of phage A118 is only 341 amino acids and is entirely encompassed by the BHP 
structure, phage tail proteins with strong similarity to gp18 at their N-termini range in length to well 
over 1,000 residues. Many of these proteins, such as Tal of phage TP901-1 and gp21 of phage SPP1, 
are known to encode the CFPs of these phages. While in myophages the trimeric tail spike is attached 
to the BHP in a noncovalent manner, it appears that in many siphophages, the likely trimeric tail fi ber 
is attached covalently to the BHP. Interestingly, some of these BHP-fi ber fusion proteins are known 
to be proteolytically cleaved during tail assembly (Vegge et al.  2005 ; Kenny et al.  2004  ) , and it is 
possible that cleavage of the fi ber from the hub must occur at some point in the infection cycle for 
all of these phages. In some cases, this cleavage may occur after adsorption onto the cell surface.  

  Fig. 6.6    Structures of BHPs. ( a ) A  top view  of the  Listeria  prophage BHP shows the trimeric structure ( left ) and the 
pseudohexameric structure ( right ). In the  right side  depiction, domain 1 (residues 3–90) is colored  blue  and domain 4 
(residues 178–201, 268–322) is colored  red . These domains possess a very similar tertiary structure. ( b ) The structure 
of a BHP encoded by a  Listeria  prophage (PDB ID: 3GS9) that is 95% identical to the BHP of  Listeria  phage A118 
is shown next to the BHP from  E. coli  myophage Mu (PDB ID: 1WRU). The domains comprising the upper ring of 
these structures (domains 1 and 4) can be superimposed on each other with an RMSD of 1.6 Å over 93 equivalent C 

 a 
  

positions. The second domains of these structures can be superimposed on each other with an RMSD of 1.6 Å over 62 
equivalent C 

 a 
  positions, and the third domains display an RMSD of 1.7 Å over 39 equivalent C 

 a 
  positions       
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    6.2.7.2   The Distal Tail Protein 

 Another highly conserved feature of the TTCs of siphophages infecting Gram-positive bacteria is 
the distal tip protein (DTP), which is also known as Dit. PSI-BLAST searches reveal sequence simi-
larity between the DTP homologues of most Gram-positive siphophages, including SPP1, TP901-1, 
and A118 (Veesler et al.  2010  ) . Recent X-ray crystallographic and cryoEM studies on the DTP of 
phage SPP1 indicated that the DTP forms a hexameric ring that lies between the bottom of the tail 
tube and the top of the BHP. The likely arrangement of the BHP and TTP within a reconstruction of 
the intact SPP1 tail obtained using contrast EM (Plisson et al.  2007  )  is shown in Fig.  6.7 . The DTP 
of phage SPP1 is very similar in structure to the DTP of phage p2 (ORF15) despite a lack of detect-
able sequence similarity between these proteins. The DTP of phage p2 was solved in the context of 
the complete TTC and it was seen to interact with the BHP in the same manner as that postulated for 
the SPP1 proteins in Fig.  6.7  (Sciara et al.  2010  ) . The DTP is a two-domain protein with the 
N-terminal domain comprising the central ring and the C-terminal domains protruding from this 
ring. In phage p2, the C-terminal domain interacts with proteins comprising the baseplate to which 
the RBPs are attached, while the tapered tip of SPP1 does not require this interaction.  

 It should be noted that the placement of the DTP and BHP of SPP1 in the tail EM density, as 
shown in Fig.  6.7 , contradicts the previous interpretation of this EM reconstruction (Plisson et al. 
 2007  ) , which had assigned the conical “cap” region at the bottom of the tail as being fi lled by a 
C-terminal domain of the TMP. This assignment was based on previous work showing that 
antibodies reactive against the TMP of TP901-1 labeled the tip of the tail as visualized by 

  Fig. 6.7    An EM-based model of a Gram-positive infecting phage tail. The electron density outline derived from a 
three-dimensional reconstruction of the phage SPP1 tail based on negatively stained images is shown (Plisson et al. 
 2007  ) . Two hexamers of Hcp1 ( yellow ) were fi t into the region corresponding to the tail tube. The “cap” region was 
fi lled with one hexamer of the DTP from phage SPP1 ( blue ) (PDB ID: 2X8K), and one trimer of the BHP from phage 
p2 ( red ) (PDB ID: 2WZP). The head-binding domain (PDB ID: 1LKT) and main domain (PDB ID: 1TSP) from 
 E. coli  podophage P22 tail spike were previously fi tted (Plisson et al.  2007  )  into the EM density corresponding to the 
CFP (gp21). This fi tting shows that a protein with a Tail Spike structure can fi t into this density. There is no evidence 
of homology between the SPP1 and P22 proteins. This fi gure was supplied through the courtesy of D. Veesler, 
C. Cambillau, and coworkers and a manuscript describing this has been submitted       
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immunogold TEM (Mc Grath et al.  2006  ) . However, to achieve this labeling of the TMP, a baseplate 
protein (BppU or ORF48) mutant had to be used, which might have destabilized the tail and allowed 
exposure of the TMP during preparation of the EM micrographs. The fi tting of the DTP and BHP 
shown in Fig.  6.7  is probably correct because there are no other regions of EM density into which 
these proteins can be fi t in any satisfactory manner (the fi tting of the DTP into this density is described 
in (Veesler et al.  2010  ) , and fi tting of the BHP will be described in a future manuscript; C. Cambillau, 
personal communication). This interpretation of the SPP1 electron density agrees with a recent EM 
analysis of the TTC of phage TP901-1 where a similarly positioned, cone-shaped electron density at 
the bottom of the tail tube was assigned as a BHP structure comprised of the N-terminal domain of 
the Tal protein (ORF47) (Bebeacua et al.  2010  ) . This arrangement of the tail tube, DTP, and BHP is 
likely conserved among most Gram-positive infecting siphophages. 

 Although DTP and BHP sequences are highly conserved among phages infecting Gram-positive 
bacteria, extensive PSI-BLAST searching performed in our laboratory failed to detect any similar 
sequences among tail proteins of phages infecting Gram-negative hosts. This result demonstrates 
that certain proteins in the TTCs of siphophages are distinctly conserved among phages infecting 
Gram-positive bacteria. This situation contrasts sharply with conservation patterns seen among pro-
teins in other locations of the tail (e.g., the TTPs, see Sect.  6.4.1 ) where proteins from phages infect-
ing both types of bacteria are found within the same sequence family. Since some proteins in the 
TTC must interact directly with the bacterial cell envelope, this sequence divergence of TTC com-
ponents found in Gram-positive- and Gram-negative-infecting phages is explainable if these pro-
teins interact with the cell surface.  

    6.2.7.3   The TTC of Gram-Negative Infecting Siphophages 
and Initiation of Tail Assembly 

 Although no structural data is available for proteins comprising the TTCs of Gram-negative-infecting 
siphophages, the TTC of phage  l  is the best characterized of all siphophage TTCs with respect to 
assembly (Katsura  1983  ) . The assembly of the  l  tail initiates at the CFP, gpJ, the activity of which 
could be isolated on its own by sucrose-gradient ultracentrifugation (Katsura and Kuhl  1975  ) . 
Another assembly intermediate was isolated in the same manner after addition of gpI, gpK, and gpL. 
The TMP (gpH) assembles on to this complex in the presence of gpG/GT to form another discrete 
complex, and then gpM incorporates to complete the “initiation complex” onto which the TTP, gpV, 
is assembled. Although the biological activity of each of these tail assembly intermediates was 
detected after separation on sucrose gradients, none were isolated in quantities large enough for 
subsequent characterization with respect to protein composition or structure. However, based on 
both experimental evidence (Casjens and Hendrix  1974a  )  and comparison with other phage tails we 
expect that the  l  CFP is trimeric and that one of the TTC proteins must serve as a trimer-to-hexamer 
adaptor in a manner analogous to the BHPs of myophages and Gram-positive infecting siphophages. 
In negatively stained EM micrographs of the  l  tail tip, there are protein rings clearly visible below 
the rings of the TTP (Katsura  1976  ) ; thus, some of the proteins comprising the TTC likely oligomer-
ize into ring-like structures upon assembly. In the Gram-positive infecting siphophage, TP901-1, the 
Tal protein, which is a fusion of the BHP and CFP, binds to the DTP and TMP to form the initiator 
of tail-tube polymerization (Vegge et al.  2005  ) . The possible analogy between this system and phage 
 l  has been pointed out, but the evolutionary relationships between the TTC components in these two 
types of phages are not yet clear. We expect that the determination of the structures of TTC proteins 
of Gram-negative-infecting siphophages will aid in clarifying this issue. 

 The appearance of the tail tips of most Gram-negative-infecting siphophages is similar to that of 
 l  suggesting that these structures may be assembled from building blocks that are related to the  l  
proteins mentioned above. This idea is supported by the presence of proteins related to gpM, gpL, 
gpK, and gpI in diverse members of this phage family. For example, using extensive PSI-BLAST 
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searches with a variety of starting queries, we have been able to identify clear homologues to  l  gpL 
in almost every Gram-negative-infecting siphophage (unpublished results). In most cases, the 
genomic location of the genes encoding these putative homologues was consistent with gpL (i.e., 
the gene was located between the TMP and CFP genes, Fig.  6.2 ). Interestingly, no cross-hits were 
observed in these searches to TTC proteins of Gram-positive infecting siphophages. This result par-
allels our observation that no homologues of certain Gram-positive TTC components (i.e., the BHP 
and DTP) could be detected in Gram-negative-infecting siphophages. It appears that a small subset 
of proteins at siphophage tail tips are highly adapted to the cell envelope type of the host.  

    6.2.7.4   Tail Fibers and Receptor-Binding Proteins 

 Siphophages bind to a variety of cell-surface molecules, including specifi c proteinaceous receptors, 
lipopolysaccharide (LPS), and teichoic acid. These interactions are most often mediated by long 
fi bers (~1,000 amino acids) situated at or near the tip of the tail. Although no high-resolution structure 
of a siphophage tail fi ber has been determined, they are likely at least partially composed of a tri-
meric intertwined  b -strand structure. We make this supposition because this property is shared 
among all of the solved structures of phage “fi bers” or “spikes” that are involved in cell-surface 
interaction. For example, the tail spikes of podophage P22 and myophage T4 (gp5) form a trimeric 
 b -helical structure (Fig.  6.8 ). The T4 tail spike is thought to be a membrane-penetrating apparatus 
and the  b -helical structure may be important for this function (Kanamaru et al.  2002  ) . A similar 
 b -helical structure is formed by the short tail fi bers of T4 (gp12) (van Raaij et al.  2001  ) . By contrast, 
the long tail fi ber of T4 (gp37) forms a much more extended intertwined  b -strand structure (Fig.  6.8 ). 
The presence of some repetitive  b -strand structure in most tail fi bers is supported by our observation 
that most are predicted to possess  b -helical structure by the program  b -wrap (Bradley et al.  2001  ) , 
which was designed to predict the occurrence of this type of structure.  

  Fig. 6.8    Structures of tail 
fi bers, spikes, and receptors. 
The structures of the 
myophage T4 long tail fi ber 
(gp37, PDB ID: 2XGF), the 
T4 tail spike (gp5, PDB ID: 
1K28), and the  L. lactis  
phage p2 RBP are shown 
(ORF18, PDB ID: 1ZRU)       
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 The Gram-negative-infecting siphophages  l  and T5 possess fi bers at the bottom and sides of 
their tail tips (Effantin et al.  2006 ; Hendrix and Duda  1992  ) . The SFPs of  l  (gpStf) and T5 (pb1, 
L-shaped tail fi ber) can be linked by PSI-BLAST searches to the long tail fi ber of T4, gp37. 
Interestingly, a portion of the  l  SFP can functionally replace the C-terminal region of gp37 
(Montag et al.  1989  ) . Another commonality between the  l  SFP and T4 gp37 is that they both require 
a chaperone for their proper folding, which we have designated the SFC. The  l  SFC, gpTfa, can 
functionally substitute for the chaperone required for gp37 assembly, gp38 (Montag and Henning 
 1987  ) . This example is striking because it is the only case of such close functional and sequence 
(26% identical) similarity between tail proteins from a sipho- and myophage. The SFCs comprise a 
large-sequence family (pfam ID: Caudo_TAP, PF02413), the members of which are found in diverse 
siphophages (e.g.,  E. coli  phage HK97 and  Yersinia  phage PY54) and myophages (e.g.,  E. coli  
phages Mu and P2). The genes encoding SFPs are almost invariably located immediately 3 ¢  to genes 
encoding a tail fi ber, supporting the close functional relationship between SFPs and tail fi bers. 

 In myophages, such as T4, Mu, and P2, the SFC-associated tail fi bers are attached to the outer 
edge of the baseplate, while the “tail spike,” a prism-like  b -helical structure, descends from the cen-
ter of the tail tube where it is attached to the BHP. We speculate that the CFPs of siphophages may 
be more closely related functionally and structurally to the tail spikes of myophages based on their 
common locations and apparent ability to fold without a chaperone. In Gram-positive infecting 
siphophages, BHPs and CFPs are often encoded within the same ORF, which demonstrates a com-
mon arrangement of these proteins in myophages and siphophages. The CFPs and SFPs may repre-
sent two fundamentally different classes of tail fi bers with the CFPs possibly playing a more active 
role in membrane penetration in a manner similar to the myophage tail spikes (Kanamaru et al.  2002 ; 
Kageyama et al.  2009 ; Suzuki et al.  2010  ) , while the SFPs are involved only in the recognition of 
cell surface molecules. The distinctive structure of phage T4 gp37 in comparison with the tail spike 
(Fig.  6.8 ) may be a general refl ection of the structural differences between the two types of fi ber. 
That said, it must be emphasized that the delineation of families of fi ber proteins through sequence 
comparisons is diffi cult because they are very long and repetitive, and also can contain additional 
domains, such as Ig-like domains (Fraser et al.  2006  ) , that result in cross-hits with many different 
proteins. Given that proteins related to SFCs are found almost exclusively in Gram-negative infect-
ing phages, the SFP class of fi ber, which seems to always be associated with an SFC, may have 
evolved primarily to negotiate the distinctive outer membrane architecture of these bacteria. 

 In contrast to most siphophages, some lactococcal phages possess globular RBPs at their tail 
tips. For example, the  L. lactis  phage p2 possesses a baseplate-like structure at its tail tip to which 
six trimeric RBP complexes are attached (Fig.  6.8 ) (Sciara et al.  2010  ) . These receptor complexes 
can bind various saccharidic moieties and likely interact with teichoic or lipoteichoic acid on the cell 
surface. RBPs with similar structure are found on other lactococcal phages, such as TP901-1 and 
bIL170 (Spinelli et al.  2006 ; Ricagno et al.  2006  ) . Although RBPs are different in structure from tail 
fi bers, they still share a trimeric structure and also possess a short region of  b -helix as is seen in tail-
spike proteins (Fig.  6.8 ). Interestingly, phage p2 appears to bind to the cell surface using only its 
RBPs, while phage TP901-1 possesses both RBPs and a CFP, which may also be involved in cell-
surface recognition and/or cell-wall degradation (see Sect.  6.3.3 ).   

    6.2.8   The Tail Completion Protein 

 Phage  l  gpZ is the prototype for a highly conserved family of tail proteins that we have designated 
the TCPs. In the absence of gpZ, complete phage particles are produced, but they have low infectivity 
(Casjens and Hendrix  1974b  ) . Neither the location of gpZ within phage particles nor its mechanism 
of action are known, but the genomic location of the  Z  gene between regions encoding the head and 
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tail genes suggests that it may assemble near the head–tail connector regions (Fig.  6.2 ). GpZ is 
believed to be a component of phage particles because its biological activity was detected in dissoci-
ated purifi ed phage particles (Katsura and Tsugita  1977  ) . Through sequence-based searches, we 
have identifi ed homologues of gpZ in more than 170 long-tailed phage genomes and more than 
1,500 prophage genomes (unpublished results), making this one of the most highly conserved phage 
structural proteins. Most siphophage genomes possess a gpZ homologue that is encoded 2 ORFs 
upstream from the TTP-encoding gene as is seen in phage  l  (Fig.  6.2 ). Remarkably, gpZ homo-
logues are also found in a wide range of myophages and include gpS and gpG (Mup31) of  E. coli  
phages P2 and Mu, respectively. Similar to  l , phage Mu mutants lacking gpG are able to form com-
plete phage particles of normal appearance that possess low infectivity (Grundy and Howe  1985  ) . 
Phage P2  S  amber mutants predominantly form normal-looking tails that are unable to attach to 
heads (Lengyel et al.  1974  ) , which is consistent with a role for this protein in the head–tail joining 
region. A small number of tails with vastly elongated sheaths were also seen in lysates of this 
mutant. 

 Insight into the function of TCPs was provided by studies on  l  gpZ. In mature  l  particles, the 
right end of the genomic DNA is found within the tail tube and penetrates approximately one-third 
of the way down the tube. This DNA positioning was detected by treating phage with a chemical 
cross-linker and then dissociating heads and tails with formamide, revealing DNA molecules attached 
to the top surface of tails (Thomas  1974  ) . DNA penetration into the tail was not observed in particles 
lacking gpZ (Thomas  1978  ) . Given that interactions between phage genomic DNA and the tail have 
been seen in mature particles of three diverse siphophages (SPP1 of  B. subtilis , T5 of  E. coli , and 
A118 of  Listeria monocytogenes ) (Tavares et al.  1996 ; Saigo  1975 ; Loessner et al.  2000  ) , we hypoth-
esize that the last step in the morphogenesis of many long-tailed phages may be the opening of the 
head–tail connector complex to allow one end of genome to occupy a position within the tail. In this 
way, the genome becomes poised for ejection upon contact with a host cell. The general function of 
TCPs may be to facilitate this reaction.  

    6.2.9   Observations Pertaining to the Tail Proteins of Phage T5 

 Phage T5 is an unusual siphophage in that its genome is relatively large (122 kbp, Sect.  6.4.5 ), and 
most of its tail proteins are not easily connected by sequence similarity to components of other char-
acterized siphophages. Since T5 is a well-studied siphophage, we felt that it would be useful to 
investigate the relationships of T5 tail proteins to those from other phages. Using HHpred 
(Soding et al.  2005  ) , we were able to assign T5 ORFs corresponding to the TrP and TAC families, 
and we also found that the ORF immediately downstream of the TMP gene encoded a protein in the 
same family as  l  gpM (Fig.  6.2 ). PSI-BLAST searches revealed that the N-terminal region of pb3 is 
similar to  l  gpL and the C-terminal region of this protein is similar to the  l  CFP (gpJ). These 
sequence-based connections reveal a previously unrecognized gene order similarity between T5 and 
 l  (Fig.  6.2 ), and the similarity between gpJ and pb3 implies that the long fi ber seen at the center of 
the T5 tail is composed of pb3. However, this conclusion contradicts the previous designation of this 
fi ber as being composed of pb2 (Heller and Schwarz  1985  ) , which is the T5 TMP. We believe that 
this previous assignment of pb2 as the straight tail fi ber is incorrect because at 1,219 residues, pb2 
is simply not long enough to form an extended helix inside the ~170 nm T5 tail tube (Effantin et al. 
 2006  )  (Sect.  6.2.5 ), and extend for more than 50 nm below the tube. It should also be mentioned that 
T5 encodes another protein, pb5, that is encoded in the head gene region yet is required for binding 
to the T5 receptor, FhuA (Plancon et al.  2002  ) . We were unable to connect this protein to other 
siphophage proteins, and its location within the T5 particle is not known.   
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    6.3   How Does the Tail Machine Work? The DNA Injection Process 

    6.3.1   Binding to the Cell Surface 

 A common theme of cell-surface recognition by siphophages is a multistep recognition process. For 
example, early studies on phage  l  showed that interaction with its cell-surface receptor, LamB, could be 
reversible or irreversible depending on conditions (Schwartz  1975  ) . Irreversible binding resulted in 
inactivation of the phage in vitro due to ejection of the phage genome. Visualization of complexes 
between  l  phage particles and LamB embedded in liposomes indicated that the reversible complex 
involved an interaction between the tip of the CFP (gpJ) and the receptor while a direct interaction 
between the tail tube and the liposome surface was seen in irreversible complexes (Roessner et al.  1983  ) . 
DNA was also injected into the liposomes under these conditions. While the two steps of  l  interaction 
with the cell surface involve only the LamB receptor, many phages interact with more than one cell 
surface molecule. The phage T5 tail fi rst interacts nonspecifi cally with the O-antigen of  E. coli  LPS 
through its L-shaped tail fi bers (pb1) (Heller and Braun  1982  )  and then makes strong specifi c interac-
tions with cell-surface receptor, FhuA through another putative TTC protein, pb5 (Heller and Schwarz 
 1985 ; Plancon et al.  2002 ; Heller  1984  ) . In an analogous manner, the Gram-positive infecting phage 
SPP1 binds reversibly to cell-wall teichoic acids (Baptista et al.  2008  )  and irreversibly to a specifi c cell-
surface receptor, YueB (Sao-Jose et al.  2004  ) . Interaction of SPP1 particles with the purifi ed YueB ect-
odomain causes ejection of the genomic DNA (Sao-Jose et al.  2006  ) . In keeping with the dual molecule 
recognition strategy of T5 and SPP1, the original isolate of phage  l  (known as Ur- l ) possesses SFPs that 
aid in phage adsorption, likely through a nonspecifi c interaction with an abundant cell-surface molecule, 
such as LPS (Hendrix and Duda  1992 ; Shao and Wang  2008  ) . These SFPs are not essential for  l  propa-
gation and were lost from many lab strains through a frameshift mutation (Hendrix and Duda  1992  ) . 

 In contrast to the phages mentioned above, the well-characterized lactococcal phages p2, TP901-
1, and Tuc2009 all have large baseplate assemblies onto which are arrayed 6 or 18 copies of the 
trimeric RBP complex (Sciara et al.  2010 ; Bebeacua et al.  2010  ) . The RBPs of these phages bind to 
saccharidic moieties on the cell surface and are believed to achieve high-affi nity binding through 
avidity resulting from the large number of RBPs displayed on the baseplate. Interestingly, the phage 
p2 baseplate appears to undergo a large conformational change upon contacting the cell surface, 
which is brought about by Ca 2+ -binding (Sciara et al.  2010  ) . One unusual  L. lactis  phage, Q54, uti-
lizes a frameshifting mechanism to attach its RBP to the TTP, such that ~25% of the TTP molecules 
are fused to the RBP (Fortier et al.  2006  ) . This phenomenon also serves to place a large number of 
copies of this RBP domain, which appears by sequence to be a carbohydrate binding moiety, onto 
the tail such that avidity effects could also come into play. 

 In a manner similar to phage Q54, many phages append accessory domains onto various tail pro-
teins, possibly as a means to aid in cell-surface recognition. For example, approximately 25% of 
sipho- and myophage virions have been recognized to display Ig-like domains somewhere on their 
surface, often in a tail protein (Fraser et al.  2006  ) . These domains are usually positioned at the 
C terminus of a virion protein and are often added using a frameshifting mechanism. Due to their 
sequence similarity to Ig-like domains in carbohydrate-metabolizing enzymes, we have speculated 
that these domains on phages are involved in binding interactions with cell-surface carbohydrates, 
such as LPS or teichoic acid (Fraser et al.  2006,   2007  ) . In phage  l , deletion of the C-terminal Ig-like 
domain from the TTP causes a 100-fold reduction in plating effi ciency (Pell et al.  2010  ) , but the 
cause is not yet known. 

 Although too few systems have been analyzed to derive strong general statements about the pro-
cess, cell-surface binding by phage tails appears to typically involve recognition of multiple cell-
surface molecules by more than one tail protein. One might wonder why phages have evolved these 
multipronged systems. Is this just a fail-safe mechanism providing back-up binding modes in case 
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one fails? Maybe, but we tend to think that there are deeper explanations. One consideration is the 
imperative for phage to avoid “premature ejection” of DNA that could be caused by interaction with 
cellular fragments, nonhost cells, or nonviable cells. By utilizing multiple receptors for binding to 
several different cell-surface molecules, the chance of DNA being ejected into an appropriate and 
intact cell may be increased. In the usual laboratory setting where single pure phage stocks are tested 
with single bacterial strains, competitive advantages provided by the complete set of tail fi bers and 
RBPs may not be manifested as they would be in a more “natural” environment where various 
phages are competing for the same hosts and phages must also avoid wasting their DNA in futile 
interactions with isolated proteins, membrane fragments, and nonpermissive hosts.  

    6.3.2   The Mechanism of DNA Injection 

 The mechanism by which phage DNA moves from the interior of the phage head to the cytoplasm 
of the host cell remains as one of the least understood aspects of phage biology. While much research 
has been done in recent years on the physical aspects of DNA ejection from phage in vitro 
(Inamdar et al.  2006 ; Jeembaeva et al.  2008  ) , there is much controversy in this fi eld and the 
connection between in vitro results and in vivo mechanisms is not clear (Panja and Molineux  2010  ) . 
We will focus here only on the in vivo data pertaining to DNA ejection. In this area, only two 
siphophage systems,  l  and T5, have been examined in any detail. 

 In Gram-negative bacteria, after the initial interaction of the phage and cell surface, a channel 
must be created to traverse the two membranes and periplasmic space to allow the DNA to pass 
through effi ciently. By investigating the injection of  l  DNA into liposomes into which the LamB 
receptor has been incorporated, the formation of transmembrane channels as a result of phage inter-
action with LamB has been clearly demonstrated (Roessner and Ihler  1986  ) . These channels allowed 
the escape of small molecules, but not protein. Furthermore, their conductance properties were very 
different from that of the LamB pore, implying that phage proteins mediated the formation of this 
channel and that DNA does not move through the LamB pore (Berrier et al.  2000  ) . Since the TMP 
(gpH) or CFP (gpJ) of  l  are the only individual TTC proteins long enough to form a continuous 
channel through both membranes of  E. coli , one of these likely forms the channel for DNA injection. 
Measuring the changes in proteolytic susceptibility of gpJ and gpH during the interaction of  l  with 
LamB-containing liposomes showed that gpJ became more susceptible to proteolysis upon forma-
tion of irreversibly bound complexes (see Sect.  6.3.1 ). Conversely, gpH became more protease 
resistant upon irreversible binding when phage particles interacted with LamB embedded in lipo-
somes. This increased protease resistance did not result when particles interacted with soluble LamB. 
These results implied that gpH becomes buried within the liposome when phage-induced channels 
are formed and that gpH must be the tail constituent of this channel (Roessner and Ihler  1984  ) . 

 Studies performed on phage T5 also concluded that the TMP (pb2) is able to form pores through 
lipid membranes and liposomes (Feucht et al.  1990 ; Boulanger et al.  2008  ) . A region within the 
C-terminal 184 residues of pb2 formed oligomeric structures and was able to insert into liposomal 
membranes, eliciting fusogenic effects (Boulanger et al.  2008  ) . Visualization using cryoelectron 
tomography of T5-mediated transfer of DNA into liposomes directly demonstrated that pb2 forms a 
channel through the membrane, and that this channel is distinct from that formed by the T5 cell 
surface receptor FhuA (Boulanger et al.  2008  ) . The membrane insertion of pb2 was postulated to be 
mediated by two predicted membrane spanning helices in the C-terminal region. 

 The existing data for phages  l  and T5 indicate a crucial role for the TMP in DNA injection. The 
general model that emerges from these studies is that after initial contact between the phage tail and the 
cell surface, which is mediated by tail fi bers or RBPs, a signifi cant conformational change must occur 
to bring the bottom of the tail tube into direct contact with the cell surface. At this point, release of 
DNA from the phage head, triggered by the binding reaction with the tail tip, would force the TMP out 
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of the tail tube (we assume that DNA egress would be impossible without prior removal of the TMP) 
and it would subsequently penetrate the cell membrane and form the channel for DNA passage into the 
cell interior. The tail tubes of most siphophages are plugged at the bottom by the CFP. Since DNA is 
unlikely to be able to pass through these structures, removal of the CFPs prior to TMP ejection appears 
to be necessary. Consistent with this model, the CFP of  l  has been shown to fall off when DNA is 
released from particles by osmotic shock (Konopa and Taylor  1979  ) . In addition, structural data derived 
from EM studies showed directly that the SPP1 tail tip does not have a channel for DNA egress and that 
interaction of the tip with the bacterial receptor causes release of the tip from the tail (Plisson et al. 
 2007  ) . In some cases, the CFP may be proteolytically cleaved, as are those of TP901-1 and Tuc2009 
(Vegge et al.  2005 ; Kenny et al.  2004  ) , to aid in its removal from the tail tip when necessary. Given the 
common occurrence of predicted protease-like domains in tail proteins (e.g., gpK of  l  and its homo-
logues possess a metalloprotease domain; Ambroggio et al.  2004  ) , the hypothesis that CFPs may often 
be cleaved is reasonable. Some phages, such as  L. lactis  phage p2, completely lack a CFP; thus, the 
BHPs of these phages, which can adopt an open conformation to release the TMP and DNA (Sciara et al. 
 2010  ) , may directly contact the cell surface without removal or cleavage of any tail proteins. 

 An outstanding mystery in the DNA injection process is how events occurring at the tail tip cause 
DNA to emerge from the head which is generally situated at least 100 nm away. EM studies on the 
SPP1 tail before and after receptor-mediated DNA ejection in vitro showed a conformational change 
in the TTP subunits of the tail. It was postulated that this conformational change in the tail tube car-
ried a domino-like signal to the head–tail junction leading to DNA release (Plisson et al.  2007  ) . 
Another model, which we favor, posits that the opening of the tail at the bottom allows the TMP to 
emerge and the DNA follows this protein. The penetration of the phage genome into the tail at the 
fi nal step of particle assembly, which may be a universal feature of siphophages (see Sect.  6.2.8 ), 
could lead to a stable interaction between the DNA and the TMP that facilitates DNA egress. Given 
that the TMP also forms the channel for DNA entry, an association between these molecules within 
the phage particle could be advantageous. 

 A fi nal issue that has been investigated little is the role of host proteins in the phage injection 
process.  E. coli  mutants, known as  pel  − , were shown to resist the injection of  l  DNA even though  l  
particles could adsorb to the outer membrane of these mutants normally (Scandella and Arber  1974  ) . 
These mutations were found to lie in the gene encoding ManY, which is an inner membrane compo-
nent of the mannose transport system (Elliott and Arber  1978 ; Williams et al.  1986  ) . The role of 
ManY in the injection process has not been characterized. Oddly, other members of the PtsM com-
plex, of which ManY is a subunit, are not required for injection. Mutations that restored the ability 
of  l  to grow on  pel  −  strains were found to lie in the TTP and TMP genes (Scandella and Arber  1976  ) , 
highlighting a role for these proteins in the injection process. The only other host genes that have 
been shown to be specifi cally involved in DNA ejection are  E. coli dcrA  and  dcrB . Mutations in 
these genes, which also encode inner membrane proteins, inhibit DNA ejection of phages C1 and C6 
(Samsonov and Sineoky  2002  ) . Several other tested phages were able to grow on the  dcrA ,  dcrB , and 
 pel  −  strains, implying that different phages utilize distinct pathways for DNA injection even though 
some of the tested phages bound to the same outer membrane receptors. We expect that a variety of 
inner membrane and periplasmic proteins may be involved in the DNA injection process and identi-
fying these proteins will be a fruitful area for future research.  

    6.3.3   The Role of Tail-Mediated Peptidoglycan Degradation 

 Since injected phage DNA must pass through a layer of cell-wall peptidoglycan in both Gram-negative 
and Gram-positive bacteria, the placement of enzymes on phage tails to degrade this barrier may be 
essential. Consistent with this idea, a screen of virion constituent proteins of diverse tailed phages 
using zymogram analysis revealed that many different phage particles do carry peptidoglycan 



134 A.R. Davidson et al.

hydrolytic activities (Moak and Molineux  2004  ) . Oddly, a hydrolytic activity was not detected for the 
Gram-negative-infecting siphophages  l  and HK022 despite them both possessing a protein (   gpK in  l  
and gp19 in HK022) with a region that is clearly related to a domain implicated in peptidoglycan 
cleavage (pfam family: NlpC/P60, PF00877) (Rigden et al.  2003  ) . The failure to detect activity in 
these particles may be due to a failure of the relevant proteins to renature after separation in SDS 
PAGE gels or the activity may only be manifested in intact phage particles during the infection 
process. Since motifs associated with peptidoglycan hydrolysis can be recognized in at least one 
tail protein in most siphophages (our own observations), there is likely a conserved role for this activity. 

 The peptidoglycan-degrading activities of domains located in the TMPs of phage T5 
(Boulanger et al.  2008  )  and mycobacteriophage TM4 (Piuri and Hatfull  2006  )  have been character-
ized as having that of the Tal protein of  L. lactis  phage Tuc2009. Interestingly, the M23 family pepti-
dase (pfam ID: PF01551) motif found in Tal mediates both peptidoglycan hydrolysis and self-cleavage 
of Tal itself (Kenny et al.  2004  ) . The cleavage of Tal, which possesses a long CFP-like region, may 
be required for the proper positioning of the tail-tube bottom onto the outer surface of the cell for 
carrying out the injection process (see Sect.  6.3.2 ). A likely TMP encoded in the SP b  prophage of  B. 
subtilis  possesses two different peptidoglycan hydrolase domains (Sudiarta et al.  2010  ) . This protein 
was not recognized as a TMP in the paper describing its cell-wall-degrading activities. 

 Despite the ubiquity of peptidoglycan-degrading domains in phage tails, the function and impor-
tance of these domains have been studied very little. Deletion of a peptidoglycan hydrolase motif in 
the TMP of mycobacteriophage TM4 did not affect the ability of this phage to grow on exponentially 
dividing cells, but did abrogate growth on stationary-phase cells (Piuri and Hatfull  2006  ) . This result 
was consistent with experiments on  E. coli  myophage T4 (Kanamaru et al.  2005  )  and podophage T7 
(Moak and Molineux  2000  )  showing that the peptidoglycan hydrolase activity present on the tails of 
these phages was necessary for infection only under certain conditions. At present, a plausible 
hypothesis is that peptidoglycan-degrading domains on phage may not be always required, but that 
they provide enough of an advantage under some conditions to make their presence on most 
siphophages advantageous.   

    6.4   The Evolution of Long Phage Tails 

    6.4.1   The Diversity of Tail Proteins 

 A striking feature of families of tail proteins performing the same function is their tremendous 
sequence diversity. For example, the sequences of the known TTPs from a group of characterized 
siphophages, Gram-negative-infecting phages  l  and HK97, and Gram-positive infecting phages 
SPP1, A118, A2, and Sfi 19, differ so markedly in their sequences that meaningful pairwise align-
ments cannot be made between any of them. However, extensive PSI-BLAST searches using these 
sequences as queries show that the TTPs of  l , HK97, A118, and SPP1 can be connected to one 
another after many iterations (our own unpublished results). Furthermore, the  l , HK97, and A118 
sequences can be seen to be much more closely related to one another because they cross-hit many 
of the same sequences in PSI-BLAST searches. The cross-hit frequency was much lower between 
these sequences and the TTP of SPP1. The TTPs from phages A2 and Sfi 19 are members of a dis-
tinct sequence family, possessing many cross-hits between them, but showing no cross-hits to the 
other TTPs. It is interesting that members of the  l  group of TTPs are found in phages infecting a 
wide variety of Gram-positive and Gram-negative organisms while the A2 group are found only in 
phages infecting Gram-positive bacteria. Overall, these fi ndings highlight the diffi culties in tracing 
the evolutionary relationships between phage tail proteins. The importance of solved structures in 
this effort is also emphasized as structures remain conserved even after sequences diverge beyond 
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recognizable similarity. It is important to note that phage tail protein sequence relationships that are 
impossible to detect using PSI-BLAST can often be uncovered using HHPred (Soding et al.  2005  ) , 
which generates a hidden Markov model (HMM) from a PSI-BLAST search of the input sequence 
and compares it to databases of HMMs, such as Pfam. 

 A further challenge in comparing the tail-encoding regions of various phages is the often men-
tioned mosaic nature of phage genomes (Hendrix et al.  1999  ) . For example, while the TTPs of  l  and 
HK97 can be linked easily through sequence comparisons, their TrPs, encoded immediately upstream 
of the TTP in each genome, cannot be connected through PSI-BLAST searches. By contrast, the 
sequences of the TrPs of  l  and myophage Mu can be connected through PSI-BLAST searches 
(Pell et al.  2009a  )  even though their TTPs cannot. Dramatic variations are often observed in the 
relatedness of proteins in different regions of phage tails. For example, phages  l  and N15 have very 
similar TrPs and TTPs (69 and 61% identical, respectively) while the proteins comprising their tail 
tips range from 31 to 36% identity. Conversely, the TrP and TTP of N15 display almost no detectable 
similarity to those of HK97, yet proteins at the tail tip of N15 are very similar to HK97, ranging from 
69 to 93% identity. It is clear that this phenomenon has occurred through a recombination event 
within the TMP gene of the progenitors of these phages. Other similar examples of recombination 
within morphogenetic regions have been reported (Juhala et al.  2000  ) . These fi ndings indicate that 
certain components of the tail are malleable enough to adapt to dramatic changes in the sequences 
of interacting proteins. Elucidating the mechanisms by which these recombination breaks are toler-
ated will provide new insight into the morphogenetic process.  

    6.4.2   The Common Ancestry of Long Phage Tails 

 Given that myophage and siphophage tails perform the same function and have a similar appearance, 
a common evolutionary origin for these structures is likely. There are now many lines of evidence 
supporting this common evolution that were alluded to in other sections of this review, and will be 
summarized here. TTPs (Pell et al.  2009b  ) , TrPs (Pell et al.  2009a  ) , and BHPs (Sciara et al.  2010  )  
from sipho- and myophages have been shown to adopt very similar structures (Figs.  6.3 ,  6.4 , and 
 6.6 ), and sequence similarity has been detected among some TTPs (our own unpublished results) and 
TrPs (Pell et al.  2009a  )  from the two types of tails using PSI-BLAST. HMM-based comparisons 
using HHPred support the evolutionary connection between several other groups of sipho- and myo-
phage protein families (our own unpublished results). For example, an HHPred search using the 
sequence of the  Listeria  siphophage A118 BHP as a query yields high probability hits to the BHPs 
of the myophages P2 and Mu. Hits were also obtained to the BHP-like proteins of the type VI secre-
tion system (Vgr protein family). The common ancestry of sipho- and myophage tails is also refl ected 
in the conserved gene order among many genomic regions encoding the two tail types (Fig.  6.2 ). 
Particularly striking is the conservation of the frameshift involving the TAC genes, which always lie 
between the genes encoding the TTP and TMP. It is probable that the simpler siphophages were the 
fi rst long-tailed phages, and that sheaths were later added to the original design to make myophage.  

    6.4.3   The Tail-Tube Fold: The Primordial Building 
Block of Long Phage Tails 

 Structural comparisons by our group led to the surprising discovery that gpFII, the head–tail connector 
protein of  l , possesses the same tertiary structure as the TTP of  l . In addition, functional studies 
indicated that gpFII and the TTP oligomerized into the same quaternary structure within the phage 
tail (Cardarelli et al.  2010  ) . Further structural comparisons revealed that the same “tail-tube fold” 
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was also seen in the structures of several DTPs and BHPs, and that the quaternary arrangement of the 
tail-tube fold was the same in these structures (Fig.  6.9 ). We also detected a similar portion of tertiary 
structure to the tail-tube fold in TrP structures even though the overall fold of TrPs is somewhat dif-
ferent (Cardarelli et al.  2010  ) . We concluded that all of these proteins derived from an ancestral TTP 
through the mechanism of gene duplication followed by differentiation (Cardarelli et al.  2010  ) . The 
same mechanism has been suggested for the evolution of myophage T4 proteins gp10, gp11, and 
gp12, which are all situated in the baseplate and display the same protein fold (Leiman et al.  2006  ) . 
We have also observed that the phage T4 TrP (gp3) and TTP (gp19) are similar enough in sequence 
to hit each other in PSI-BLAST searches, and that these searches also hit gp54, which forms a ring 
at the bottom of the tail tube. These proteins are clearly homologous as judged by sequence similarity 
yet perform distinct functions within the phage tail. These data provide unique insight into the mech-
anisms by which very elaborate multiprotein complexes may arise by iteration of simpler building 
blocks, and emphasize the great utility of phage systems for elucidating evolutionary mechanisms.   

    6.4.4   The Benefi t of Having a Tail 

 According to the most recent comprehensive survey of 5,500 phages that have been observed by 
EM, approximately 95% possess either long tails (sipho- or myophages) or short tails (podophages) 
even though more than 15 visibly distinguishable types of phages have been identifi ed  ( Ackermann  
2007  ) . While a survey like this could be somewhat biased because tailed phages may be generally 

  Fig. 6.9    The tail-tube fold. The monomeric structure of the TTP of  l  is shown along with the hexameric structures of 
Type VI secretion system tube protein, Hcp1 (PDB ID: 2Y12), the DTP of phage SPP1 (PDB ID: 2X8K), and the 
trimeric structure of the  Listeria  prophage BHP (PDB ID: 3GS9). One domain of each structure that displays the tail-
tube fold is shown in  red  in each structure. These domains can be superimposed with RMSD values of ~2 Å and pos-
sess essentially the same topology. The tail-tube fold segments are oriented the same way in the hexamer or 
pseudohexamer quaternary structure of each protein. The C-terminal domains of the DTP are omitted for clarity as are 
some of the subunits of the DTP and BHP rings       
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easier to spot in EM micrographs, we nevertheless conclude that for a phage, having a tail likely 
provides a considerable evolutionary advantage. What might this advantage be? Consideration of 
the sizes of phage genomes provides a likely answer to this question. By analyzing the complete 
list of sequenced phage genomes available at NCBI, we discovered that the average size of tailed 
phage genomes is 62,000 bp ( n  = 471) while the average size of nontailed phage genomes is only 
7,300 bp ( n  = 57). No class of nontailed phage possesses a genome of greater than 15,000 bp. 
These data imply that possession of a tail allows phages to utilize a much larger genome, and that 
having a larger genome provides an evolutionary advantage. A tail appears to be the only apparatus 
that is robust enough to transfer a large phage genome across the heavily armored bacterial cell 
surface. 

 While some might view it as obvious that a bigger genome is better, in the world of phages, one 
could have also concluded that being small and thus being able to replicate more quickly would be 
an equally effective approach. However, the available data lead us to conclude that even though mak-
ing a tail requires a larger genome and a much more complicated morphogenetic pathway, this 
investment pays off for phages in allowing their genomes to attain sizes that are far in excess of what 
is required to encode the information needed for a simple lytic lifecycle. It is intriguing to consider 
that the bulk of the “extra” DNA carried by most tailed phages encodes “accessory” proteins, the 
functions of which are often not obviously connectable to the survival of the phage. We suspect that 
many genes in the regions of phage genomes that are dispensable for plaque formation in the lab 
provide signifi cant advantages for survival of the phage under natural conditions or increase the fi t-
ness of the host when a lysogen is formed.  

    6.4.5   The Relationship Between Tail Type and Genome Size 

 Further analysis of the sequenced phages at NCBI reveals distinct relationships between genome 
size and tail type. A striking feature of siphophages is their narrow range of genome lengths. Among 
241 examples, 80% possess genomes with lengths between 30,000 and 60,000 bp, with an average 
length of approximately 50,000 bp. Oddly, siphophages infecting mycobacteria are outliers in the 
distribution of genome lengths, with greater than 45% of these phages possessing genomes of greater 
than 60,000 bp. If mycobacterial phages are excluded, fewer than 10% of siphophages possess 
genomes of greater than 60,000 bp. By contrast, myophage genomes are much larger with the 101 
examples averaging 110,000 bp in length. Greater than 60% of myophage genomes are larger than 
60,000 bp. Although the heads of many myophages are larger than those of siphophages as is required 
to encapsulate their larger genomes, these heads are nonetheless essentially the same in structure and 
assembly as siphophages. Thus, the ability of myophages to generally bear considerably larger 
genomes is likely attributable to the superiority of the contractile tail design for delivering a large 
genome into bacteria. Since myophages and siphophage tails are clearly related (see Sect.  6.4.2 ) and 
myophages most likely evolved from the siphophages, we speculate that the addition of a tail sheath 
and contractile mechanism to the original noncontractile tail design provided a signifi cant improve-
ment in DNA injection performance. Indeed, the myophages may be in the process of overtaking the 
siphoviridae and will someday become the dominant family of phage on our planet. Fortunately for 
those of us who study siphophages, this is unlikely to happen in our lifetimes. 

 If one is willing to accept that myophages evolved from siphophages, it is entertaining to specu-
late as to when this event occurred. We have observed that among sequenced phages infecting Gram-
positive bacteria ( n  = 210), only 11% are myophages, while among phages infecting Gram-negative 
bacteria ( n  = 124), 56% are myophages. If this trend is generally representative of the frequencies of 
these types of phages found in nature, then perhaps myophages emerged and spread fi rst among 
Gram-negative bacteria, and subsequently spread to the Gram-positive bacteria through horizontal 
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gene transfers. The improvement of phage tails seen in the myophages may have been driven by the 
added diffi culty of penetrating the double membrane of the Gram-negative cell.  

    6.4.6   The Mystery of Tail Length 

 Although it is well established that the length of the TMP determines the length of phage tails in both 
types of long-tailed phages, a little discussed mystery is why phage tails are so long. Tail lengths of 
siphophages vary widely from ~80 nm to greater than 800 nm, with an average tail length of ~190 nm 
 ( Ackermann  2007  ) . Through sequence searches, we have identifi ed the TMPs from close to 200 dif-
ferent siphophages and 50 different myophages. As expected given the wide range in tail lengths, 
TMPs range from 600 to greater than 5,000 residues in length. On average, siphophages have longer 
tails than myophages with the average TMP length of siphophages being 1,200 residues and 900 
residues for myophages. Remarkably, 60 siphophages and 3 myophages possess TMPs of 1,400 resi-
dues or longer. Why has this seemingly excessive tail length been tolerated in the fast-paced milieu 
of phage evolution? Given that the construction of these vastly elongated tails must expend consider-
able metabolic energy, we surmise that some advantage must be provided by increased tail length. 
At this point we can only speculate. One possibility is that extra-long tails increase the chance of a 
phage contacting a suitable host cell in conditions where cell concentration is low. 

 Another puzzling aspect of tail length is that even the shortest siphophage tails (~90 nm corre-
sponding to a TMP of ~600 residues) seem longer than necessary for the job at hand. If the TMP 
must form a channel through the cell envelope, then the width of the cell envelope could place a 
lower limit on TMP length. However, the total width of a Gram-negative cell envelope is only 
30–40 nm, while Gram-positive cell walls generally range from 20 to 80 nm. Additional insight into 
this problem can be gleaned by considering gene transfer agents (GTAs), which are widely observed 
phage-like particles in  a -proteobacteria. Although GTAs are undoubtedly related to siphophages 
(i.e., their protein sequences are similar to phage proteins; Lang et al.  2002  ) , these particles contain 
very small pieces of bacterial DNA (usually ~5,000 bp) that they transfer to other bacteria of the 
same species. GTAs possess small heads, as is expected due to the small size of their genomes, and 
also possess very small tails (~50 nm, TMP lengths of ~200 residues). In spite of their small tails, 
GTAs are still able to inject the DNA contained within their heads into host cells, implying that a 
TMP of 200 residues is suffi cient for crossing a Gram-negative cell envelope. The existence of GTAs 
and their short tails leads us to hypothesize that the minimum length of the TMP is not set by the 
width of the cell envelope, but by the length of the phage genome. In other words, injection of a 
longer genome requires a longer TMP. Although there are currently no direct experimental data to 
support this hypothesis, siphophages with TMP lengths of less than 800 residues generally do pos-
sess considerably shorter genomes with an average length of 37,000 bp compared to an average 
length of 49,000 bp for phages with TMPs greater than 800 residues. A similar trend was seen in the 
myophages. These data suggest that the size of the genome may place the lower limit on the size of 
the TMP. However, within any given genome size range, the observed length of TMPs can vary 
widely, indicating that the upper limit for TMP size is very fl exible.   

    6.5   Conclusion 

 The siphophage tail has been an intriguing object of study for 40 years. We hope that this chapter has 
convincingly demonstrated that much progress has been made in this time. Structural studies 
performed on individual phage tail proteins and tail complexes coupled with the increased power of 
bioinformatics as the sequence database grows are providing a powerful basis for future progress in 
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understanding the function and evolution of phage tails. Nevertheless, many fundamental questions 
remain unanswered, particularly in the areas of tail assembly and mechanisms of DNA injection. In 
the future, an increased number of detailed mechanistic studies on tails from a variety of siphophages 
involving mutagenesis and functional assays will be required to gain a full understanding of these 
fascinating molecular machines.      
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  Abstract   Tailed dsDNA bacteriophage virions bind to susceptible cells with the tips of their tails and 
then deliver their DNA through the tail into the cells to initiate infection. This chapter discusses what 
is known about this process in the short-tailed phages ( Podoviridae ). Their short tails require that 
many of these virions adsorb to the outer layers of the cell and work their way down to the outer 
membrane surface before releasing their DNA. Interestingly, the receptor-binding protein of many 
short-tailed phages (and some with long tails) has an enzymatic activity that cleaves their polysac-
charide receptors. Reversible adsorption and irreversible adsorption to primary and secondary recep-
tors are discussed, including how sequence divergence in tail fi ber and tailspike proteins leads to 
different host specifi cities. Upon reaching the outer membrane of Gram-negative cells, some podovi-
ral tail machines release virion proteins into the cell that help the DNA effi ciently traverse the outer 
layers of the cell and/or prepare the cell cytoplasm for phage genome arrival. Podoviruses utilize sev-
eral rather different variations on this theme. The virion DNA is then released into the cell; the ener-
getics of this process is discussed. Phages like T7 and N4 deliver their DNA relatively slowly, using 
enzymes to pull the genome into the cell. At least in part this mechanism ensures that genes in late-
entering DNA are not expressed at early times. On the other hand, phages like P22 probably deliver 
their DNA more rapidly so that it can be circularized before the cascade of gene expression begins.   

     7.1   Introduction 

 All tailed phages face similar obstacles to successful delivery of their DNA into host cells, but 
because of their very different tail types, the  Myoviridae ,  Siphoviridae , and  Podoviridae  appear to 
eject their DNA in different ways. This review focuses on the  Podoviridae , which are the tailed bac-
teriophage morphotype that has short tails (Hendrix and Casjens  2005 ; Lavigne et al.  2008  ) . [These 
phages are still sometimes referred to by the outdated term “Bradley type C” morphology (Bradley 
 1967  ) .] Although they have been lumped together in current classifi cation schemes, different 
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 short-tailed phages often appear to have rather little in common. For example, the best-studied 
podoviruses,  f 29, T7, and P22, have essentially no nucleotide sequence that is recognizably similar, 
and only a small number of their encoded proteins have been demonstrated to be homologues that 
are very divergent in sequence. Nonetheless, this review considers these viruses together since they 
may have overcome the barriers faced during DNA delivery in similar ways. Bacteriophage “tail 
machines” have been defi ned as the complex of proteins in tailed phage virions that is involved in 
DNA packaging and delivery of DNA into cells (Johnson and Chiu  2007  ) . These machines are pres-
ent as a tail structure that projects from one icosahedral vertex, called the portal vertex, of the virion. 
Some of the proteins in the tail machine, in particular the portal protein (below), can have important 
roles in DNA packaging into the virion as well as in DNA exit during ejection, but only the latter will 
be considered in this discussion. 

 DNA ejection by tailed phages is one of the least understood aspects of their life cycles (we use 
the term “ejection” rather than the historically popular term “injection,” in order to avoid the macro-
scopic syringe analogy, which is not appropriate). There are several reasons for the poor state of our 
current knowledge. These include the facts that ejection usually occurs rapidly, data are limited to 
very few phages, and ejection often appears to be an all-or-none process without easily distinguish-
able intermediate states. Furthermore, genetic analysis is seriously hindered by the fact that tail 
proteins also have critical roles in tail assembly and must function there before they perform their 
roles during DNA delivery. Hence, mutations that debilitate tail proteins usually disable tail assembly, 
and without a tail, there is no infection to study. Informative mutations that affect tail function with-
out affecting tail assembly can be very useful but are not always simple to obtain. Finally, because 
they have such small tails, any protein movements that might occur in podoviral tails during adsorp-
tion and ejection are particularly diffi cult to observe, so their tail machines are perhaps the most 
incompletely understood among the tailed phages. 

 DNA ejection by all tailed phages is generally believed to have several stages. First, the virion 
binds reversibly to a specifi c “primary receptor” on the surface of the target cell and then a second, 
usually irreversible binding event to a “secondary receptor” takes place; this multistep process of 
binding to a target cell is called adsorption. Although we will use this description of reversible 
adsorption here, it does not necessarily describe all events leading to infection. Phage particles are 
as likely to fi rst encounter a potential host cell with their heads as with their tails, and maintaining 
contact with this bacterium is a potentially useful property. Some candidates for this type of initial 
interactions are the head fi bers of  f 29, the Ig-like domains found in structural proteins of many 
phages (Fraser et al.  2006  ) , and the Dec protein present on the outside surface of podovirus L’s head 
that has amino acid sequence similarity with myovirus T4 tail fi bers (Tang et al.  2006  ) . Such pre-
sumably weak and nonspecifi c binding may help preserve cell association, and allow additional time 
for the tail fi bers or tailspikes to recognize the primary receptor on the cell surface. 

 It should be remembered that reversible adsorption is an operational defi nition and is dependent 
on the methods used; it is not therefore defi ning a specifi c event. In contrast, the meaning of irrevers-
ible adsorption is clearer –  infective  particles cannot be recovered from the infected cell–phage 
complex. Upon completing adsorption, the virion is committed to ejecting its DNA and releases the 
DNA from the virion head through a channel in the tail, past the cell wall and membrane(s) into 
the host cell’s cytoplasm. A rudimentary understanding of some of these processes has been attained 
with the myovirus T4, in part because of its large size and the massive protein movements (tail con-
traction) that occur during the process. Binding of the T4 secondary receptor is thought to trigger the 
tail contraction protein rearrangements that release the DNA from the head and form a conduit for 
DNA to pass into the cell (Kanamaru et al.  2002 , see chapter 22 of this book). Such protein move-
ments during siphovirus and podovirus ejection have been much more diffi cult to observe. Certainly 
they are not so great as those in T4, but some movements must occur; at the  very least  the proteins 
that plug the exit channel must get out of the way so that DNA can be released from the virion. 
Furthermore, the tails of podoviruses are usually too short to span the entire cell envelope; either the 
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tail must be functionally extended to traverse the cytoplasmic membrane or that membrane must be 
induced to approach the tip of the tail at the site of adsorption. Among the podoviruses, limited 
information on such protein rearrangements is only available for T7, and it is discussed below. 

 Below we consider each step of podovirus DNA delivery in general and then examine the differ-
ences and similarities among podovirus subtypes in specifi c discussions of the better studied of 
these, the P22,  f 29, T7, N4,  e 15, and BPP-1 type phages. Figure  7.1  shows podovirus DNA delivery 
diagrammatically.   

    7.2   Adsorption 

    7.2.1   Initial or Reversible Binding to a Host Cell 

 The initial specifi c binding of any tailed phage virion to a host cell typically occurs through the tail 
fi bers or tailspikes (the term fi ber is used for long thin tail appendages, whereas spike is used for 
shorter and thicker appendages) but can also occur through less extended tail proteins. These virion 
proteins target host surface proteins or polysaccharides, and examples of podoviral fi bers and tail-
spikes are shown in Fig.  7.2 . The host molecule that is initially bound by the phage is referred to here 
as the primary receptor. Among the podoviruses, some like P22 are well known for using extended, 
long carbohydrate chains as their primary receptor (Lindberg et al.  1970  ) , while others like N4 use 
surface protein receptors (McPartland and Rothman-Denes  2009  ) . Binding of primary host receptors 

  Fig. 7.1    Podovirus DNA delivery into a target cell. ( a ) A virion binds to its cell surface primary receptor ( black 
curved lines , in this example depicting a polysaccharide) through its tailspikes ( orange ). ( b ) Tailspikes cleave the 
polysaccharide, the virion approaches the cell surface, and secondary receptor contact is made; this is shown as con-
tact of the tail needle ( green ) with an outer membrane protein ( purple ). ( c ) Tail machine proteins ( blue ) rearrange to 
allow local enzymatic cleavage of the peptidoglycan ( green lines ) and form a passage for the DNA through the cell 
envelope. There are many variations in how podoviruses bind to cells and deliver their DNA; see text for more 
information       
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mediates initial contact of the virion with the target cell, but does not trigger DNA release from the 
virion. In addition to conferring the specifi city (at least in part) of adsorption, this step helps reduce 
the search space for a productive interaction of the phage with a bacterium (i.e., infection) from three 
to two dimensions. This idea is formally described as the strategy of reduction of dimensionality (RD) 
(Adam and Delbrück  1968  ) . It is hypothesized that release and rapid rebinding of individual receptors 
allows the phage to explore a two-dimensional surface in a search for a productive site of adsorption, 
and the role of primary receptor binding is to speed the process of fi nding the secondary receptor. 
Experiments with myovirus T4 have lead to a model in which the phage uses this reversible binding 
of its tail fi bers to recognize the correct type of cell and at the same time allows a fl exible and rapid 
search for the secondary receptor (Goldberg et al.  1994  ) . However, RD can only be useful if the 
reversible adsorption is suffi ciently weak to allow desorption and rebinding at alternative neighboring 
sites, and it still requires the initial three-dimensional search, and a phage just released has a very good 
chance of diffusing back and adsorbing to the same cell (Berg and Purcell  1977  ) . Furthermore, the 
well-studied siphoviruses,  l , T5, and SPP1, can infect perfectly well in the laboratory without their 
long tail fi bers, utilizing only their secondary receptor proteins LamB, FhuA, and YueB, respectively, 

  Fig. 7.2    Phage T7 tail fi bers and phage K1-5 tailspikes. ( a ) Two dimensionally reconstructed image made using 
piecewise correlation averaging of electron micrographs of negatively stained tails showing an end-on view of the T7 
tail illustrating the six thin, trimeric tail fi bers emanating from the central hub (reproduced from Steven et al.  1988  
with permission). ( b ) Three-dimensional reconstruction of the K1-5 virion. ( c ) The K1-5 tail from below. ( d ) Angled 
view of tail at the “bottom” of the virion. The products of K1-5 genes  33, 37, 46 , and  47  in ( b ) and ( d ) are shown in 
 orange ,  yellow ,  green , and  red , respectively. The gp46 and gp47 proteins have cleavage activity for, respectively, 
glucosamine- N -acetyl-glucosamine polymer (the  E. coli  K5 capsular polysaccharide) and polysialic acid (K1 polysac-
charide) (Petter and Vimr  1993 ; Hanfl ing et al.  1996  ) . ( b–d ) Modifi ed from Leiman et al.  (  2007  )  and P. Leiman 
unpublished with permission. The reader is also directed to the recent cryo-EM reconstruction of P-SSP7 virions 
(Liu et al.  2010  ) , which was published after this review was completed       
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even though the rate of irreversible adsorption of the phage to its host cell is substantially reduced 
(Saigo  1978 ; Heller and Braun  1979 ; Hendrix and Duda  1992 ; Baptista et al.  2008  ) . Regardless of the 
detailed mechanism(s) of reversible adsorption, the dispensability of the proteins supports the idea 
that primary receptor binding is not an obligatory step in the virion’s route to the cell surface.  

 Phages are not restricted to having only one type of primary receptor-binding protein, and several 
mechanisms to increase the number of hosts that can be infected are known. In the podoviruses, the 
simplest of these are phages that carry two types of tailspikes that have different target specifi cities, 
either of which can function in primary receptor binding. For example, phage K1-5 is a T7-like 
phage that has two different tailspikes in its virion that can bind  Escherichia coli   a -polysialic acid 
(K1) or poly-glucuronic acid- N -acetylglucosamine (K5) capsular polysaccharides (Scholl et al. 
 2001,   2004 ; Leiman et al.  2007  )  (Fig.  7.2c, d ). Other phages have complex mechanisms that vary the 
amino acid sequence of the tail fi ber or spike, and one of these is mentioned below in more detail 
with the podovirus BPP-1. In addition, a related group of podoviruses is not limited to possessing 
long thin fi bers or thick shorter spikes: T7 has long fi bers, whereas its relatives K1F, K1-5, and K1E 
have shorter spikes (Steven et al.  1988 ; Petter and Vimr  1993 ; Scholl et al.  2004 ; Leiman et al.  2007  )  
(Fig.  7.2 ). The K1F tailspike retains the tail-binding domain of the T7 tail fi ber, fusing it to the enzy-
matic domain of the sialidase. In contrast, the K1-5 and SP6 tailspike proteins lack a tail-binding 
domain but encode a separate adapter protein that can link different tailspike enzymes to the tail 
(Stummeyer et al.  2006 ; Leiman et al.  2007  ) .  

    7.2.2   Getting Down to the Cell Surface 

 When some podoviruses, for example, T7, bind to primary receptors that are near the cell surface, 
the act of binding may correctly position the virion for irreversible binding and ejection; however, 
other phages like P22 and K1F bind to bacterial surface-bound polysaccharides that extend beyond 
the core lipopolysaccharide (LPS), so that initial binding may not be near the surface. In these latter 
cases, an additional process must allow these virions to work their way down to the outer cell mem-
brane surface. To date all phages that utilize extended polymeric primary receptors (O-antigen or 
capsules) have thick tailspikes, and in nearly all of the cases where information is available, these 
spikes have an enzymatic activity that cleaves the receptor polymer. Known phages have 6 or 12 
tailspikes, each of which is a homotrimer with three polysaccharide-binding sites. Figure  7.3  shows 
striking electron micrographs in which the receptor-degrading short-tailed phage K29 appears to 

  Fig. 7.3    Two views of phage K29 adsorbing to  E. coli . Phage K29 is a podovirus with polysaccharide depolymerizing 
tailspikes. Symbols in the fi gure are  C  cell cytoplasm,  P  polysaccharide capsule,   F   phage virion. Figure is modifi ed 
from Bayer et al.  (  1979  )  with permission       
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have burrowed its way through its  E. coli  host’s capsule to the cell surface. Bayer and Bayer  (  1981  )  
presented evidence that suggests that receptor-degrading phages take longer (about 1 min) to com-
plete the adsorption process than phages that do not degrade their receptors. It appears that this 
cleavage activity can “clear a path” through the polysaccharide for the virion to reach the cell sur-
face. Exactly how this occurs is not well understood, but it can be important because an  a -polysialic 
acid capsule on the surface can largely shield  E. coli  from infection by T7, which has no such 
enzyme activity (Scholl et al.  2005  ) . However, by expressing sialidase in infected cells, it was shown 
that the released enzyme from a few infected cells allowed T7 to grow. It seems possible that such 
cooperation could extend to natural phages as follows: degradation of surface capsular polysaccha-
ride by the tailspike of one phage, which may or may not be able to productively infect the underly-
ing cell, can render that same bacterial cell susceptible to infection by a fi bered phage.  

 In the few cases that have been studied, there are differences among the properties of the receptor-
cleaving tailspikes that make construction of a universal model for their action during adsorption 
diffi cult. The phage K1F tailspike protein has been shown to act processively with the sequential 
release of trisaccharides, and the processivity is thought to be mediated by a second substrate- binding 
site in addition to the cleavage site (Schulz et al.  2010  )  (Fig.  7.4 ). This second binding site directs 
the enzyme toward the reducing end of the polysaccharide, which is anchored to the cell surface 

  Fig. 7.4    Tailspike receptor-binding domains. Ribbon diagrams of the receptor binding domains of trimeric tailspikes 
from six tailed phages are shown with the three identical subunits shown in  red ,  green , and  yellow  [ top  views ( upper ) 
are from the N-terminus and  side  views ( lower ) have N-termini at the top]; the N-terminal region is bound to the virion 
in all cases (except SF370.1 where the virion orientation is not known). The approximate locations of the substrate 
binding sites on one subunit are indicated by  black  and  gray circles  ( upper ) and  bars  ( lower ). The diagrams were 
produced from the coordinates in the following references: P22 amino acids 109–666 (Steinbacher et al.  1996  ) , HK620 
amino acids 113–709 (Barbirz et al.  2008  ) , Det7 amino acids 152–708 (Walter et al.  2008  ) ,  f 29 amino acids 89–691 
(Xiang et al.  2009  ) , K1F amino acids 246–911 (Stummeyer et al.  2005  ) , and SF370.1 amino acids 7–336 (Smith et al. 
 2005  ) . The P22, HK620, and Det7 proteins have very similar, largely  b -helix folds and bind and cleave LPS polysac-
charides. The HK620 protein has a different binding specifi city and a completely different amino acid sequence from 
those of P22 and Det7, which have similar amino acid sequences and binding specifi cities. The  f 29 protein is also 
largely  b -helix, but it cleaves teichoic acid polymers. The K1F and SF370.1 proteins are different and more complex, 
but they are largely  b -structure, and both include triple-strand  b -helices. The K1F protein cleaves polysialic acid, and 
the SF370.1 protein cleaves hyaluronic acid polymers. Phage SF370.1 is an inducible siphovirus prophage in the 
genome of  Streptococcus pyogenes  strain SF370 (Canchaya et al.  2002  ) , whereas Det7 is a myovirus (Walter et al. 
 2008  ) . The amino acids that form the capsid-binding domain are not shown for the  left  fi ve proteins, and the  f 29 and 
K1F proteins do not show their C-terminal domains that are important for trimerization but that are removed by auto-
catalytic proteolysis during maturation (Xiang et al.  2009 ; Schulz et al.  2010  )        
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(Stummeyer et al.  2005  ) . The rate of degradation by K1F tailspike on a minimal substrate is 250/min 
(Schwarzer et al.  2009  ) ; as K1 capsule chains have an average length of about 200 trisaccharide units 
(Rohr and Troy  1980  ) , chains could be fully processively degraded in the 1 min estimated to be 
necessary for receptor-degrading phages to reach the cell surface (Bayer and Bayer  1981  ) . However, 
the rate of O-antigen cleavage by P22 tailspike was estimated at only 2/min (Baxa et al.  1996  ) , which 
is too slow for an effi cient infection if chains consisting of 20–35 repeating subunits (Palva and 
Mäkelä  1980  )  need to be degraded prior to cell surface binding. No second substrate-binding site has 
been identifi ed in the P22 tailspike; however, the single known binding site does bind the polysac-
charide in such a way that it could in theory correctly orient the virion for tail tip contact with the 
outer membrane. It has been suggested that rapid receptor release and rebinding by the P22 tailspike 
(with or without cleavage) might facilitate the phage fi nding a productive site for infection without 
dissociation from the cell (Baxa et al.  1996  ) . At least three tailspikes are necessary for successful 
infection (Israel  1976,   1978  ) , suggesting that the processivity of a single tailspike with its three 
binding sites is insuffi cient to carry the virion to the surface. However, the requirement for multiple 
tailspikes (or tail fi bers) could also refl ect the necessity of maintaining the tail-containing vertex in 
the correct orientation with respect to the cell surface. Finally, the  Salmonella anatum  phage g341 
(also known as “c341,” Uetake and Hagiwara  1969  )  tailspike does not degrade the O-antigen chain, 
but merely catalyzes its deacetylation (Iwashita and Kanegasaki  1976 ; Bayer et al.  1980  ) . The P22 
and g341 fi ndings might suggest how a bound virion could move between O-antigen chains on the 
same bacterium as well as become properly oriented with their tail closest to the outer membrane. 
However, they do not address the question of whether there is an active directionality of movement 
toward the cell surface, and if it exists, how it is achieved.  

 Since a phage tail has no obvious source of internal energy, it is unlikely that its movement toward 
the cell surface could be made directional through the expenditure of stored energy. Theoretical 
means of achieving a directionally biased movement of virions toward the cell surface include sev-
eral, perhaps not mutually exclusive, possibilities of which we mention three (in these the actions of 
the virion tailspikes are uncoordinated – coordination of tailspike actions would add another level of 
sophistication to the process, but there is no evidence for this at present). First, polysaccharide cleav-
age is an energy-releasing process, and this could be the underlying source of energy that drives 
processive movement of the tailspikes along the O-antigen polysaccharide toward the cell (Schulz et al. 
 2010  ) . Second, a Brownian ratchet (Feynman  1963 ; Astumian  1997  )  type mechanism might be used. 
A tailspike could bind, cleave, and release its substrate polysaccharide, while other tailspikes remain 
bound. Then Brownian motion forces would buffet the bound virion, and if the forces happen to be 
“right” it would be pushed closer to the surface, where an unbound tailspike could bind for another 
round binding–cleavage–dissociation. Directionality could be achieved because cleavage removes 
distal O-antigen binding sites, and eventually the remaining ones in the vicinity are all closer to the 
cell surface. Third, it is possible that phages with tailspikes that do not cleave the O-antigen (like 
g341) or do so slowly (like P22) might only use the polysaccharide as a means of holding the virion 
close to the surface, while a random diffusional search for the putative secondary receptor on the cell 
surface occurs (see above). Note that this search is not perfectly random in the sense that, when suc-
cessful, the phage becomes committed to further steps in the infection process.  

    7.2.3   Irreversible Binding and the Secondary Receptor 

 As mentioned above, the interaction of a phage with its primary receptor does not usually cause the 
virion to release its DNA. It is generally thought that another type of binding to a “secondary receptor” 
at the cell surface signals the virion to release its DNA into the cell (reviewed by Vinga et al.  2006  ) . This 
second type of binding can cause the virion to be irreversibly bound to the cell and/or causes the virion 
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to become noninfective; in theory, this could be mediated by the primary receptor-binding protein or 
another virion protein interacting with a different receptor or in a new way with the primary receptor. 

 This part of podovirus adsorption is particularly poorly understood, but current evidence suggests 
that they do have secondary receptor interactions. For example, T7-like phage SP6 grows well on 
 Salmonella enterica  strains that lack the O-antigen polysaccharide that is normally bound and 
degraded by its tailspike (Scholl et al.  2004  ) , and SP6 mutants with mutant tail proteins, but with a 
wild-type tailspike, grow well in  E. coli  which does not have the SP6 tailspike receptor 
(I. J. Molineux, unpublished). Furthermore, mutants of K1F have been isolated that grow on 
noncapsulated rough  E. coli  strains (I. J. Molineux, unpublished), and the  E. coli  host range of T7 is 
primarily determined by its tail proteins, not its tail fi bers (W. P. Robins and I. J. Molineux, 
unpublished). These observations clearly show that cleavage of surface polysaccharide is not 
obligatory for initiating host-specifi c infection by these podoviruses, and thus strongly suggest that 
there must be a secondary receptor for these phages. On the other hand, searches for conditions or 
mutations that allow phage P22 to grow on hosts that lack O-antigen have not been successful.  

    7.2.4   Diversity and Evolution of Tail Fibers and Tailspikes 

 Phages can change or expand their host range by mutation of their tail fi bers or tailspikes and in so 
doing increase the extant diversity of these proteins. Bacterial mutants that are resistant to infection 
by a particular bacteriophage have often lost or modifi ed the primary receptor, and the mutations that 
have been studied that alter the host range of a phage usually modify its tail  fi bers . The most dra-
matic example is the T2-like myovirus Ox2. In a series of selections, tail fi ber mutants of Ox2 were 
shown to change their receptor from OmpA to OmpC to OmpX to the innermost glucose residue of 
 E. coli  B LPS (Drexler et al.  1991  ) . The same phage protein can thus be changed by mutation to use 
one of several outer membrane proteins and even carbohydrate as its receptor, thereby providing 
the potential for extending host range without the necessity for recombination with host or prophage 
sequences. This approach has provided important avenues for experimental identifi cation both of the 
host receptor and virus primary receptor, but these are not reviewed here. 

 Seckler and coworkers have determined the crystal structures of the receptor-binding domains of 
the tailspikes of P22-like phages P22, HK620, and Sf6 (Steinbacher et al.  1994,   1997 ; Barbirz et al. 
 2008 ; Muller et al.  2008  )  and found that although these have no recognizable amino acid sequence 
similarity (their capsid-binding domains do have sequence similarity), all three have the same poly-
peptide fold. These proteins have clearly been diverging for a very long time. Tailspike diversity 
appears to be exceptionally high among the P22-like phages. Among the 57 currently known P22-
like phage genomes, there are 28 extremely different versions of the tailspike receptor-binding 
domain. These versions are not recognizably similar in amino acid sequence (below 15% amino acid 
sequence identity), and in all cases where the receptor is known, each sequence type corresponds to 
a structurally different receptor polysaccharide (Casjens and Thuman-Commike  2011 ). These are by 
far the most diverse protein parts of the P22-like phage virions, and their genome sequences suggest 
that there has been substantial horizontal exchange of these receptor-binding domains among these 
phages (Casjens and Thuman-Commike  2011 ). Such diversity may be in part a result of lysogenic 
conversion in which a prophage encodes genes that alter the surface polysaccharide of its bacterial 
host. Lysogenic conversion is common in many P22-like (and other) phages, and the changes in the 
cell envelope in turn select for new phages that have acquired an altered tailspike that can recognize 
the changed cell surface receptor. 

 Recombinational shuffl ing of mutationally diverged primary receptor-binding domains that have 
different host specifi cities among different phages is undoubtedly a source of diversity in the evolu-
tion of tailed phages. It was noticed a number of years ago that evolutionary horizontal exchange of 
genes and parts of genes that encode receptor-binding thin fi bers is frequent, and these include 
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examples of exchange among the podo-, sipho-, and myoviruses (George et al.  1983 ; Haggard-
Ljungquist et al.    1992 ; Sandmeier et al.    1992 ; Walter et al.    2008 ; Bull et al.    2010  ) . The polymer-
cleaving tailspikes ,  were discovered in, and are very common in podoviruses, and they appear to 
have exchanged among the podoviruses quite extensively. For example, the P22 and SP6 tailspikes 
are clear homologues and bind the same  S .  enterica  serovar Typhimurium O-antigen primary recep-
tor (Dobbins et al.  2004 ; Scholl et al.  2004  ) ; similarly, P22-like phage CUS-3 and T7-like phage 
K1F have homologous tailspikes that bind the  E. coli  K1 polysialic acid capsular polysaccharide 
(King et al.  2007  see also phage P22 section below). In addition, tailspikes homologous to those of 
podoviruses have also been found in myo- and siphoviruses (Machida et al.  2000 ; Leiman and 
Molineux  2008 ; Walter et al.  2008 ; S. Casjens and R. Hendrix, unpublished data), suggesting that 
they have undergone horizontal exchange among very distantly related phages. Tailspikes do not all 
have the same polypeptide fold, but crystal structures of a number of such tailspikes show that they 
are all very high in  b -helix structure (Steinbacher et al.  1994,   1997 ; Smith et al.  2005 ; Stummeyer et al. 
 2005 ; Mishra et al.  2009 ; Xiang et al.  2009  ) . Figure  7.4  shows structural diagrams of tailspikes from 
phages P22, HK20, Det7,  f 29, K1F0, and SF370.1. These phages infect  S. enterica ,  E. coli ,  Bacillus 
subtilis , and  Streptococcus pyogenes , which have O-antigen polysaccharide, polysialic acid, teichoic 
acid, and hyaluronic acid surface polymers, respectively. Thus, phages with such tailspikes are not 
limited to Gram-negative or Gram-positive bacteria, and a wide variety of surface polymers can be 
utilized for primary adsorption. 

 A satisfying explanation for the exceptional diversity and high level of horizontal exchange of tail 
fi bers and tailspikes is that evolutionary sparring between the host and phage at other points in the 
life cycle eventually limits the competitiveness of a particular phage. Thus, acquisition (by diversi-
fi cation or horizontal tail fi ber/tailspike exchange) of the ability to deliver DNA into a new host that 
has not seen a particular phage before may give it access to bacteria that are not prepared for its 
particular style of intracellular development. A phage with new receptor specifi city could therefore 
have an immediate competitive advantage.   

    7.3   DNA Release and Delivery 

    7.3.1   Packaged DNA Structure 

 In tailed DNA phages, the packaged genome is maintained in a condensed, dehydrated B-form at a 
density of ~500 mg/ml. In order to maintain electroneutrality, the interior of the capsid must also 
contain ~1.5 M counterion charges. The DNA is very tightly bent and so is trapped in an energeti-
cally unfavorable state that favors DNA release (Jeembaeva et al.  2010  and references therein). This 
energetically unfavorable state, often referred to as the “DNA pressure” within the phage virion, was 
originally estimated from single molecule DNA packaging reactions to reach ~60 atm (Smith et al. 
 2001  ) , a value later revised to ~100 atm (Rickgauer et al.  2008  ) . It has commonly been assumed that 
this “pressure” is stored in mature virions and is ultimately used to eject DNA into a cell in the next 
infection cycle. During ejection by all tailed phages, DNA passes out of the virion through the chan-
nel in the portal vertex and the tail. In mature particles, this channel is plugged. By this model, when 
the plug is removed, DNA and counterions spontaneously escape the energetically unfavorable con-
fi nes of the capsid. Indeed, in some studied cases, binding of the virion to purifi ed receptor in vitro 
with no external energy source can result in rapid and complete DNA release. Phages  l  and T5 have 
been reported to release their genomes in response to binding their purifi ed secondary receptors at 
rates up to 60,000–75,000 bp/s (Mangenot et al.  2005 ; Grayson et al.  2007  ) . 

 However, DNA ejection is certainly not this simple. Rates and extents of DNA ejection are highly 
dependent on the solution conditions, which alter the stability of the packaged DNA, and thus alter 
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the free energy change associated with ejection. In addition, biophysical calculations suggest that 
spontaneous DNA exit through the tail should slow down signifi cantly as release proceeds. In ele-
gant in vitro experiments, suppression of genome ejection from the siphoviruses  l , T5, and SPP1 has 
been achieved by the presence of high concentrations of polyethylene glycol (PEG) in the external 
environment (e.g., Evilevitch et al.  2003 ; Grayson et al.  2006 ; Sao-Jose et al.  2007 ; Leforestier et al. 
 2008 ; Jeembaeva et al.  2010  ) . For  l  and SPP1, though notably not T5, the length of the DNA 
remaining in the capsid depends on the concentration of the PEG, which provides an osmotic force 
opposing ejection. At high external osmotic pressure, T5 responds “normally,” but at lower levels 
multiple populations of T5 virions containing varying amounts of DNA coexist (Leforestier et al. 
 2008  ) . The theoretical principles underlying these experiments were fi rst presented 40 years ago 
(Zarybnicky  1969  )  and have recently been extended (e.g., Tzlil et al.  2003 ; Purohit et al.  2005  and 
references therein). Signifi cantly, in the presence of a concentration of PEG that provides an osmotic 
pressure comparable to that in the bacterial cytoplasm (turgor pressure), in vitro ejection of  l  and 
SPP1 is limited to about half the phage genome (Grayson et al.  2006 ; Sao-Jose et al.  2007  ) . Therefore, 
regardless of any pressure or internal forces within the mature phage capsid, turgor necessitates that 
during natural infection there be mechanisms that complete cytoplasmic internalization of a phage 
genome (Molineux  2001,   2006 ; Grayson and Molineux  2007  ) . 

 Tailless virions of T7 can be purifi ed and are stable in solutions of moderate ionic strength. These 
properties allowed the fi rst high-resolution cryoEM images of DNA spooled around the internal core 
within a capsid (Cerritelli et al.  1997  ) . Viewed along the portal vertex (tail) axis, the DNA showed 
patterns of circular striations, about 2.5 nm apart, an average dsDNA strand separation which agrees 
with low-angle X-ray diffraction analysis of other phage virions (Earnshaw and Casjens  1980  ) . These 
data led to a model in which T7 DNA is wrapped axially in concentric shells of an inverse spool (fi rst 
layer laid down is on the outside, next layer immediately inside that, and so on toward the center). 
Subsequent cryoEM reconstructions of several tailed phages have revealed comparable toroidal 
structures in all three tailed phage morphotypes (Hud and Downing  2001 ; Olson et al.  2001 ; 
Fokine et al.  2004 ; Agirrezabala et al.  2005 ; Chang et al.  2006 ; Effantin et al.  2006 ; Jiang et al.  2006 ; 
Lander et al.  2006 ; Xiang et al.  2006 ; Leiman et al.  2007 ; Choi et al.  2008 ; Comolli et al.  2008 ; 
Tang et al.  2008  ) . Only a few outer layers of DNA are clearly visible, and the central portion is much 
less ordered; this is usually explained by the necessity to bend the DNA more sharply as the inner 
radius of the toroid becomes smaller. However, it should be remembered that all these reconstructions 
are averaged structures, and a recent cryoEM analysis of T5 DNA ejection in vitro showed a different 
pattern inside individual virions that is not compatible with the inverse spool model (Leforestier and 
Livolant  2009,   2010  ) . The mature T5 capsid appears full of hexagonally packed DNA, even in the 
central region, but many defect walls are visible that effectively partition the DNA into domains.  

    7.3.2   DNA Release 

 The plug that maintains stability of a mature virion must be removed for successful DNA exit; 
presumably binding to the secondary receptor is the trigger that normally initiates this process. In the 
podoviruses that have been examined, DNA exit during ejection is oriented with a particular end of 
the viral chromosome (likely the last end packaged) leaving the virion fi rst (Saigo  1975 ; Krawiec et al. 
 1981 ; Choi et al.  2008  ) . Also, in  f 29,  e 15, K1E, and P-SSP7 (and presumably their relatives, includ-
ing T7), and perhaps P22, one end of the DNA (the “fi rst out” end?) appears to be tethered within 
the portal channel in three-dimensional virion reconstructions (Jiang et al.  2006 ; Lander et al.  2006 ; 
Leiman et al.  2007 ; Tang et al.  2008 ; Liu et al.  2010  ) . As mentioned above, even if forces internal to 
the virion initiate genome ejection, the obligatory turgor pressure of growing bacterial cells requires 
that other mechanisms complete transport of the phage genome into the cell cytoplasm. Indeed, there 
appear to be several rather different paradigms for podovirus DNA ejection into cells (see below). 
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 Podoviruses that must circularize their DNA for virus-specifi c transcription and replication, like 
P22, probably eject their DNA into the host cell rapidly, although it has not been measured directly. 
In contrast, phages like T7, which does not circularize its DNA, eject their DNA much more slowly. 
In the T7 phage family, genome entry into the cell is coupled to transcription of its genome, and this 
may contribute to controlling the timing of phage gene expression (Molineux  2001  ) . These differ-
ences are biologically consistent with the fact that the T7 chromosome has defi ned ends and every 
virion chromosome is identical, whereas P22 intravirion molecules are circularly permuted, so that 
in each virion the phage genes have a different relationship to the chromosome ends. The differences 
in DNA release mechanisms from these two kinds of virions are not understood, but could be recon-
ciled if the “slow ejectors” have an intravirion mechanism, perhaps as simple as a channel with a 
diameter close to that of dsDNA, that impedes rapid DNA release such that external energy must be 
supplied to pull the DNA out. It has been noted with some tailed phages that during DNA ejection 
there is a temporary cellular membrane potential depolarization and/or leakage of cytoplasmic ions. 
Exactly what this corresponds to in physical or molecular terms is unknown, and we note that 
podovirus P22 (Rao et al.  1972 ; Bandyopadhyay et al.  1979 ; Ter-Nikogosian et al.  1991  )  and several 
other phages cause such an effect, whereas T7 does not (Kuhn and Kellenberger  1985 ; E. Ramanculov 
and I. J. Molineux, unpublished data).  

    7.3.3   Periplasm Transit by DNA, Protein Ejection, 
and Peptidoglycan Cleavage 

 The implications of the seminal “Hershey–Chase experiment” (Hershey and Chase  1952  )  have 
obscured to most molecular biologists, though not to Hershey himself (Hershey  1955  ) , the fact that 
proteins are ejected into the host cell along with the DNA by all tailed phage virions. In all cases 
where it has been examined, some protein molecules are released with the phage DNA, and these can 
have important functions in the target cell. This is usually more than simple release of the protein that 
plugs the DNA exit channel, and, for example, in T7 and P22 60–80 individual protein molecules of 
fi ve and four types, respectively, are ejected with the DNA (Casjens and King  1974 ; Israel  1977 ; 
Kemp et al.  2005 ; Chang et al.  2010  ) . The exact roles of ejected proteins are in general not well 
understood; however, some of these proteins have important roles in DNA delivery, and others, such 
as inhibitors of restriction enzymes or RNA polymerase (RNAP) effectors, do not. The few specifi c 
cases where some information is available on their roles in DNA delivery are discussed below. 

 Several barriers need to be overcome to successfully deliver DNA into the cytoplasm in concert 
with its release from the virion. It may be important to (1) clear a path through the bacterial cell wall 
by enzymatic cleavage of the peptidoglycan at the point of entry, (2) build a conduit or path for the 
DNA to pass through the periplasmic space and/or host lipid membranes, and (3) protect the ends of 
the DNA in the cytoplasm. It has been known for some time that some tailed-phages release enzymes 
with the DNA that are capable of creating holes in the peptidoglycan cell wall. The best studied of 
these is the contractile-tailed phage T4 where a lysozyme domain in the tail protein gp5 is cleaved 
from the tail by an unknown protease, and three such molecules are released into the periplasm upon 
tail contraction (Kanamaru et al.  1999,   2002  ) . Although in the two cases examined, phages T4 and 
T7, the activity is only conditionally essential (Moak and Molineux  2000 ; Kanamaru et al.  2002  ) , it 
seems likely that most if not all tailed phages do benefi t from such a muralytic enzyme in the virion, 
and such an activity has been reported in diverse phages (Moak and Molineux  2004  ) . Proteins with 
muralytic activity have been identifi ed in virions of the podoviruses T7 (and its relatives), N4, and 
 f 29 (Moak and Molineux  2004 ; Stojković and Rothman-Denes  2007 ; Xiang et al.  2008  ) . P22 gp4 
was mistakenly concluded by (Moak and Molineux  2004  )  to contain muralytic activity, but this has 
subsequently been found to be due to the P22 endolysin gp19, which appears to be packaged at low 
levels in virions (P. Kemp and I. J. Molineux, unpublished). The T4 gene  e -encoded lysozyme is also 
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found at low levels in virions (Emrich and Streisinger  1968  ) . Any biological signifi cance of the last 
two observations is not known. Some P22 relatives may have such an activity in their ejected gp16, 
but this has not been shown experimentally (see below). 

 The precise mechanism by which proteins are ejected from phage heads remains unknown, and 
many questions remain. What drives their release? If they have to exit in a coordinated manner in 
order, for example, to functionally extend the short podovirus tail so that it can span the cell envelope, 
how is coordination achieved? Further, since proteins have to pass through the narrow portal channel, 
are they unfolded during ejection and if so, are they unfolded in the virion? If an unfolded state does 
exist, how does refolding occur in the outer layers of the cell where there are no general chaperone 
proteins and no source of energy?  

    7.3.4   Superinfection Exclusion and DNA Delivery 

 A number of phages express genes whose products help protect the host bacterium from superinfect-
ing phages, and several of these are known to affect adsorption and/or DNA delivery. Some of these 
are expressed from the prophages of temperate phages, and a common mechanism is modifi cation of 
receptors on the bacterial surface so that phages with the same receptor specifi city as the prophage 
cannot adsorb. This was discovered in podovirus  e 15 and typically takes the form of the expression of 
enzymes that alter the polysaccharide portion of LPS (Uetake et al.  1955 ; Uetake and Hagiwara  1969 ; 
Wright  1971 ; Allison and Verma  2000 ; Kropinski  2000 ; Villafane et al.  2008  and references therein). 
In addition to such a system, phage P22 has two additional excluding mechanisms mediated by the 
SieA and SieB proteins (Rao  1968 ; Susskind et al.  1971  ) . The fi rst of these may affect DNA delivery. 
The product of the  sieA  gene is expressed from the P22 prophage and appears to block all functioning 
of the DNA of superinfecting virions of phages P22, L, MG178, and perhaps MB78 at a stage after 
DNA release from the virion (Susskind et al.  1971 ; Joshi et al.  1982  ) . Since generalized transduction 
fails in the presence of the SieA system (Ebel-Tsipis and Botstein  1971 ; Susskind et al.  1971  ) , the 
superinfection block is not related to the sequence of the incoming DNA. SieA protein likely blocks 
successful DNA delivery by the superinfecting phage (Susskind and Botstein  1978  ) , and the observa-
tion that the SieA protein is found in the cell membrane is compatible with such an idea (Hofer et al. 
 1995  ) . Proteins with SieA-like functions may be widespread in phages. The  imm  gene product, a 
membrane protein encoded by the myovirus T4, prevents successful DNA ejection by superinfecting 
phage (Lu and Henning  1994  ) , and membrane proteins encoded by the  Lactococcus lactis  temperate 
phage Tuc2009 (and other members of the P335 group of siphoviruses) prevent successful genome 
delivery by lytic phages belonging to the 936 siphovirus group (McGrath et al.  2002 ; Mahony et al. 
 2008  ) . The mechanism(s) by which such proteins prevent successful ejection is unknown.   

    7.4   Podovirus Tail Machines 

    7.4.1   Universal and Variable Tail Machine Features 

 The short-tailed phages that are discussed below were chosen because, among the podoviruses, their 
DNA delivery processes are best understood. The structures of their virions are quite well under-
stood, and P22, N4,  f 29, and T7 have been studied intensely for many years, so a signifi cant amount 
of information is available about many aspects of their life cycles. Phages BPP-1, K1F, K1E, and  e 15 
are less well understood, but they provide a glimpse into the wide diversity that exists even within 
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this narrow aspect of the podoviruses. The currently known structures of six of these phage virions, 
with their tail machines highlighted, are shown in Fig.  7.5 . Among those shown, only T7 and K1E 
are of the same “phage type,” but they have very different primary receptor binding proteins; T7 has 
long thin fi bers (not shown in Fig.  7.5 , see Fig.  7.2 ), and K1E has thick tailspikes. Although the tails 
of these phages are all short, the overall morphology of their tails is quite variable even at the 
resolution shown in Fig.  7.5 . The variable sizes, shapes, and numbers of the tail proteins from the 
different podovirus types (e.g., T7, P22,  f 29,  e 15, and N4 types), and the almost universal lack of 
amino acid sequence similarity among the proteins involved, make it likely that many of their tail 
proteins are not homologous across phage types. Each of these tail structures shows some density 
within the portal vertex channel that is usually attributed to DNA; however, some of this density could 
also be due to proteins that are ejected. The podovirus types we discuss below represent only a small 
fraction of this group’s total diversity; for example, the genomes of  E. coli  phage  f Eco32 (Savalia et al. 
 2008  ) ,  Pseudomonas aeruginosa  phage PaP3 (Tan et al.    2007  ) ,  L. lactis  phage KSY1 (Chopin et al. 
 2007  ) , and  Prochlorococcus  phage Syn5 (Pope et al.  2007  )  have been sequenced, and the predicted 
amino acid sequences of the proteins in their short tails appear to have little in common with those 
discussed here.  

 Defi nitive answers to the question of homology across phage types for most of the podovirus tail 
proteins must await high-resolution structure determination; however, one tail machine protein, the 
portal protein (green in Fig.  7.5 ), is universally present and homologous throughout all tailed phages. 
Where information is available, all tailed phage virions contain a 12-subunit ring of portal protein 
that replaces a pentamer of coat proteins at one vertex (fi vefold symmetry axis) of the virion’s 

  Fig. 7.5    Podovirus tail structures. Three-dimensional reconstructions of the virions of six podoviruses are shown, 
with surface renderings above, and slices through the center of the virion along the tail axis below (the  f 29 head fi bers 
and T7 tail fi bers are not shown). The virions are not shown precisely to scale with respect to each other, but they are 
all of rather similar size; e.g.,  f 29 and P22 are about 900 Å from the top of the head to the tip of the tail, and N4 is the 
largest and is about 1,200 Å. The coat protein shell and interior DNA loops are shown in  gray , the approximate posi-
tion of the portal protein ring is  green , and the rest of the tail machines are  orange . The fi gure was inspired by Fig. 2 
of Johnson and Chiu  (  2007  ) , and the three-dimensional reconstructions are from the following sources: T7 
(Agirrezabala et al.  2005  ) , 24 Å resolution, European Bioinformatics Institute accession No. em1164; K1E 
(Leiman et al.  2007  ) , 16 Å, em1336;  e 15 (Jiang et al.  2006  ) , 20 Å, em1175; P22 (Lander et al.  2006  ) , 17 Å, em1220; 
 f 29 (Tang et al.  2008  ) , 7.8 Å, em1420; and N4 (Choi et al.  2008  ) , 29 Å, em1472. The reader is also directed to the 
cryo-EM reconstruction of P-SSP7 virions (Liu et al.  2010  ) , which was published after this review was completed       
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 icosahedral shell. The portal protein-coat contacts are complex, since a    12- to 5-fold symmetry 
 mismatch occurs, but nonetheless, these form the connection between the tail machine and the coat 
protein shell of the virion. Existing evidence suggests that the tail machine/portal protein cannot 
rotate freely relative to the protein shell in the virion (Baumann et al.  2006 ; Lander et al.  2006 ; 
Hugel et al.  2007  ) . Crystal structures have been obtained for the portal proteins of the podoviruses 
 f 29 and P22, siphoviruses SPP1 and HK97, and the myovirus  B. subtilis  prophage Skin (Simpson et al. 
 2000 ; Lebedev et al.  2007 ; Cardarelli et al.  2010 ; Olia et al.  2011  ) . In spite of a lack of recognizable 
sequence similarity, they all share a major domain with the same polypeptide fold. It is thus believed 
that all tailed phage portal proteins are very ancient homologues with a similar function in DNA 
packaging (the DNA packaging motor is reviewed elsewhere in this book). The portal has an active 
role in DNA packaging (Casjens et al.  1992 ; Isidro et al.  2004  ) , although it is not the actual ATPase 
motor. It is not known if the portal serves any active role in DNA and protein ejection beyond form-
ing part of the exit channel. 

 Where the process has been examined, the podovirus tail machines have been found to assemble 
stepwise on the virion capsid, and not as free tails. This is in contrast to the myo- and siphoviruses, 
which assemble free tails that then join to heads to form the complete virion. Podoviral tail assembly 
is perhaps best studied in P22, where the order of assembly clearly shows that the tail grows outward 
from the portal ring during its assembly (details below). Although the non-portal protein parts of the 
tail machines may perform similar roles in the different phages, they appear on the surface to have 
rather little in common among podoviruses, except that they all have 12-fold symmetry at the portal 
that steps down to six- and/or three- or twofold in the more distal parts. A few clear exceptions to the 
lack of sequence similarity and/or homology among non-portal tail proteins are cases where the 
tailspike/fi ber proteins have been exchanged among phage types (above).  

    7.4.2   Phage T7 and Relatives 

  E. coli  phage T7 is the only tailed phage where mechanistic details of genome ejection are moder-
ately well understood. This is largely a consequence of the process being slow, occupying about 
one-third of the latent period. Furthermore, both adsorption and the initial steps where the trans-
envelope channel is made are highly synchronous, allowing accurate measurements of the rates of 
genome internalization. 

 T7 tail fi bers are encoded by gene  17 , and, by extension from studies of the related phage T3 
(Prehm et al.  1976  ) , they interact with the inner core of the LPS of  E. coli  B, C, and K-12 strains, 
and many rough  Shigella  spp. and  S. enterica  strains, but probably without high specifi city. The T7 
fi berless tail has also been found to interact with the LPS inner core in  E. coli  K-12 (W. P. Robins 
and I. J. Molineux, unpublished); the tail fi bers may thus only serve to accelerate tail binding. 
Following productive T7 adsorption, about 30 copies of the tail protein gp7.3, and about 18 copies 
of the head protein gp6.7, are ejected from the virion and become associated with the outer mem-
brane of the infected cell. Both of these small proteins are normally degraded by an unknown outer 
membrane or periplasmic protease, although degradation is not important for a successful infection 
(Kemp et al.  2005 ; Chang et al.  2010  ) . Gene  7.3  is essential, and virions made in its absence are 
unable to successfully adsorb to cells, even though they contain DNA and a normal complement of 
tail fi bers. Cell–phage complexes cannot be isolated by centrifugation even without dilution 
(Kemp et al.  2005  ) , showing directly that tail fi ber binding is not strong. Despite gp7.3 being part of 
the virion structure, its essential role is probably during tail assembly, where it may have a chaperone-
like activity that organizes the correct assembly of the two major tail proteins gp11 and gp12. 
Supporting this idea are the following observations: Gene  17  mutants produce virions lacking both 
tail fi bers (gp17) and gp7.3, but these can be complemented in vitro by tail fi ber addition. However, 
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complementation fails if the phage is defective in both genes  17  and  7.3  (Kemp et al.  2005  ) . 
Furthermore, viable second site suppressors of gene  7.3  deletion mutants lie in genes  11  and/or  12  
(O. Perng, P. Kemp and I. J. Molineux, unpublished). The precise location of gp7.3 in the tail is 
not known. Gene 6.7 is also essential; virions prepared in its absence infect only at a low, 
strain-dependent effi ciency, and the burst of viable progeny per infected cell is reduced. Gp6.7 is 
present in tailless virions and is therefore a head protein. It is possible that gp6.7 is a head- completion 
protein that serves as a plug to prevent premature exit of DNA into the tail into the portal vertex 
channel (Kemp et al.  2005  ) . 

 Irreversible adsorption of T7 corresponds to the ejection of gp7.3 and gp6.7 into the infected cell, 
and these are followed by ejection of the internal core proteins, gp14, gp15, and gp16 (Kemp et al. 
 2005 ; Chang et al.  2010  ) . In the core, gp14 is closest to the portal, with gp16 at the distal end 
(Agirrezabala et al.  2005  )  (Fig.  7.6 ). The conformation of the proteins in the core is not known, but 
on geometric grounds alone, it is likely that at least the 82 kDa gp15 and the 144 kDa gp16 must leave 
the head and pass through the portal channel at least partially unfolded. Both proteins are predicted 
to be largely  a -helical, separated by unstructured regions, and it has been suggested that the  a -helices 
might be preserved during ejection through the portal and tail, allowing for a rapid refolding in the 
periplasm (Molineux  2001 ; Chang et al.  2010  ) . The approximately ten molecules of ejected gp14 are 
found stably associated with the outer membrane, whereas the eight molecules of gp15 and four of 
gp16 both apparently span the periplasm and associate with the inner membrane (Molineux  2001 ; 
Chang et al.  2010  ) . Contact between gp15 and gp16 with gp14 is preserved in the infected cell, and 

  Fig. 7.6    The phage T7 virion internal core. Slices through the portal vertex regions of three-dimensional reconstruc-
tions of T7 procapsids and virions are shown above, and the putative locations of the T7 internal core proteins are 
indicated below; the external part of the tail extends below the panels.  Black arrows  note apparent protein movements 
during procapsid maturation. After infection, the three internal core proteins (gp14, gp15, and gp16) are ejected into 
the infected cell, where they are thought to functionally extend the T7 tail so that it spans the cell envelope, thereby 
providing a conduit for DNA to enter the cytoplasm (see text for details). Figure is adapted from Agirrezabala et al. 
 (  2005  )  with permission. The reader is also directed to the cryo-EM reconstruction of P-SSP7 virions both before and 
after infection (Liu et al.  2010  ) , which was published after this review was completed       

 



158 S.R. Casjens and I.J. Molineux

in the absence of specifi c structural information, it is currently assumed that the proteins functionally 
extend the length of the short stubby T7 tail to span the entire cell envelope, thereby providing a 
conduit through which the genome can penetrate into the cell cytoplasm. In support of this idea, 
mature T7 virions can be induced in vitro to eject their internal core proteins, which remain attached 
to the tail. Furthermore, incomplete particles found in lysates display a 40–55-nm tail extension, 
thought to consist of the core proteins, penetrating membrane vesicles (Serwer et al.  2008  ) .  

 The N-terminal domain of gp16 must rapidly refold in the periplasm of the infected cell. This 
domain has lytic transglycosylase activity, which is essential for degrading the cell wall under sub-
optimal conditions of growth (Moak and Molineux  2000  ) . With cells in the exponential phase of 
growth at 30°C or above, there is no defect in phage growth when this activity is inactivated. However, 
as cells approach stationary phase or are grown at low temperatures, a lack of muralytic activity 
delays penetration of the infecting phage genome into the cytoplasm. Interestingly, although all 
close relatives of T7 harbor lytic transglycosylase activity at the N-terminus of gp16, more distant 
relatives, for example, SP6 (Dobbins et al.  2004 ; Scholl et al.  2004  )  and the  P. aeruginosa  phage 
øKMV (Lavigne et al.  2004  ) , have a lysozyme activity associated with a C-terminal domain of their 
gp15 counterpart (Moak and Molineux  2004  ) . Perhaps the addition of a cell wall-degrading activity 
is evolutionarily relatively new, and DNA encoding the enzymatic domain independently inserted 
into the same general region of T7 and SP6 or øKMV, but fused to adjacent, but different genes. This 
enzymatic activity suggests that in the infected cell, the N-terminal region of T7 gp16 and the 
C-terminal region of the gp15 homologues in other phages are both located near the peptidoglycan 
layer after ejection from the virion. 

 The extreme C-terminus of T7 gp16 is essential for the phage genome to enter the cell cytoplasm. 
Removing the last 4 of its 1,318 amino acids has no major phenotype, but removing fi ve results in 
noninfective virions (Chang et al.  2010  ) . Mutant virions adsorb normally and eject proteins into the 
cell, however, but no T7 DNA can be detected in the bacterial cytoplasm. It is not yet known whether 
the phage genome remains entirely in the head in this nonproductive infection, or whether it enters 
the channel across the periplasm but cannot cross the cytoplasmic membrane. Extragenic suppres-
sors of the gene  16  defect have been isolated that alter gene  15 , indicating that gp15 and gp16 
cooperate in translocating the phage genome into the cell. It is not yet known which part(s) of gp15 
and/or gp16 forms the channel across the cytoplasmic membrane. Computer algorithms that predict 
membrane-spanning domains indicate that gp15 is not a membrane protein, and in sandwich alkaline 
phosphatase fusion assays neither individual predicted transmembrane domains of gp16 nor the 
entire protein prevents enzyme localization to the periplasm (Y-H. Kim, J-H. Lee, P. Kemp, and 
I. J. Molineux, unpublished). We note, however, that staphylococcal  a -hemolysin is also not pre-
dicted to be a membrane protein by those same computer algorithms, as they primarily search for 
potential amphipathic helices; in addition, both  a -hemolysin and the T7 proteins normally approach 
the cytoplasmic membrane from the opposite face than the proteins used to train the prediction algo-
rithms. It is also possible that both gp15 and gp16 need to be present, or both in concert with DNA, 
in order to be inserted into the membrane. 

 In a normal infection, after formation of a channel across the cytoplasmic membrane, about 1 of the 
40 kbp T7 genome spontaneously enters the cell (Zavriev and Shemyakin  1982 ; Moffatt and Studier 
 1988 ; Garcia and Molineux  1995  ) . The remainder of the genome is internalized by transcription, fi rst 
by the host RNAP, and then by T7 RNAP. Blocking host transcription by treatment of cells with rifam-
picin prior to infection prevents further genome entry, although the 1 kbp inside the cytoplasm is not 
degraded. T7 encodes an anti-RecBCD protein (gp5.9) that is functionally similar to  l  gamma protein, 
but gp5.9 is not a component of the virion and is in any case nonessential, even in  recBCD   +   strains 
(Lin  1992  ) . Gp15 and/or gp16 presumably protects the entering genome end from degradation as no 
specifi c end-binding protein, equivalent to T4 gp2 (Lipinska et al.  1989  ) , has been identifi ed. 

 The fi rst experiments showing the stepwise mode of T7 DNA transfer into the cell used a modi-
fi ed Hershey–Chase protocol (Zavriev and Shemyakin  1982  ) . Cells are infected with  32 P-labeled 



1597 Short Noncontractile Tail Machines: Adsorption and DNA Delivery by Podoviruses

phage, and at various times, complexes are sonicated to desorb attached particles. Cells are then 
removed by centrifugation, and the phage DNA remaining in the supernatant fractions quantifi ed. In 
the presence of rifampicin, most phage DNA remains outside the cell; by restriction enzyme 
digestion, it was concluded that only the leading ~10% of the genome entered the cell. This segment 
includes promoters for  E. coli  RNAP that program transcription toward DNA that has not yet entered 
the cell. Allowing host RNAP-catalyzed transcription, but preventing protein synthesis, results in 
~60% of the genome being pulled into the cell cytoplasm. It was proposed that a T7 protein, likely 
T7 RNAP, was responsible for completion of genome entry. However, late T7 genes (located on the 
last part of the genome to be internalized) are expressed, albeit at low levels, in the absence of T7 
RNAP (Studier  1972  ) , and thus they must be in the cell. 

 A comparable assay was employed with the cyanophage Pf-WMP4 with similar results; the lead-
ing end of the genome enters the cell in a transcription-independent manner; the host RNAP tran-
scribes – and thus pulls in – the following ~40% of the genome (Liu et al.  2007  ) . Complete genome 
internalization requires synthesis of an unidentifi ed Pf-WMP4 encoded protein. It is not obvious 
why the above “desorption by sonication” assay shows that the host RNAP is insuffi cient to internal-
ize the complete T7 and Pf-WMP4 genomes, whereas a Dam-methylation assay (below) with T7 
clearly indicates otherwise. This discrepancy warrants further investigation. 

 Understanding of the mechanism of T7 genome internalization was greatly facilitated by the devel-
opment of a very sensitive assay that indirectly measures the time after infection that GATC nucle-
otide sequence sites on the genome get methylated inside the cell by Dam methylase (Garcia and 
Molineux  1995  ) . At various times after infection, DNA is isolated from infected cells and cut to 
completion with the methylation-dependent enzyme DpnI. A Southern hybridization then reveals 
those parts of the phage genome that have entered the cell and been methylated by Dam. DNA still in 
the phage head is unmethylated and can be visualized as bands whose sizes are generally larger than 
any Sau3AI fragment (Sau3AI is insensitive to the state of Dam methylation at the GATC sequence). 
In order to ensure rapid methylation of DNA entering the cell, the  dam  gene is overexpressed in these 
experiments, inducing a partial SOS response. Although cells, therefore, grow more slowly, the phage 
latent period is not signifi cantly altered, and there is only an approximately twofold reduction in burst 
size. The 40 kbp T7 genome only contains six GATC sites, so additional sites were introduced to 
improve the accuracy of the measurements. A paucity of GATC sites is common among close rela-
tives of the T7 family. Statistically about 150 sites would be expected in a 40-kbp genome, but the 
actual numbers for enteric T7-likes range from 2 to 13. Presumably, there has been selection against 
the GATC sequence in these phage genomes, probably because it is a major regulatory sequence for 
the host bacterium. Unfortunately, this assay is not generally applicable, partly because many phage 
genomes are circularly permuted and partly because of the frequency of GATC sites in most Gram-
negative phage genomes (and too few, or even none, in  Bacillus  phages). In addition, DpnI is the only 
known restriction enzyme that is completely dependent on a methylated substrate. The converse 
assay, methylating entering DNA with the cognate methylase of a restriction enzyme, and then cutting 
isolated DNA with that nuclease, is both less sensitive and subject to error. Entering genomes become 
resistant to the restriction enzyme after methylation in the cell cytoplasm and thus produce bands of 
longer DNA on a Southern blot that cannot readily be distinguished from incomplete digestion. 

 The leading ~1 kbp of the T7 genome enters into a rifampicin-treated cell at a constant rate of 
70 bp/s at 30°C (Garcia and Molineux  1996 ; Struthers-Schlinke et al.  2000 ; Kemp et al.  2004  ) . It is 
not known what makes this internalization process stop although it appears to be a measurement of 
length; deletion mutants lacking most of the leading wild-type DNA sequence still stop entering 
after ~1 kbp of the mutant genome is inside the cytoplasm. A selection for mutants that allow more 
DNA to enter the cell before the transcription phase resulted only in gene  16  mutants (Struthers-
Schlinke et al.  2000  ) . Different mutants defi ne two important regions near the middle of gp16 
(residues 733–761 and 809–860 of the 1,318 amino acid polypeptide); all have the same phenotype 
where the entire genome enters into a rifampicin-treated cell and at the same constant rate. The 
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mutants are thus defective in stopping DNA translocation after ~1 kbp, but no mechanistic informa-
tion could be gleaned from the mutational spectrum. Attempts to select for faster rates of DNA 
translocation have not been fruitful. 

 The constant rate of DNA internalization for the entire phage genome using these gene  16  mutants 
directly proves that this process is not driven by any pressure associated with the densely packed and 
tightly wound DNA in the virion (Kemp et al.  2004 ; Molineux  2006  ) . One would naively expect 
from a virion-pressure driven reaction that the initial rate of genome ejection would be fast, and 
would decline to zero as the head empties. Furthermore, the rate of transcription-independent T7 
genome internalization from virions containing a mutant gp16 varies with temperature (Kemp et al. 
 2004  ) , a result not expected from a pressure-based model of genome ejection. The actual rate data 
can be fi tted to an Arrhenius plot, with an apparent activation energy of 19 kcal/mol. Extrapolating 
the rate data to the point at which T7 begins to enter the infected cell cytoplasm allows an estimate 
of the time taken to form the trans-envelope channel. This value is also temperature dependent; an 
Arrhenius plot provides an apparent activation energy of 28 kcal/mol, signifi cantly higher than that 
for the DNA translocation process. The initial stages of infection, those leading to the formation of 
a channel from the phage head into the cell cytoplasm, are therefore energetically infection deter-
mining. Interestingly, the activation energy of 28 kcal/mol for T7 is comparable to that determined 
for in vitro ejection of SPP1,  l , and T5 DNAs (de Frutos et al.  2005 ; Raspaud et al.  2007  ) , suggest-
ing that the bacterial cell is not resisting infection, and that after adsorption phages “control their 
own fate.” The protein conformational changes that allow genome ejection from different mature 
phage virions may thus be comparable. Furthermore, T5 ejects its genome in discrete steps, both 
in vivo and in vitro (Lanni  1968 ; Mangenot et al.  2005  ) ; the activation energy required for each step 
is the same (de Frutos et al.  2005  )  and thus is independent of the length of DNA remaining in the 
virion. The internal pressure of encapsidated DNA does not therefore appear to provide the driving 
force for the conformational changes in the protein(s) controlling DNA ejection. 

 Three promoters (A1, A2, A3) for  E. coli  RNAP and one for T7 RNAP lie within the leading 
1 kbp of the T7 genome that is internalized by the transcription-independent mechanism. If T7 
RNAP is provided in the host cell prior to infection, the T7 promoter is recognized, and transcription 
internalizes the complete genome at a 30°C rate of about 250 bp/s (Garcia and Molineux  1995  ) , in 
good agreement with optimal rates of T7 RNAP transcription in vitro (Anand and Patel  2006  ) . 
Although one normally pictures enzymes moving along a large stationary DNA molecule, topologi-
cally there is no difference if the enzyme is stationary and DNA is threaded through the enzyme. It 
can be imagined that an RNAP moves along T7 DNA until it encounters the cytoplasmic membrane 
but continues to transcribe, thereby pulling DNA from the phage capsid into the cell. 

 The A1, A2, and A3  E. coli  promoters on T7 DNA are among the strongest unregulated promot-
ers known; this is not a requirement for genome internalization, but transcription from these promot-
ers normally provides all early T7 mRNAs. Any of the three can be utilized to bring the infecting T7 
genome into the cell, as can the minor  E. coli  promoters on the T7 genome if the three A promoters 
are deleted (Moffatt and Studier  1988 ; Garcia and Molineux  1995 ; Kemp et al.  2004  ) . At 30°C, a 
wild-type T7 genome is internalized at a constant 40 bp/s across the genome (Garcia and Molineux 
 1995 ; Kemp et al.  2004  ) , about twice the rate of host mRNA synthesis in the cell, but the same rate 
as transcription of the rRNA operons. This is because transcription from the natural A1, A2, and A3 
promoters is subject to antitermination at a  boxA  element that is identical in sequence to  boxA  of the 
ribosomal operons. Transcription antitermination of  E. coli  RNAP on the T7 genome also requires 
the same host proteins (e.g., NusA, NusB, NusG) that are used by the host cell for rRNA synthesis 
(W. P. Robins and I. J. Molineux, unpublished). Antitermination reduces the extent of pausing by 
RNAP, leading to an increased overall rate of transcription, and thus an increased rate of genome 
entry. This may confer a small fi tness benefi t to the phage by decreasing the time of early gene 
expression and, as a consequence, the phage latent period. As would therefore be expected, at least 
two early promoters and a  boxA  sequence are found near the leading genome end of all close  relatives 
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of T7, although, among them, transcription has been only shown experimentally to be required for 
genome internalization for T3 (M. Pajunen and I. J. Molineux, unpublished) and the cyanophage 
Pf-WMP4 (Liu et al.  2007  ) . However, the phage RNAP gene in the T7-like øKMV family is so far 
from the genome end that the time taken for RNAP to transcribe from promoters near the genome 
end across that gene would effectively be the entire latent period (Lavigne et al.  2003  ) . Thus, øKMV 
may use the T7 transcription-independent mode of DNA translocation (about twice as fast as tran-
scription mediated) for most of or the entire genome – it does encode counterparts of T7 gp15 and 
gp16 – or its mode of genome internalization may be completely different. 

  E. coli  RNAP is one of the strongest motor proteins known (Yin et al.  1995 ; Wang et al.  1998a,   b  ) , 
and it is therefore not surprising that it can pull a DNA molecule into the cell cytoplasm. As an 
enzyme, RNAP is expected to follow Arrhenius kinetics. The apparent activation energy required for 
formation of an RNAP elongation complex (27.2 kcal/mol) corresponds closely to the activation 
energy for trans-envelope channel formation discussed previously. However, the apparent activation 
energy for transcription elongation itself is biphasic: ~10 kcal/mol at  ³ 30°C but ~25 kcal/mol at 
 £ 30°C. The reason(s) underlying the difference is unclear, but may refl ect the effects of temperature 
on the mechanism of transcription antitermination. 

 The overall similarity of the energetics of both the transcription-independent and transcription-
dependent modes of T7 genome internalization led to the idea that the former, which utilizes the two 
ejected virion proteins gp15 and gp16, might also be enzyme catalyzed. If so, the enzyme needs an 
energy source as it is doing work in moving the phage genome from the virion into the cell. Under 
conditions where intracellular ATP levels were uncoupled from the membrane potential, collapsing 
the latter as T7 DNA was known to be translocating into the cell, led to an immediate cessation of 
the gp15/gp16-mediated process (Kemp et al.  2004  ) . In contrast,  E. coli  RNAP could complete 
genome internalization, albeit at a much-reduced rate. This reduced rate suggests that a membrane 
potential is required to maintain a functional channel across the cell envelope. T4 infection also 
requires a membrane potential (Labedan and Goldberg  1979 ; Labedan et al.  1980  ) , but it is not yet 
clear whether it is necessary for DNA transport or for maintaining the channel across the cytoplas-
mic membrane. Neither gp15 nor gp16 contains ATP or other nucleotide-binding motifs in their 
primary sequence, but it has not been shown directly that high-energy phosphate is  not  required. One 
technical diffi culty is that the methylation-dependent assay of genome entry requires  S -adenosyl 
methionine (as the methyl donor), but this compound turns over rapidly, and its synthesis requires 
ATP. Thus, any perturbations in T7 genome entry that might be observed after depleting intracellular 
ATP levels would be diffi cult to evaluate. It should be noted that not all phages require a membrane 
potential for DNA ejection. Both fi rst- and second-step transfer of the siphovirus T5 DNA occur in 
the absence of cellular energy (allowing for the obligatory protein synthesis between those steps) 
(Filali Maltouf and Labedan  1983  ) , and  l  also has been shown to eject its DNA into a completely 
energy-poisoned cell (Filali Maltouf and Labedan  1985  ) . 

 Another incompletely resolved question that results from a transcription-mediated T7 DNA inter-
nalization process is the fate of the positive supercoils that accumulate ahead of the transcription 
complex. In principle, the supercoils could be removed either by a cytoplasmic topoisomerase or 
they could be translated along the DNA helix into that part of the genome still in the phage head. The 
rate of T7 DNA internalization catalyzed by  E. coli  or T7 RNAP is not changed signifi cantly by 
inhibition of DNA gyrase and/or topoisomerase IV (P. Kemp and I. J. Molineux, unpublished), 
implying that relaxation of the transcription-induced supercoils occurs within the phage head. This 
could be accomplished either by rotation of the entire DNA structure remaining in the capsid or by 
transmission of the supercoils along the helical axis where they can be dissipated at the trailing 
genome end. 

 The rates of T7 genome internalization by  E. coli  and T7 RNAP are in excellent agreement with 
optimal rates of transcription by those enzymes in vitro; the extended tail of T7 that spans the cell 
envelope does not therefore resist transcription-mediated DNA translocation signifi cantly. A third 
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enzyme has also been shown to internalize the genome. Type I restriction enzymes bind to their 
cognate recognition site and then, while still bound to that site, spool duplex DNA through 
themselves in an ATP-dependent process. Restriction enzyme cutting occurs when spooling is 
blocked, either because of a collision with a second restriction enzyme or because of topological 
constraints in a circular DNA. A linear DNA containing only a single recognition site is therefore 
not subject to restriction (Murray  2000  ) . A unique EcoKI site was introduced within the initial 1 kbp 
of the genome of a T7 mutant that lacked its four natural sites. In the absence of transcription, the 
genome of the phage was internalized by cells harboring an active EcoKI enzyme, but not by cells 
lacking the enzyme (Garcia and Molineux  1999  ) . In the presence of EcoKI, genome translocation at 
30°C occurred at 100 bp/s, again in good agreement with the in vitro EcoKI translocation rate 
(Studier and Bandyopadhyay  1988  ) . 

 The biology of T7 provides a rationale for its tripartite mode of genome internalization. First, 
slow entry could provide a simple but effective means of gene regulation. Genes expressed early are 
the fi rst to enter the cell, whereas the late, virion structural gene cluster is prevented from being 
expressed as they are not in the cell at early times. Second, the fi rst gene to be expressed on the T7 
genome, gene  0.3 , encodes an antirestriction protein whose structure resembles duplex DNA 
(Walkinshaw et al.  2002  ) . Gp0.3 binds to the DNA sequence specifi city subunit of type I restriction 
enzymes, thereby inhibiting their activity. Unlike  l , for example, T7 grows normally on  E. coli  B 
and K-12 strains, regardless of its previous host, even though it contains unmethylated sites for 
restriction enzymes in those cells. By demanding that transcription internalizes the T7 genome, there 
is obligatory gene expression, in particular here of the antirestriction function, and thus, by the time 
cognate sites for a restriction enzyme enter the cell, gp0.3 should have inactivated the enzyme. This 
idea was tested directly by packaging gene  0.3   +   T7 DNA into  l  and allowing the  l  ejection machin-
ery to deliver T7 DNA into the cell cytoplasm. Ejection occurs rapidly into K-12 cells lacking 
EcoKI, but the T7 DNA is immediately degraded in cells containing the enzyme (Garcia and 
Molineux  1999  ) . A reduction in plating effi ciency, albeit less dramatic than when T7 DNA is pack-
aged in a  l  virion, is observed when T7 RNAP, which transcribes about sixfold faster than the  E. coli  
enzyme, is used for genome internalization in restriction-profi cient cells.  

    7.4.3   Phage N4 

 The tail of  E. coli  phage N4 contains 12 fl exible, apparently trimeric “appendages” (made of gp66) 
that may be comparable to tailspikes in other podoviruses. The role of these appendages in infection 
is not known, but by analogy with other podoviruses, they could have a (nonessential?) role in 
adsorption. However, they have not yet been implicated in receptor binding, whereas the nonfi brous 
sheath protein has been identifi ed as a host receptor-binding protein (McPartland and Rothman-
Denes  2009  ) . Figure  7.7  shows a three-dimensional reconstruction of the N4 tail. Note that the N4 
“sheath” is not a clear analog of the sheath of the contractile tails of myoviruses like T4. Two host 
receptors have been identifi ed for N4: the outer membrane protein NfrA, which interacts with the 
virion sheath protein (McPartland and Rothman-Denes  2009  ) , and a cytoplasmic membrane protein 
NfrB, proposed to provide the transmembrane channel for cellular internalization of the virion 
RNAP and the phage genome (Kiino and Rothman-Denes  1989 ; Kiino et al.  1993a,   b  ) . The roles of 
two other genes involved in N4 adsorption are  nfrD  and  nfrC  (=  wecB, rffe ) are not yet understood 
(Kiino and Rothman-Denes  1989 ; Kiino et al.  1993a,   b  ) ; the latter affects biosynthesis of enterobac-
terial common antigen (ECA) (Kuhn et al.  1988  ) . An altered ECA could prevent access of N4 to 
NfrA, or perhaps ECA has a coreceptor function.  

 Phage N4 is unique among the well-studied phages in that its virions contain about four mole-
cules of a huge protein, the 3,350-amino-acid, single-polypeptide, phage-encoded RNAP (vRNAP). 



1637 Short Noncontractile Tail Machines: Adsorption and DNA Delivery by Podoviruses

The vRNAP recognizes promoters found only on the N4 genome and is required for expression of 
the phage early genes (Falco et al.  1977,   1980 ; Choi et al.  2008  ) . The three-dimensional reconstruc-
tion of the N4 virion shows internal core density above the portal ring (Fig.  7.5 ), and similar recon-
struction of a virion that lacks only vRNAP has a smaller core and is missing density immediately 
above the portal, indicating this as a possible location for at least part of the vRNAP. The authors 
suggest that such a location could position vRNAP for ejection before DNA exit (Choi et al.  2008  ) . 
It is not known if any other N4 proteins are ejected with the DNA. 

 The 72-kbp genome of phage N4 has, like T7, been shown to enter the cell in a stepwise manner 
(Kazmierczak and Rothman-Denes  2006  ) . When infected cells, but not the phage virion, are per-
meabilized with chloroform, limited DNase I digestion produces 1–2-kbp fragments of N4 DNA 
inside the cell, whereas DNA inside the virion remains uncut. PCR reactions on these fragments 
using a bank of N4-specifi c primers can then identify how much of the genome has entered the cell 
(A. Demidenko and L. Rothman-Denes, personal communication). The leading end of the viral 
DNA carries several N4-specifi c promoters, the fi rst of which is within the ~400-bp long terminal 
direct repeat (Haynes and Rothman-Denes  1985  ) . The N-terminal domain of vRNAP is essential for 
internalization of ~500 bp of the N4 genome (Falco et al.  1977,   1980 ; Choi et al.  2008  ) , and the 
vRNAP must be ejected into the cell either before or concomitant with this DNA. Transcription from 
the fi rst vRNAP promoter to exit the virion directs synthesis of a small protein (gp1) that is necessary 
for internalization beyond the leading 1 kbp. Genome entry continues, powered by the vRNAP–gp1 
complex, for about 40 kbp, and the last part of the genome is internalized via transcription by the 
N4-encoded middle RNAP (RNAP II) and the DNA-binding protein gp2 (Kazmierczak and Rothman-
Denes  2006  ) . Both the ejected vRNAP and RNAP II are related to T7 RNAP (Kazmierczak et al. 
 2002 ; Willis et al.  2002  )  and may, therefore, transcribe at comparable rates. DNA replication begins 
by 10–12 min after infection at 37°C, suggesting that internalization of the 70-kbp genome should 
be complete by that time; the current estimate is within 5–6 min after infection (A. Demidenko and 
L. Rothman-Denes, personal communication).  

    7.4.4   Phage  f 29 

 Phage  f 29 infects  B. subtilis , which, unlike the other hosts discussed here, is a Gram-positive bacte-
rium that has a thicker cell wall than Gram-negative bacteria and no outer membrane. In the virion, its 
tail machine has 12 radially arranged trimeric gp12 tailspikes (called “appendages” in this phage) 

  Fig. 7.7    The phage N4 tail. A three-dimensional reconstruction of the sixfold averaged N4 tail, extracted virtually 
from the virion structure, is shown with  side  ( left ),  bottom  ( middle ), and  slice  ( right ) views. The neck or portal protein 
is encoded by N4 gene  59 , and the appendage and sheath proteins are encoded by genes  66  and  65 , respectively. The 
genes that encode the tube and plug proteins have not been identifi ed. The fi gure is modifi ed from Choi et al.  (  2008  )  
with permission       

 



164 S.R. Casjens and I.J. Molineux

which can degrade the acidic polymer, polyglycerolphosphate teichoic acid found on the surface of 
 B. subtilis  (Xiang et al.  2008  ) , a dodecameric portal ring (Simpson et al.  2000  )  (called the “connector” 
in this paper), as well as three additional proteins (gp9, gp11, and gp13) that make up the central 
protruding “knob” (Cohen et al.  2008  and references therein) (Fig.  7.8 ). The latter three proteins are 
not recognizably similar in amino acid sequence to proteins in the tail machines of other tailed phages. 
The knob projects several hundred Angstroms beyond the tailspikes, positioning it for fi rst contact with 
the cell surface during infection. The  f 29 tailspikes/appendages, like other known tailspikes (Fig.  7.4 ), 
are built with largely  b -helical secondary structure. Like phage K1F tailspikes (Schwarzer et al.  2007, 
  2009  ) , they have a C-terminal “autochaperone” domain that helps trimerize the molecule; this domain 
is subsequently autoproteolytically removed so that it is not present in mature virion tailspikes 
(Xiang et al.  2009  ) . Asymmetric three-dimensional reconstructions of virions and virions from which 
DNA has been artifi cially released show that after DNA exits, the portal vertex channel remains open, 
and that a small extra density appears at the tail tip after DNA release suggesting some protein rear-
rangement (Xiang et al.  2006  ) . The  f 29 virion reconstruction shows density attributed to DNA fi lling 
the portal channel from the interior about half way to the tip. Curiously, at a wide spot in the channel 
where the portal protein (gp10) and the tube protein (gp11) meet, the DNA adopts an  extremely  dis-
torted conformation that appears as a 20 Å thick toroid with an inner diameter of only 18 Å (Tang et al. 
 2008  ) . The biological role, if any, of this DNA deformation is mysterious. The  f 29 virion DNA also 
has a 29-kDa terminal protein, gp3, that is covalently attached to the 5 ¢  end of each strand. Terminal 
protein is used in priming DNA replication (reviewed by Meijer et al.  2001a  ) . This protein has not been 
clearly identifi ed in virion reconstructions, and any active role of gp3 in DNA delivery is unknown.  

 It is not known if any proteins (other than the terminal protein gp3) are released from the  f 29 
virion during natural DNA ejection into the host bacterium, but gp13 is at the tip of the knob and 
appears to be the portal channel plug (Cohen et al.  2008 ; Xiang et al.  2008  ) . Its crystal structure 
shows that it has two separate domains with interesting structures. The N-terminal region has a 
transglycosylase fold that is similar to the  l  endolysin, an enzyme that cleaves the polysaccharide 
portion of peptidoglycan (Bienkowska-Szewczyk and Taylor  1980  ) . The C-terminal domain has a 
metalloendoprotease fold that is similar to the enzyme LytM, which is known to cleave the peptide 
cross-links in  Staphylococcus  peptidoglycan (Cohen et al.  2008 ; Xiang et al.  2008  ) . Thus, gp13 
seems well positioned to cleave both the polysaccharide backbone and the peptide cross-links of the 
peptidoglycan in preparation for DNA passage into the cell. 

 Salas and coworkers have studied DNA entry into the cell during  f 29 ejection and concluded 
that it uses a strategy that is so far unique among podoviruses, termed a “push-pull” mechanism by 

  Fig. 7.8    The phage  f 29 tail 
machine. Five protein 
components of the  f 29 tail 
are shown in different colors. 
The approximate location of 
the portal ring is indicated 
above in  brown . The fi gure is 
modifi ed from Xiang et al. 
 (  2008  )        
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these authors. In this phage, whose virion DNA is not circularly permuted, the genome enters the 
bacterium from right to left with respect to the conventional genetic map (Krawiec et al.  1981  ) . 
Using a chromatin immunoprecipitation (CHIP)–based assay with the  f 29 genome architectural 
protein p6 (Gonzalez-Huici et al.  2004a  ) , it was shown that the leading ~65% enters the cell in the 
absence of protein synthesis (Gonzalez-Huici et al.  2004b,   2006  ) . The pressure associated with the 
tightly packaged genome in a mature phage (see above) was assumed responsible for this “push” 
phase of DNA entry. 

 The last 35% of the DNA is then described as being “pulled” from the virion by an unknown mecha-
nism that appears not to directly involve transcription, but does require energy, which is supplied by the 
membrane potential, and the  f 29 proteins gp17 and gp16.7 (Gonzalez-Huici et al.  2004b,   2006 ; 
Alcorlo et al.  2007  ) . These two proteins are not present in the infecting virion and are expressed from 
the fi rst part of the DNA that is ejected into the cytoplasm. The “pull” phase requires energy, in addition 
to that required for synthesis of gp16.7 and gp17, and it is thought that the latter has a role in transduc-
ing energy from the electrochemical gradient into the cell. Gp16.7 and the membrane-associated gp17 
also have poorly understood roles in phage DNA replication in vivo (Meijer et al.  2001b ; Serna-
Rico et al.  2002  ) . The “pull” step of genome entry also requires that the  f 29 DNA be supercoiled, and 
is blocked by the addition of novobiocin, an inhibitor of the negative supercoiling activity of DNA 
gyrase (Gonzalez-Huici et al.  2004b,   2006  ) . DNA gyrase is not thought to be directly pulling the  f 29 
genome into the cell, as entry is not affected by nalidixic acid. Overall,  f 29 DNA delivery is different 
from that of T7 and more similar to that of the siphovirus T5, in the respect that phage proteins expressed 
from the fi rst part of the ejected DNA are essential for the completion of genome internalization.  

    7.4.5   Phage P22 

 Phage P22 infects  S. enterica  and adsorbs to the LPS O-antigen polysaccharide through its tailspikes. 
The structure of its tail machine is exceptionally well understood. Without the three ejection proteins 
discussed below, it contains 51 protein molecules of fi ve different types. Johnson and coworkers 

  Fig. 7.9    The phage P22 tail 
machine. A three-
dimensional reconstruction of 
the P22 tail at 9.4 Å 
resolution after its chemical 
extraction from the virion. 
The fi ve protein components 
are shown in different colors 
as indicated in the fi gure. 
Figure is modifi ed from 
Lander et al.  (  2009  )  with 
permission       
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(Tang et al.  2005 ; Lander et al.  2006,   2009  )  have determined a 17 Å resolution structure of the whole 
P22 virion (Fig.  7.5 ) and a 9.4 Å resolution structure of the tail machine after its extraction from the 
virion (Fig.  7.9 ). In addition, work on the stepwise assembly of this structure (Strauss and 
King  1984 ; Olia et al.  2006,   2007a ; Bhardwaj et al.  2007  )  and crystal structures of the tailspike and 
needle (Steinbacher et al.  1994,   1997 ; Olia et al.  2007b  )  allows an accurate estimation of the posi-
tions of most of the intersubunit boundaries in the tail machine electron density.  

 The homotrimeric tailspike contains two domains with a hinge between the receptor binding/
cleavage domain and the domain that binds to the virion (Steinbacher et al.  1994,   1997  ) . The hinge 
is bent in the virion so that the elongated C-terminal domain points approximately orthogonally 
away from the head. On one side of this domain a protruding “fi n” appears to contact gp10 in the 
virion tail, but the resolution of the structure is such that the exact nature of this contact cannot be 
determined, and its importance remains unknown (Lander et al.  2006  ) . The receptor-binding domain 
has mainly  b -helical secondary structure, a very common theme in tailspikes (see above). The crys-
tal structure of the P22 tailspike bound to its O-antigen polysaccharide receptor has been determined 
(Steinbacher et al.  1996 ; Landstrom et al.  2008  ) , and each of the six tailspikes in P22 virions has 
three enzymatic active sites. The receptor polysaccharide is bound in these sites so that the virion 
would be oriented “correctly” with its tail closest to the bacterial surface if the substrate is stretched 
outward from the cell surface. 

 The P22 tail also contains a single “needle” that projects outward from the center of the tail 
(Figs.  7.5  and  7.9 ). The X-ray structure of this gp26 trimer has been determined; it has several 
domains: a virion proximal N-terminal domain that binds to the body of the tail, a long central 
coiled-coil region, and a virion distal C-terminal region with a partly  b -helix and partly complex fold 
(Bhardwaj et al.  2007 ; Olia et al.  2007b  ) . The latter domain is hinged relative to the rest of the mol-
ecule; it is bent at different angles in the two molecules in the unit cell of the crystals used for struc-
ture determination, and it does not appear in three-dimensional virion reconstructions, presumably 
due to its fl exibility (Olia et al.  2009  ) . The distal tip of the needle projects about 130 Å beyond the 
distal ends of the tailspikes and so is well positioned for fi rst contact with the target cell’s outer 
membrane surface. There are three tyrosine side chains lying on the needle’s distal tip that could 
interact with some surface feature, and there is a band of high positive charge around the needle 
about 20 Å from the tip that in theory could interact with the negatively charged core region at the 
base of the LPS or with phospholipid head groups. The virion structure clearly shows that previous 
analyses, which indicated that gp26 is the protein that plugs the tail machine channel, are correct, 
since the N-terminal domain of the needle fi lls the distal opening in the tail’s central channel, and 
particles with packaged DNA are very unstable until gp26 is added to the structure (Lenk et al.  1975 ; 
Berget and Poteete  1980 ; Strauss and King  1984 ; Lander et al.  2006 ; Bhardwaj et al.  2007  ) . 

 It is attractive to speculate that the P22 tailspikes bind and cleave the O-antigen until the virion 
works its way to the surface (see above) and the tip of the needle contacts the cell surface. The (rather 
slow) release of DNA from P22 virions by purifi ed LPS-O-antigen suggests that P22’s secondary 
receptor might also be part of the LPS molecule (Andres et al.   2010 ). The P22 virion structure sug-
gests two possible models for the transmission of this signal to the rest of the tail. (1) The distal tip 
of the gp26 needle might contact the putative secondary receptor, and this contact could cause a 
conformational change in gp26 that propagates to the proximal end of the needle to release the nee-
dle (the portal channel plug) from the virion and initiate the process of ejection. However, to date no 
secondary receptor has been identifi ed for P22. (2) An alternative model is that the tip of the needle 
binds something on the bacterial surface that mechanically pulls the virion closer to the surface. 
This action could cause the tailspikes to splay out and lose their “fi n contacts” with gp10. Since the 
needle binds to gp10 in the tail, loss of contact with the tailspike could induce a conformational 
change in gp10 that releases the needle. In agreement with both models, gp26 is indeed released 
from the virion during DNA delivery (Israel  1977  ) ; however, the high thermal stability of the folded 
needle trimer makes the required conformational change in the fi rst model somewhat diffi cult to 
imagine (Bhardwaj et al.  2007  ) . 
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 P22 DNA is circularized by the host homologous recombination machinery, so the 9–15-min 
postinfection reported for the time circles appear (Rhoades and Thomas  1968  )  is the maximum time 
required for complete DNA entry, although it could be considerably less. Aside from this, little is 
known about the actual entry of P22 DNA into cells during ejection. Unlike T7, N4, and  f 29, the 
DNA in P22 virions is circularly permuted (Tye et al.  1974  ) . Thus, the sequence of the fi rst part of 
the DNA to be ejected is different in different individual virions. This in turn precludes slow, ordered 
DNA entry mechanisms that help control the temporal pattern of gene expression, since different 
genes enter fi rst from different virions. It also seems to preclude the necessity for synthesis of any 
P22-encoded proteins to allow complete genome internalization. The circular permutation also 
makes determination of the direction of ejection along the genome sequence diffi cult to determine, 
and this is unknown for P22. 

 The P22 virion contains three “ejection proteins,” gp7, gp20, and gp16, which are released from 
the virion during the DNA ejection process (Israel  1977  ) . Phages with null mutations in any or all of 
these genes assemble normal-appearing “virions” that do not deliver their DNA properly 
(Botstein et al.  1973 ; King et al.  1973  E. Gilcrease and S. Casjens, unpublished data). At least 60% 
or more of the DNA is released from the virion in the absence of gp16 function, but no genes are 
expressed from the released DNA. The precise fate of this DNA is not known; however, it appears 
not to enter the cell cytoplasm (Hoffman and Levine  1975b  ) . It has been shown that gp16 from a 
wild-type virion can complement a particle that lacks gp16, suggesting that it is at least partly dif-
fusible upon release from the complete virion; however, gp20 and gp7 are not able to function in 
 trans  in this way (Hoffman and Levine  1975a,   b ; Susskind and Botstein  1978  ) . The three ejection 
proteins assemble into the virion independently from one another (Botstein et al.  1973 ; King et al. 
 1973  E. Gilcrease and S. Casjens, unpublished data), and gp16 and gp20 eject in the absence of the 
other two proteins, but gp7 appears to require the presence of gp16 in the virion to be ejected (Israel 
 1977  ) . The location of the ejection proteins in the P22 virion is unknown [the density tentatively 
attributed to the ejection proteins above the portal in the virion structure by Lander et al.  (  2006  )  is 
extremely tentative]. The P22 ejection proteins have no homology to other proteins that might shed 
light on their functions, and their cellular location after release from the virion is not known. They 
are nonetheless prime candidates for proteins that help DNA to transit the cell membranes and 
periplasm. They could also have a role in the cytoplasm (Benson and Roth  1997  ) , but gp16 expressed 
inside cells does not rescue infection by particles missing gp16 (Umlauf and Dreiseikelmann  1992  ) . 
Purifi ed gp16 can cause the release of a dye from, and entry of DNA into, liposomes in the presence 
of an artifi cially produced membrane potential, but the biological relevance of this tantalizing obser-
vation remains unclear (Perez et al.  2009  ) . Interestingly, gp16 is extremely variable among the P22-
like phages, and a convincing lysozyme-like domain is present in the gp16 of a defective P22-like 
 Shigella  prophage that is not present in P22 gp16 (Casjens and Thuman-Commike  2011 , unpub-
lished). These fi ndings are all consistent with gp16 playing a role in DNA transport across the cyto-
plasmic membrane and periplasm during ejection, but the mechanism remains unknown.  

    7.4.6   Phages BPP-1,  e 15, and Other Less-Studied Podoviruses 

 The more recently discovered phage BPP-1 infects  Bordetella  and is not a close relative of other 
known podoviruses. Most of its tail proteins have not been unambiguously identifi ed genetically 
(Liu et al.  2002,   2004  ) , but it has a short tail with six long, fl exible tail fi bers extending radially that 
have large knobs at their distal ends, and six short “spikes” that project down from the bottom of the 
tail (Dai et al.  2010  )  (Fig.  7.10 ). An especially interesting feature of BPP-1 is that it encodes a 
directed, error-prone reverse transcriptase-mediated enzymatic machinery that generates limited 
nucleotide sequence diversity at specifi c sites in the  mtd  gene (Liu et al.  2002 ; Doulatov et al.  2004 ; 
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Miller et al.  2008  ) . The Mtd (major tropism determinant) protein appears to be present as the distal 
half of the knob at the end of the tail fi ber, and the crystal structure of this protein bound to its 
primary host receptor protein, pertactin, has been determined. The conformation of Mtd does not 
appear to be altered by receptor binding (Miller et al.  2008  ) .  

  Bordetella  changes its surface proteins when environmental conditions are altered, and BPP-1’s 
programmed variation of Mtd allows a small fraction of a phage population to utilize alternative recep-
tors in  Bordetella  that are in a different state (Liu et al.  2004  ) . Mtd binding to the receptor is not very 
strong, in the micromolar  K  

d
  range, suggesting that multiple fi ber knobs may need to contact their 

receptor for tight virion binding (Miller et al.  2008  ) . However, binding of one Mtd to pertactin posi-
tions the phage in an orientation where additional copies of Mtd can bind readily and the  K  

d
  of phage 

binding is in the picomolar range. Electron micrographic tomograms of individual virions adsorbed to 
the surface of the host suggest that the fi bers are splayed upward when the bottom of the tail hub is in 
contact with the cell membrane surface, and that the tailspikes may also tilt about 30° inward upon 
adsorption (Dai et al.  2010  ) . The authors suggest that these apparent changes could be the signal for 
the virion to release its DNA upon binding to a secondary receptor. It is not known if BPP-1 ejects any 
virion proteins into the host cell, and, unlike T7,  e 15, and P22, it appears to lack an internal core struc-
ture above the portal vertex. Thus, its mode of genome delivery into the host cell could be different. 

  S. enterica  phage  e 15 is an example of yet another type of podovirus that is very different from 
those discussed above. Although few details of its molecular life cycle have been studied, a striking 
three-dimensional reconstruction of whole virions has been reported (Jiang et al.  2006  )  (Fig.  7.11 ). 
The virion reconstruction shows that its tail has six large tailspikes, which are presumably respon-
sible for the observed cleavage the O-antigen polysaccharide of its  S. enterica  host (Kanegasaki and 
Wright  1973 ; Takeda and Uetake  1973  ) . A substantial internal core above the portal ring is reminis-
cent of that of phage T7, and there is no central needle as is found in P22. Neither the  e 15 tailspike 
nor the other putative tail proteins (except portal protein) have any recognizable sequence similarity 
to tail proteins in other podoviruses. The  e 15 genome sequence shows nine genes between the coat 
protein and tailspike genes in the position whether other podoviruses often encode tail structural 
proteins and proteins that are ejected with the DNA; to date four of these have been shown to be 
present in relatively small numbers in  e 15 virions (Kropinski et al.  2007  ) .  

  Fig. 7.10    Phage BPP-1. 
Negatively strained 
transmission electron 
micrographs of ( a ) phage 
BPP-1 virions, 
( b ) a fortuitously released tail 
with six fi bers, and ( c ) an 
electron microscopic 
tomogram with averaged tail 
fi bers. ( a, b ) Modifi ed from 
Liu et al.  (  2002  )  and 
( c ) modifi ed from Dai et al. 
 (  2010  )  with permission       
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 Some other podoviruses whose life cycles have not yet been studied in detail, for example, 
 Lactobacillus  phage KSY1 (Chopin et al.  2007  )  and  E. coli  phage  f Eco32 (Savalia et al.  2008  ) , have 
unusually long heads, and KSY1 tails appear to be more elaborate than those discussed here. These 
two virions are shown in Fig.  7.12 . Several of KSY1’s tail proteins have sequence similarity to tail 
proteins of Lactococcal siphoviruses r1t and TP901-1. These include similarities to siphovirus 
receptor-binding proteins, so the proteins that encode the body of the KSY1 tail are likely different 
from those of other podoviruses. Interestingly, one of the putative  f Eco32 tail proteins has weak 
sequence similarity to a T4-baseplate protein, the biological signifi cance of which is unknown. 
Putative tail fi ber-encoding genes are present, but again the body of the tail is likely very different 
from the better-studied podoviruses.    

  Fig. 7.11    The phage  e 15 tail. Three-dimensional reconstruction of ( a ) the virion viewed along the tail axis and 
( b ) enlarged side view of the tail.  Green  indicates the coat protein, and white wires outline the faces of the icosahedral 
head;  yellow  indicates the tail hub, and the tailspikes are shown in  red . Figure is modifi ed from Jiang et al.  (  2006  )  with 
permission       

  Fig. 7.12    Negatively stained 
electron micrographs of 
podoviruses KSY1 and 
 f Eco32. The KSY1 
micrograph is from 
Chopin et al.  (  2007  )  and 
reproduced with permission. 
The  f Eco32 micrograph was 
produced by Dr. H. W. 
Ackermann as described in 
Savalia et al.  (  2008  ) . The 
 black scale bars  are 50 nm       
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    7.5   Summary and Prospectus 

 The  Podoviridae  encompass a wide variety of short-tailed phages that share few features not also 
found in other morphotypes of tailed phages. It seems likely that all portal proteins will have similar 
dodecameric structures, and the symmetry mismatch with the fi vefold vertex of the icosahedral 
capsid shell will likely be accommodated in comparable ways. The major coat protein fold of the 
siphovirus HK97 is also represented in phages of other morphotypes, including the podoviruses T7, 
 f 29,  e 15, P22, and BPP-1 (Jiang et al.  2003,   2008 ; Morais et al.  2005 ; Agirrezabala et al.  2007 ; 
Dai et al.  2010  ) . Further, although most commonly described in podoviruses, structurally related 
tailspikes with enzymatic activity have also been found in both myo- and siphoviruses. The largest 
podovirus genome described to date is about 90 kbp, severalfold smaller than the largest myo- or 
siphovirus genomes, although any signifi cance of this apparent limitation is obscure. 

 There are, however, some problems confronted by podoviruses that, if not unique, are more acute 
than with long-tailed phages. At least in principle, some long-tailed phages may be able to span the 
distance from their site of adsorption on the cell surface into the cytoplasm. Thus, aside from open-
ing a channel through the phage tail by ejecting their tape measure and plug proteins (although the 
latter may simply rotate out of the way), the myo- and siphoviruses may not require complex mecha-
nisms to allow their genomes access to the cell cytoplasm. However, it should be remembered that 
the T-even phages, from which the idea developed that phages are like nano-syringes, may not 
directly eject their genomes into the cell. On topological grounds, after tail contraction the tip of the 
T4 tail tube only reaches the outer surface of the cytoplasmic membrane and does not directly extend 
into the cytoplasm itself (Simon and Anderson  1967  ) . Furthermore, some siphoviruses may also 
need to assemble a conduit through the periplasmic space and cytoplasmic membrane for DNA 
transport, similar to what is likely an essential step for all podoviruses. 

 It can be imagined that podoviruses infecting Gram-positive hosts approach the cytoplasmic 
membrane by tunneling their way through the thick cell wall, and the lack of an outer membrane 
suggests that these phages may not require additional specialized transit machinery. On the other 
hand, podoviruses infecting Gram-negative hosts must functionally extend their tails or otherwise 
generate a channel across the cell envelope. In particular, although porins could, in principle, provide 
a route through the outer membrane, it seems unlikely that the capsids of phages that adsorb to LPS 
could rapidly and effi ciently penetrate the hydrophobic lipid layer of the outer membrane in order 
for their tail to access the cytoplasmic membrane directly. Indeed, in P22 virions that have ejected 
their DNA, the capsid appears well outside the outer membrane, and much of the tail is visible 
(Fig. 4b in Lenk et al.  1975 ; Casjens, unpublished data). It has been suggested that T7 uses its inter-
nal core proteins to functionally extend its tail across the cell envelope (Molineux  2001 ; Kemp et al. 
 2005 ; Chang et al.  2010  ) , and P22 also ejects several tail machine proteins into the cell (Israel  1977  ) . 
Although the fi nal localization of the P22 proteins has not yet been determined, they might function 
in a similar structural way to the T7 core proteins. Alternatively, they may make the cytoplasmic 
membrane bleb out toward the adsorbed phage and thereby reduce the distance between the tail knob 
and the cytoplasm. A precedent for the latter idea comes from the conjugal plasmid R1, where the 
P19 protein makes small lesions in the cell wall, causing intracellular material to effl ux from the cell 
(Bayer et al.  2001  ) . Finally, the N-terminal domain of the N4 vRNAP is essential for internalization 
of the leading end of the genome (A. Demidenko, personal communication, cited as unpublished 
data in Kazmierczak and Rothman-Denes  2006  )  and may either escort the DNA or interact with the 
cytoplasmic membrane protein NfrB to form a complete trans-envelope channel. It is possible that 
most podoviruses will follow these or possess alternative strategies, both to overcome the “tail size” 
problem and to ensure that the infecting genome is protected from periplasmic nucleases. 

 The precise mechanism of DNA transfer into the cell cytoplasm is not well understood in any 
phage system, although podoviruses provide three of the better-studied examples. T7 uses energy-
requiring molecular motors for all DNA translocation; likewise, more than 98% of the N4 genome 
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is internalized by transcription; how the leading 500 bp enters the cell is not yet known. In contrast, 
it is suggested that the leading ~65% of the  f 29 genome enters the cell using the pressure associated 
with the tightly packed DNA. The remaining 35% is internalized by an energy-requiring process, 
where the energy is supplied by the membrane potential. However, it is not known, like the situation 
in T4, whether the membrane potential provides energy that directly moves DNA or whether that 
energy is only required to maintain an open channel across the cytoplasmic membrane. These ideas 
are not mutually exclusive and must become a focus of future study. It may be signifi cant that the 
only two phage systems where it is known that cellular energy is  not  required for DNA transport are 
the siphoviruses  l  and T5 (Filali Maltouf and Labedan  1983,   1985  ) , whose tail tips are long enough 
to potentially span the cell envelope. 

 An alternative model to explain phage DNA ejection was proposed some 5 years or so ago, but it 
has not yet received much attention. It was suggested that when a phage breaches the cell envelope, 
a hydrodynamic fl ow is initiated whereby water and small ions pass from the environment into the 
phage head, down through the tail and into the cytoplasm (Molineux  2006  ) . Flow exerts a force on 
the phage DNA that is inserted into the portal (or tail tube) that then drags the genome into the cell. 
This model requires no cellular energy for DNA movement; the overall osmotic gradient between 
the environment and the cell cytoplasm ensures water fl ow. Importantly, this model is totally inde-
pendent of the pressure inside the capsid that is usually attributed to the close-packed, condensed 
DNA. The hydrodynamic model was shown to be feasible (Grayson and Molineux  2007  )  and has 
recently also been shown to explain all the in vitro DNA ejection data (Panja and Molineux  2010  ) . 
Some of the main attributes of this model are that it can explain how the entire phage genome is 
ejected into the cell, how internal virion proteins are also ejected, and why T7 requires molecular 
motors to transport its genome. It also explains why the only known electron micrograph that cap-
tures phage DNA entering the cell shows that the double helix may be stretched beyond its normal 
helical repeat of 3.4 nm (Simon and Anderson  1967  ) . It is to be hoped that critical experimental tests 
of the hydrodynamic model for phage DNA ejection will be part of the future studies. 

 Fully understanding the role of the tail machines and the mechanisms of DNA transport into the 
cell will obviously require a deeper understanding of the structure of the packaged genome. Although 
advances in techniques of cryo-electron microscopy in the past decade or so have provided much 
support for the inverse toroidal structure of DNA inside the capsid, this model is inexact. It is also 
not in agreement with coarse-grained molecular mechanics models, which apply principles of poly-
mer physics in simulations of DNA packaging (e.g., Comolli et al.  2008 ; Petrov et al.  2009  ) . Perhaps 
most importantly, the inverse spool structure of packaged DNA is inconsistent with the structure of 
DNA molecules in individual mature T5 virions as evaluated from cryoEM micrographs (Leforestier 
and Livolant  2010  ) , and these authors suggest that other phage genomes may be packaged in a com-
parable way to T5. This suggestion warrants further analysis and perhaps a careful reanalysis of the 
original micrographs that led to the averaged structures depicting an inverse spool arrangement of 
the genome. Clearly, DNA delivery by the podoviruses (and other tailed phages) is far from being 
well understood and will remain fertile research ground for some time to come.      
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  Abstract   It is widely accepted that alphaviruses enter cells by a process involving endocytosis and 
low-pH-mediated virus membrane–cell membrane fusion. This model and the data supporting it 
have received extensive and numerous reviews. The major points presented in support of this model 
are summarized briefl y herein. It is the primary objective of this review to present an alternative 
mechanism describing the penetration of cells by alphaviruses which does not involve endocytosis 
or exposure to acid environment. The data supporting this model are summarized in detail.    

    8.1   The Alphaviruses 

 The alphaviruses were at one time designated the “group A arboviruses.” Indeed, the term arbovirus 
(ARthropod BOrne virus) refl ects in part the enormous host range of these agents which bridges 
taxonomic phyla (Brown and Condreay  1986 ; Strauss and Strauss  1994  ) . Alphaviruses are vectored 
by hematophagous, poikilothermic insects and are transmitted primarily to birds, reptiles, and small 
mammals which maintain the enzootic cycle. Alphaviruses are agents of signifi cant disease of man 
and domestic animals. Several alphaviruses such as Western, Eastern, and Venezuelan Equine 
Encephalitis viruses cause encephalitis in human and domestic animals. Recently, Chikungunya 
virus, an alphavirus which produces arthralgia, has reemerged as a new and signifi cant threat to 
human health.  

    8.2   The Study of Animal Virus Penetration of Host Cells: Some General 
Considerations for Membrane Containing Viruses 

 Elucidating the mechanism by which animal viruses penetrate cell membranes to initiate infection 
has proven to be one of the most diffi cult areas of virus research. Technology involving direct and 
indirect observation of this process has been employed with both approaches making assumptions 
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diffi cult to prove. Using indirect analysis, the ability of the virus to initiate infection and synthesize 
virus-specifi c RNA or protein is used as an indication that cell penetration has taken place 
(Helenius et al.  1982 ; Kielian et al.  1984 ; Marsh et al.  1982,   1983  ) . Synthesis of virus RNA and 
protein, however, occurs after attachment and cell penetration is completed, and failure to detect 
these events may or may not be related to the penetration process. Analysis by direct observation 
employs microscopy to view the interaction of virus with host cells (Helenius  1984 ; Marsh et al. 
 1983  ) . While this approach holds great potential for visualizing the process of cell penetration, it is 
incapable of distinguishing a virus which is engaged in a productive process of infection and a virus 
involved in a dead-end interaction with the cell. This problem is exacerbated by the fact that for 
many animal viruses, the ratio of noninfectious to infectious virus particles can be very high. If this 
value is as low as 10 to 1 (which is exceptional for some viruses), only one in ten particles observed 
has the possibility of creating a productive infection. 

 These caveats cause considerable diffi culty for experiments in which cells are treated with a 
chemical or biological agent and are then tested for virus RNA synthesis. If synthesis is detected, 
then most assuredly penetration has occurred. If it is not detected, penetration may have been blocked 
or RNA synthesis may have been inhibited by some direct or indirect effect of the agent. Likewise, 
if the infectivity ratio is poor, the observation that, for example, particles are entering endosomes or 
phagosomes may be misinterpreted to suggest that engulfment is an essential step in the penetration 
process. Evidence that a specifi c endocytic compartment is employed by specifi c cells for viral inter-
nalization, e.g., clathrin-coated pits, presupposes that endocytosis is the route of infection. These are 
all examples of indirect evidence of a specifi c penetration event. 

 Similar problems arise when artifi cial membranes, or liposomes, are employed as models to study 
the interaction of virus with living cells (Kielian and Helenius  1984  ) . In these model systems, the 
membranes do not contain the necessary receptor proteins or other receptor-related structures. 
A second problem with these model systems is that the lipid composition of the artifi cial membrane 
may not refl ect that of the living cell at the point of penetration. An additional complication is that 
the lipid and protein compositions of the mosquito cell membranes are vastly different from those of 
a mammalian host cell (Clayton  1964 ; Cleverley et al.  1997 ; Hafer et al.  2009 ; Mitsuhashi et al. 
 1983  ) . The artifi cial membrane systems employed are formulated to maximally interact with the 
virus, not to refl ect the composition of the mammalian or insect host membrane.  

    8.3   The Alphaviruses as Infectious Agents 

 The alphaviruses are uniquely suited for the study of virus penetration of a membrane containing 
virus. The structure of the alphaviruses is highly ordered and stable. Many strains of Sindbis virus 
have a particle to pfu ratio of 100/1 which is low for an enveloped virus. One strain of Sindbis virus, 
the heat-resistant or HR strain, is stable upon heating and produces virus stocks with a particle to pfu 
ratio of 1. Using this strain, SVHR, as a model system ensures that the starting material for any 
experiment involving functional evaluation of the infection begins with 100% infectious virus 
(   Hernandez et al.  2006  ) .  

    8.4   Alphavirus Structure 

 A discussion of alphavirus structure is essential for discussing the function of the virions. Many 
membrane-containing viruses are pleomorphic in morphology consisting of an enclosing membrane 
bilayer in which surface membrane glycoproteins are embedded. These proteins may not 
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have signifi cant lateral associations and may be free to move/fl oat in the fl uid lipid environment. The 
prototype of this type of virus is infl uenza virus. In this case, it is well established that the fl u glyco-
proteins, HA1 and HA2, drive the fusion of the virus membrane with the host cell membrane in a 
low-pH environment (Skehel and Wiley  2000  ) . In the case of viruses such as fl u, the virus membrane 
is the form-determining structure, and the virus is structurally a membrane with associated glycopro-
teins. This confi guration may prove optimal for a virus which gains entry by membrane fusion by 
allowing the exposure of signifi cant virus membrane surface. 

 The alphaviruses are structurally distinct (Fig.  8.1 ). They have a precise size, shape, and 
composition. The alphaviruses are composed of 240 copies each of membrane glycoproteins E1 
and E2 matched to 240 copies of the core “capsid” (Paredes et al.  1993  ) . The proteins are organized 
into two nested protein shells between which is sandwiched a membrane bilayer. The glycoproteins 
E1 and E2 are embedded in the membrane bilayer by virtue of transmembrane domains and the E2 
protein has a 33-amino-acid internal “endodomain” (Hernandez et al.  2000,   2003,   2005 ; Lee et al. 
 1996  ) . E1 and E2 form the outer protein shell and are organized into a  T  = 4 icosahedral lattice. In 
that protein shell, the E1 and E2 proteins are organized into 80 trimeric aggregates. The E2 proteins 
form the 80 prominent spike structures seen on the virus surface, while the E1 glycoproteins hold the 
surface lattice in its icosahedral geometry (Mukhopadhyay et al.  2006 ; Pletnev et al.  2001 ; Zhang et al. 
 2002  ) . Beneath the internally situated membrane bilayer, 240 copies of the capsid protein form a 
 T  = 4 icosahedral protein shell surrounding the virus plus polarity RNA (Paredes et al.  1993  ) . The 
outer protein shell is linked to the inner protein shell by interaction of the endodomain of the E2 
glycoprotein with a hydrophobic cleft in the capsid protein (Lee et al.  1996  ) . This interaction occurs 
240 times with these multiple interactions creating a rigid structure. The membrane of the alphavi-
ruses is not exposed signifi cantly on the surface of the virion, and it is clear that the geometry of the 
virus is determined by the component proteins. It has been demonstrated that treatment with a mild 
reducing agent can cause the outer protein shell to open releasing the internal nucleocapsid 
(Anthony et al.  1992  ) . When this happens, the membrane does not reseal, enclosing space, but 
remains open indicating that the protein shell dictates the confi guration of the membrane bilayer. 
Thus, in contrast to fl u virus, the alphaviruses are better described as protein shells with an associ-
ated membrane bilayer. This type of structure presents signifi cant consequences for the process of 
cell penetration.  

  Fig. 8.1    Reconstruction of the surface ( a ) and interior ( b ) of Sindbis virus produced from electron cryomicrographs. 
The  arrows  in ( a ) indicate the proposed positions of proteins E1 and E2. ( b ) Shows the outer shell of the virus cut 
away to revile the membrane bilayer in  red  and the inner core structure in  blue  (provided by Dr. Angel Paredes, 
University of Texas Health sciences Center)       

 



184 D.T. Brown and R. Hernandez

 A crystal structure has been produced in detergent of a truncated form of the E1 glycoprotein 
(Gibbons et al.  2004  )  (Fig.  8.2 ). This structure is divided into three domain designated dI, dII, and 
dIII. dIII is the membrane proximal domain and dII is the most distal domain which contains the 
hydrophobic “fusion loop.” The dII domain is situated between the two. This structure has been fi t-
ted into the electron density map produced by cryoelectron microscopy (Mukhopadhyay et al.  2006 ; 
Zhang et al.  2002  ) . This is a very diffi cult exercise because the structure of the E2 glycoprotein is not 
known and the portion of the electron density map occupied by E2 cannot be determined. Thus, one 
cannot determine if the fi t clashes with the presence of E2. It has also been shown that the E1 
glycoprotein matures through a series of disulfi de-bridged intermediates into a metastable structure 
which when released from the virus by detergent treatment reshuffl es into several nonnative struc-
tures which can be separated by nondenaturing gel electrophoresis (Mulvey and Brown  1994  ) . It is 
unclear which of these forms would form a crystal. It has also been shown by chemical protein modi-
fi cation of the intact virus that certain structures present in the crystal structure of E1 do not exist in 
E1 in the intact virion (Whitehurst et al.  2007  ) . More recently, crystal structures of E1–E2 dimers 
have been produced by cloning the ectodomains of the two proteins into a chimeric construct linked 
together by either a Strep-tag or a glycine–serine linker (Li et al.  2010 ; Voss et al.  2010 ). These 
constructs eliminated the 6k spacer protein that exists in the wild-type virus sequence. Although 
crystal structures were obtained and were found to be similar to previous structures produced of E1, 

  Fig. 8.2    Class II virus membrane fusion proteins. Structure and sequence diagram of class II virus membrane fusion 
proteins. The tick-borne encephalitis (TBE) fl avivirus glycoprotein E and the Semliki Forest alphavirus (SFV) E1 
protein are shown, with domains I, II, and III represented in  red ,  yellow , and  blue , respectively (dI, dII, and dIII). 
Common elements and important loops in domain II are indicated.  Red arrowheads  point to the hinge region between 
domains I and II. The fusion loop is shown in  orange , disulfi de bonds as  green tubes , and carbohydrates (CHO) in  pale 
yellow . The fl avivirus E protein dimer is indicated with one subunit in  white . Reprinted by permission from Macmillan 
Publishers Ltd. from Kielian and Rey  (  2006  )        
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the assumption is that the proteins are native in the conformation that exists in the intact virion and 
that the membrane plays no defi ning role if the assembly of these proteins remains untested   . The 
high-resolution structure of the virus surface remains unclear. Recent data using SANS on virus 
particles from BHK or C7-10 cells has revealed that Sindbis virus particles from mammalian or 
insect cells are not structurally equivalent (He et al.  2010  ) . This fi nding was unexpected and suggests 
that mature Sindbis virus can exist in two separate metastable infectious intermediates. This fi nding 
imposes an additional level of structural complexity which will require further investigation.   

    8.5   Alphaviruses as Molecular Motors 

 Virus particles are molecular motors designed to encapsulate and protect their genomic material 
until a suitable host is encountered and a subsequent infection can ensue. During the process of 
infection, these particles undergo multiple rearrangements and conformational changes to breach the 
host cell membrane and inject their genetic material. Sindbis virus (SVHR strain), which demon-
strates a particle to pfu of 1, is a symmetrical structure that is structurally stable and is uniquely 
poised to study the properties of complex molecular protein motors. For a protein complex to per-
form “work” it must use energy, which is hypothesized to be stored in the conformation of the indi-
vidual proteins and within the protein–protein interactions that comprise the protomers that form the 
virus structure. This stored energy is accumulated during the process of particle assembly (Carleton 
and Brown  1996 ; Mulvey and Brown  1994  ) . Much more is known about the assembly mechanisms 
used for Sindbis virus particle formation in mammalian cells. In this host system, it is known that E1 
undergoes a complex set of disulfi de-bonded folding intermediates prior to dimerization with PE2 
and egress from the endoplasmic reticulum (Carleton and Brown  1996 ; Carleton et al.  1997 ; 
Mulvey and Brown  1995,   1996  ) . Further conformational changes occur as the particles mature 
through the exocytic pathway and become glycosylated and proteolytically processed. During the 
late stages of maturation, the E2 tail is withdrawn from the host membrane, and association with the 
nucleocapsid is initiated (Liu and Brown  1993a,   b  ) . It is hypothesized that burial of the E2 tail into 
the hydrophobic pocket of the capsid protein is suffi cient to drive the envelopment of 240 copies of 
each E2 1:1 with capsid (Ferreira et al.  2003  ) . A fi nal conformational change of the nucleocapsid 
occurs during budding and is one of the fi nal adjustments of the structure (Coombs et al.  1984  ) . 
Envelopment is completed with fi ssion of the virus particle membrane which is mediated by 
interactions with the E2 tail (Brown et al.  1972 ; Hernandez et al.  2005  ) . Once envelopment is accom-
plished, the mature particle has completed all the changes that are required to produce an energy-rich 
metastable structural intermediate. This “intermediate” is an infectious virus particle specifi cally 
programmed to probe its environment for a suitable host cell. Once a host cell is encountered, this 
complex structure will recognize a receptor(s) to initiate the process of cell penetration. 

    8.5.1   Receptor Recognition 

 The fi rst critical event in the process of virus infection is the attachment of the virion to an appropri-
ate cell receptor. This interaction must result in the penetration event that will deliver the virus 
genome to its site of replication within the host cell. The critical process of attachment may not hap-
pen as a one-step event. The process might be rendered very ineffi cient if interaction with the host 
cell could only occur by the specifi c interaction of the virus protein attachment domain with the 
specifi c site on the cell receptor which may not be present in high copy number. It is possible that 
attachment is preceded by a less specifi c “sticking” event that retains the virus in contact with the 
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cell until the receptor is encountered. For some viruses the receptor has been identifi ed, e.g., for fl u 
the receptor has been shown to be sialic acid (Skehel and Wiley  2000  ) . For the alphaviruses the 
situation remains unclear in spite of several published reports on the subject. Molecules implicated 
as participating in the receptor complex include the major histocompatibility receptor (Helenius et al. 
 1978 ; Maassen and Terhorst  1981 ; Oldstone et al.  1980  ) , the major laminin receptor (Wang et al. 
 1992  ) , DC sign L sign (Klimstra et al.  2003  ) , heparan sulfate (Klimstra et al.  1998  ) , the heat shock 
70 protein (Ren et al.  2007  ) , and an unidentifi ed 110-kDa nerve cell–associated protein (Ubol and 
Griffi n  1991  ) . A cryo-EM image of the virus with attached heparin sulfate has been produced 
(Zhang et al.  2005  ) . Whatever molecular structure constitutes the receptor, it is either ubiquitous in 
nature or more than one receptor is used by the alphaviruses. In the laboratory, alphaviruses can be 
shown to infect any tissue cultured cells (e.g., insect, mammals, bird) except those derived from 
plants. This enormous host range implies that a common set of cellular attributes which are employed 
in the penetration process exists in the biochemically and genetically distinct hosts.  

    8.5.2   Penetration of Cell Membranes 

 When an appropriate interaction between the virus and receptor is established, the process of 
transferring the virus genome to the cell interior can take place. To assay that infection has taken 
place has been determined by the detection of virus-specifi c RNA or protein synthesis. These are 
both relatively late events and occur in a time frame of 1–2 h postinfection. This time frame is well 
past RNA penetration since the earliest event that can be detected in alphavirus infection is the 
establishment of homologous interference (the inability to establish an infection with a superinfect-
ing homologous virus) which can be detected in 15 min (Johnston et al.  1974  ) . This event requires 
the initial translation of the incoming RNA and suggests that infection is rapidly established in this 
virus system. Many studies using inhibitors of endocytosis or acidifi cation of endosomes have 
resulted in the conclusion that virus infection/penetration does not occur in the absence of endo-
some acidifi cation (Glomb-Reinmund and Kielian  1998 ; Helenius et al.  1980,   1982 ; Helenius and 
Marsh  1982 ; Marsh et al.  1982,   1983 ; White and Helenius  1980 ; White et al.  1980  ) . This approach 
is valid if the secondary effects of the chemical inhibitors on the cell and the infection are known. 
In the alphavirus system, it would be necessary to demonstrate that treatment of the infected cells 
with chemical inhibitors does not have any effect on RNA translation, RNA transcription, or protein 
processing. 

    8.5.2.1   Evidence for Membrane Fusion 

 It has long been a paradigm in animal virology that viruses that have membranes employ that 
membrane as a tool to penetrate host cells. Two mechanisms have been proposed for the role of the 
membrane in cell penetration both implicating fusion of the virus membrane with a cell membrane 
as the critical event. In one model, the virus engages the receptor complex and this contact initiates 
conformational changes in the virus membrane proteins. These conformational changes serve to 
draw the membranes into close proximity resulting in the disordering of the lipid bilayers and result-
ing in the fusion of the virus and cell membranes. Human immunodefi ciency virus has been pro-
posed to enter cells by this mechanism (Eckert and Kim  2001 ; Kielian and Jungerwirth  1990  ) . 

 A second model implicates the endocytic pathway as a critical participant in the penetration pro-
cess. In this model, the virus engages the receptor complex as described above. This attachment 
event is followed by the incorporation of the virus receptor aggregate into a developing endosome. 
As formation of the endosome vesicle is completed, the activity of vesicle-associated hydrogen ion 
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pumps (vacuolar ATPase) lowers the pH of the vesicle contents. At some critical pH value the ion-
ization state of the virus membrane proteins is changed leading to dramatic conformational rear-
rangements. The structural changes drive the process of moving and merging the virus and cell 
membranes producing the fusion event and releasing the nucleic acid. Infl uenza virus achieves 
cell penetration by this mechanism (Bullough et al.  1994 ; Skehel et al.  1995  ) . Elegant models have 
been presented which illustrate mechanistically how these fusion events may occur although the 
mechanism by which the repulsive forces of the opposing phosphate head groups on the lipid bilayer 
are overcome remains unclear (Kielian and Rey  2006  ) . 

 It has been proposed and widely accepted that the alphaviruses enter cells by the second of these 
mechanisms (Kielian  1995 ; Kielian and Rey  2006  ) . Evidence supporting this model is provided by 
two basic experiments showing (1) physical demonstration of fusion. That alphavirus can cause 
membrane fusion upon exposure to low pH. This observation was made initially with living cells in 
experiments in which large numbers of virus were added to cells at neutral pH and then the monolay-
ers were bathed in media at acid pH before subsequent return to neutral pH where fusion was evalu-
ated (fusion from without) (White et al.  1980  ) . Thus, for living cells, fusion does not occur at acid 
pH rather conditions are established at acid pH which favor the fusion event upon return to neutral pH. 
It has been subsequently shown that fusion with living cells requires return to neutral pH after expo-
sure to acidic medium (Edwards and Brown  1986 ; Paredes et al.  2004  ) . The experiments with living 
cells were replaced with experiments examining the interaction and fusion of virus with artifi cial 
membranes, liposomes, to facilitate a physical and chemical dissection of the fusion process (White 
and Helenius  1980  ) . Another shows (2) chemical disruption of endosome acidifi cation   . Agents that 
prevent the acidifi cation or formation of endosomes prevent the establishment of infection as deter-
mined by assay for the presence of newly synthesized virus RNA or protein (Helenius et al.  1982 ; 
Marsh et al.  1982  ) . 

      Studies Using Artifi cial Membranes 

 Experiments involving the interaction of virus with model liposomes have provided a large body of 
information regarding the fusion of alphavirus with artifi cial membranes. In stating this, one must be 
mindful of the fact that such artifi cial membranes lack many of the attributes of a living cell includ-
ing the virus receptor. As was the case with living cells, it was found that fusion of alphaviruses with 
liposomes required exposure to acid pH; however, unlike experiments with living cells, exposure to 
acid pH suffi ced to drive the fusion event and return to neutral pH was not required. Fusion required 
signifi cant concentrations of cholesterol (25–50 mol%) in the target membrane. The 3 b -hydroxyl 
form of cholesterol was found to be particularly important for membrane fusion (Kielian and 
Helenius  1984 ; White and Helenius  1980  ) . This also distinguished fusion of virus with liposomes 
from penetration of living cells such as insects (the alternate host), which are cholesterol auxotrophs 
and have very low levels of cholesterol (Clayton  1964 ; Cleverley et al.  1997 ; Hafer et al.  2009 ; 
Mitsuhashi et al.  1983  ) . It has also been shown that infection of insect cells is not cholesterol depen-
dent (Hafer et al.  2009  ) . That some alphaviruses have been shown to be transmitted vertically from 
infected female mosquitoes to progeny males (transovarial transmission) argues against a major role 
of cholesterol in the virus life cycle because males do not take a blood meal (Dhileepan et al.  1996 ; 
Fulhorst et al.  1994  ) . The arboviruses (alpha- and fl aviviruses) are believed to be insect viruses 
which have extended their host range to include vertebrates (Schlesinger  1971  ) . It is hard to under-
stand how they would have developed a requirement for high levels of cholesterol in the membranes 
of cells they infect when they originated in a system that did not provide it. 

 The case for a critical role of cholesterol in the infection of living cells has been made in experi-
ments in which insect cells were depleted of cholesterol by growing them in media containing serum 
which had been depleted of cholesterol by treatment with Cab-O-sil, a silicate (Lu et al.  1999  ) . 
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While cells grown under these conditions were shown to be resistant to infection, it was subse-
quently shown that Cab-O-sil treatment does not specifi cally reduce cholesterol but depleted the 
serum of many lipids and other essential components (Hafer et al.  2009 ; Weinstein  1979  ) . Other 
protocols for growing cells in cholesterol-free environments indicated that cholesterol depletion had 
little effect on the ability of the cells to become infected (Hafer et al.  2009  ) . 

 The process of fusion of the virus membrane with the liposome membrane has been shown to be 
nonleaky, that is, the fusion event seals the mixed membrane product (Smit et al.  2002  ) . By contrast 
the infection of living cells results in the production of pores in the membrane large enough to be 
penetrated by the drug alpha-sarcin (Madan et al.  2005  )  and which leaks ions and can be plugged 
with transitional metal ions (Koschinski et al.  2003 ; Wengler et al.  2003  ) . 

 The experiments examining the fusion of alphavirus with liposomes are carried out by mixing 
virus with a membrane-associated dye which does not fl uoresce at high concentrations but fl uoresces 
when diluted as fusion and lipid mixing occur (fl uorescence dequenching). The pH of the mixture is 
lowered and the increase in fl uorescence is measured with time. The same experiment can be carried 
out with labeled virus and living cells using fl u virus as a positive control (Keith Weninger, to be 
published elsewhere). These experiments are carried out by attaching virus to cells grown on cover-
slips in a chamber that allows the media to be exchanged. The attached virus fl uoresces at a low 
level, and as the media is changed to acid pH the fl u virions are seen to produce a distinct fl ash indi-
cating that fusion has taken place. When this experiment is done with Sindbis, the virus is seen to be 
very mobile on the cell surface at neutral pH. When the media is changed for acid medium the 
viruses freeze in place but no fl ash of fl uorescence can be seen indicating that lipid mixing has not 
taken place. 

 We have found that Sindbis virus membrane fusion has a critical pH of 5.8 which is the acid 
threshold required to establish conditions for fusion. In suspension the virus becomes very hydro-
phobic at pH lower than this and aggregates. This fact has made obtaining structural information on 
virus exposed to the critical fusion pH very diffi cult. We have hypothesized that exposure of the 
Sindbis virions attached to living cells results in the exposure of hydrophobic domains in the enve-
lope protein which bind the virus to the lipid bilayer without the fusion event. In the liposome sys-
tem, the exposure of the virus to acid pH allows the virus to bind to the receptor-free membrane 
initiating the fusion event. 

 Experiments have been reported that separate the ability of virus to fuse living cells in the two-
step fusion process from their ability to penetrate cells. It has been shown that at low temperatures 
Sindbis virus can infect cells but cannot produce fusion. By contrast it has been shown that alkyla-
tion of two cysteine residues in the Sindbis virus E1 glycoprotein blocks the ability of the virus to 
infect cells but does not block the ability to produce fusion. 

 The data presented above raises questions regarding the structural changes that occur in the 
alphavirion as pH is lowered to the acid pH which establishes fusion in the liposome system and sets 
the conditions for fusion in the cell system upon return to neutral pH. Paredes et al.  (  2004  )  solved 
the problem of virus aggregation at the acid pH required for fusion and have produced three- 
dimensional reconstructions of the virus at pH 7.2, pH 5.3, and pH 5.3 returned to pH 7.2. The 
results are striking and have important implications for understanding the process of virus fusion 
with artifi cial membranes and living cells. As shown in Fig.  8.3 , the transition from neutral to acid 
pH produces a dramatic reorganization of the virus surface. The virus swells from a diameter of 680 
to 705 Å. The trimers located on the strict threefold axis extend their density of the tips of the trimers 
toward the twofold axis and make contact with the tips of the trimers on the neighboring threefold 
trimers. The trimers surrounding the threefold axis become distorted and form a ring of protein den-
sity around the fi vefold axis (Fig.  8.3b, e ). The most dramatic change at pH 5.3 is the appearance of 
a protruding structure at the center of the strict fi vefold axis. The structure is 52 Å in width and pro-
trudes 60 Å from the surface of the virus surface making it the most extended structure on the virus 
surface. Its position on the surface at the center of the fi vefold axis implies that this structure has a 
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fi vefold rotational symmetry. It is very likely that this structure is a pentameric aggregate of fi ve E1 
glycoproteins. As the pH is returned from acid to neutral conditions, the structure of the virus surface 
reverts to a form that is almost, but not completely, like that of virus retained at neutral pH (   Fig.  8.3c, f ). 
The virion diameter reduces from 705 to 674 Å. The protruding density around the fi vefold axis 
disappears and the skirt region is restored to an appearance similar to that seen in virus maintained 
at pH 7.2. The trimers appear deformed, although the strict threefold trimer appears as a tripartite 
ridge. The fenestration at the fi vefold axis, present in virus maintained at neutral pH, reappears in 
this structure slightly larger than before. The quasi-threefold trimers have prominent clefts between 
two of the three appendages that make up the trimer (Fig.  8.3c, f ). These clefts extend from the top 

  Fig. 8.3    Conformational changes in Sindbis virus after exposure to various pH conditions. The three-dimensional 
structures of Sindbis virus surface at 28 Å resolution viewed along icosahedral threefold ( a – c ). The reconstructions are 
colored according to a range of radii (key displayed) at different pH conditions. ( a ) Sindbis virus at pH 7.2, ( b ) Sindbis 
virus at pH 5.3, and ( c ) Sindbis virus exposed to pH 5.3 (5 min) and returned to pH 7.2.  Arrows : ( b ) protrusion at the 
fi vefold axis; ( c ) fi ssure at twofold axis; ( d – f ). The structure of Sindbis outer protein shell restricted to the fi vefold axis 
in three different pH environments at 28 Å. ( d ) pH 7.2, ( e ) pH 5.3, and ( f ) exposed to pH 5.3 and returned to pH 7.2       
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of the timers toward the strict threefold axis into the skirt region. The appendages of the trimers are 
much shorter and are distorted compared to virus maintained at neutral pH with the fi vefold portion 
of the spike not reaching into the fi vefold axis to the same extent as control virus. The skirt region is 
also altered in that the twofold region has a large fi ssure caused by the redistribution of mass density 
that has not returned to its original position at pH 7.2 (Fig.  8.3c ). These clefts would signifi cantly weaken 
the virus protein shell. The loss of the protruding structure at the fi vefold axis is particularly interest-
ing as the return to neutral pH also eliminates the tendency for the virus to aggregate suggesting that 
hydrophobic domains exposed at pH 5.3 are buried upon return to pH 7.2. It is possible that the 
protruding structure contains the hydrophobic domains.  

 While the report by Paredes et al. contains the only image of an alphavirus at the pH that triggers 
fusion, the resolution of this structure is low (28 Å), the resolution limitation coming from the pro-
tocol required to prevent the virus from clumping   . At the level of atomic resolution, the only data 
available come from studies on the E1 glycoprotein. When the E1 crystal structure is “fi t” into the 
electron density map produced from the cryomicroscopy of the virus at neutral pH and 20 Å resolu-
tion, it is proposed that the E1 protein lies fl at on the surface of the virus membrane as head to tail 
dimers forming the  T  = 4 lattice which holds the icosahedral structure together (Zhang et al.  2002  ) . 
In this process of fi tting crystal structure to electron density, there is no information regarding the 
structure or position of glycoprotein E2. It is therefore assumed that any electron density not occu-
pied by E1 constitutes E2. Using this assumption, it was concluded that E2 rested on top of E1 cover-
ing the hydrophobic loop required for initiating the fusion event. In vitro data have shown that when 
alphavirus is exposed to acid pH in the presence of cholesterol-containing liposomes, the E1 glyco-
protein aggregates as trimers. In this model, it is postulated that these trimers function in the fusion 
event in a manner similar to that proposed for infl uenza virus (presented elsewhere) (see Fig.  8.4 ). 
The hypothesis continues stating that in the presence of acid pH and cholesterol-containing mem-
branes, the E1–E2 heterodimers dissociate and reorganize into E1 trimers. It has only been possible 
to recover these trimers from membranes by detergent treatment which is also required to crystallize 
the E1 trimers themselves. The crystal structure of the trimer represents the structure of the E1 pro-
tein “postfusion,” while the crystal of the neutral pH dimer is the structure of E1 “prefusion.” These 
structures are dramatically different and imply a complex rearrangement of the virus surface during 
fusion in which E1 dimer interactions are broken and new trimer associations are formed. The inter-
action of the developing trimer with the target cell membrane is proposed to be mediated by the dII 
domain through an undefi ned interaction of the fusion loop with the target. E2 binding with the host 
receptor must precede the following reorganization of E1. Subsequently, the trimer is proposed to 
fold bringing domains dIII and dII together as the liposome and the virus membrane fuse (Kielian 
and Rey  2006  ) . The energy for this event is provided by conformational changes in E1 in response 
to the change in the pH environment. The part of this model diffi cult to reconcile with all the avail-
able data is the part which relates to the anchoring of the E1 protein dII domain in the target mem-
brane. The hydrophobic loop is rather short at 17 AA and cannot by itself anchor the E1 protein in 
the target membrane. As a protruding loop at the distal end of the E1 glycoprotein, it is diffi cult to 
understand how it could overcome the hydrophilic barrier created by the polar phosphate lipid head 
groups. It is proposed that the dII domain crosses the membrane bilayer completely or half way to 
tightly anchor it in the target (Kielian and Rey  2006  ) . This would bring some very hydrophilic 
regions of the protein into the lipid interior of the membrane.  

 The development of the E1 trimer at low pH in the presence of cholesterol-rich membranes is 
different from the structural changes seen in the intact virion by electron cryomicroscopy. The most 
dramatic structural change seen in EM is the appearance of a prominent protruding structure at the 
strict fi vefold axis indicating that this structure has a fi vefold rotational symmetry. It is important to 
point out that this structure is produced by exposure of the virus to acid pH in the absence of mem-
branes raising the possibility that there are multiple confi gurations that the alphavirus is capable of 
assuming in acid pH environments.  
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      Studies Using Inhibitors of Vacuolar Acidifi cation 

 The initial proposal that endocytosis and exposure to acid pH were required for infection by alphavi-
rus came from studies employing lysosomotropic weak bases (Helenius et al.  1982  ) . These basic 
compounds accumulate in intracellular compartments and neutralize the acid environment. 
Compounds such as ammonium chloride and chloroquine were applied to cells prior to infection and 
the event of infection was determined by assaying for newly synthesized virus RNA. Virus RNA 
synthesis, however, is not the next step in the infectious process. Prior to the synthesis of progeny 
RNA, the genomic RNA must be translated and transcribed. Both chloroquine and ammonium 
 chloride were shown to block virus RNA synthesis when vertebrate cells were treated prior to the 

  Fig. 8.4    ( a ) Native virions, showing E1 with domains colored as in Fig.  8.2 , and E2 in  light gray  interacting with E1 
and covering the fusion loop. Only the target-cell-proximal side of the virion represented in Fig.  8.2b ,  right panel , is 
shown. ( b ) Trigger 1: low pH triggers E1–E2 dissociation and exposure of the fusion loop. ( c ) Trigger 2: low-pH- and 
cholesterol-dependent insertion of the fusion loop, leading to the alignment of E1 subunits parallel to each other, 
favoring trimerization. ( d ) Fold-back process: domain III and the stem region move toward the fusion loop. Cooperative 
interactions between trimers through their fusion loops distort the target membrane. ( e ) Folding of the domain III and 
stem segments against the body of the trimer pulls transmembrane (TM) segments against each other, distorting the 
viral membrane. ( f ) Opposing dome-like deformations in the two membranes lead to mixing of the outer leafl ets 
(hemifusion). ( g ) To reach the fi nal stable conformation, the TM segments have to be closely juxtaposed to the fusion 
loop. This is only possible by opening an initial fusion pore       
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addition of virus. The weak bases are very nonspecifi c in activity and RNA synthesis is not a  measure 
of penetration and is only a measure of infection if RNA is produced. It was also shown that while 
treatment of vertebrate cells with chloroquine blocked the production of virus RNA, it had no effect 
on the outcome of infection in insect cells (Coombs et al.  1981  ) . It could be shown that chloroquine 
neutralized the endocytic compartments in the insect cell as it protected the cell from diphtheria 
toxin which is known to require an acid endosome for entry into cells (Edwards and Brown  1991  ) . 
While ammonium chloride could block virus production in insect cells, it was shown that the block 
occurred at the level of proteolytic processing of the nonstructural polyprotein precursor, a process 
required for the production of the RNA polymerase (Hernandez et al.  2001  ) . The nonspecifi c nature 
of the weak bases made them very poor tools for determining the role of acid pH in the infection 
process. More recently, the antibiotic Balfi nomycin A has been shown to inhibit the V-ATPase (pro-
ton pump) responsible for maintaining cytoplasmic homeostasis and for the acidifi cation of endo-
somes (Crider et al.  1994  ) . Again, this drug was shown to prevent the synthesis of alphavirus RNA 
when cells were treated prior to or during infection (Glomb-Reinmund and Kielian  1998  ) . We have 
recently reexamined the effect of this drug on alphavirus infection using Sindbis virus which has in 
its genome a fl uorescent reporter protein under control of a separate subgenomic Sindbis virus pro-
moter. The expression of this protein causes cells to fl uoresce and indicates that infection and trans-
lation of the incoming RNA have taken place. In experiments examining the expression of the 
reporter, infection in the presence of drug only slightly reduced cell fl uorescence while fl uorescence 
was dramatically reduced if the drug was added after infection. Identical results were obtained when 
the virus RNA was transfected into the cells by electroporation (   Hunt et al.  2011 ). Transfection 
bypasses the infection process, and this result suggests that drug treatment blocked translation of the 
Sindbis message. We also found that RNA entered the cell and was translated in the presence of 
Balfi nomycin, but correct folding of the GFP protein required removal of the drug. These results 
with inhibitors underscore the caution that one must take in using them to study a particular event. 
The drugs may have secondary effects on cells which render the assay for direct effect on a particu-
lar event untrustworthy (Ferreira et al.  2000 ). The broad effects of these agents are underscored by 
the observation that weak bases can block alphavirus maturation when added after infection is 
established.  

      Evidence for Penetration in the Absence of Membrane Fusion 

 The problems with the indirect approach of investigating the penetration of cells by alphaviruses 
have produced a confusing and contradictory collection of results. Direct observation of alphavi-
rus interaction with living cells by light and electron microscopy has been diffi cult because of the 
poor particle to plaque forming unit (infectivity ratio) of virus preparations. We have addressed 
this problem and produced pure preparations of Sindbis virus with infectivity ratios approaching 
unity. These virus preparations have been used in direct observation of virus–cell interaction 
(Paredes et al.  2004  )  (Fig.  8.5 ). As described above, Sindbis virus preparations determined to have 
a particle to pfu ratio of 1 were labeled with fl uorescent dyes and used in experiments confi rming 
the fusion of alphavirus with liposomes of the formulations described in the literature. However, 
it was not possible to demonstrate fusion of virus with living cells using fl uorescence dequenching 
upon exposure to low pH using the same preparation of virus. Using electron microscopic meth-
ods, it was determined that when these viruses are added to living cells and examined by transmis-
sion electron microscopy of thin sectioned preparations, no evidence of membrane fusion or of 
involvement of endocytosis could be detected (Paredes et al.  2004  ) . Virus appeared to attach to 
cell plasma membranes and lose their electron-dense RNA core. The attachment appeared to be 
mediated by the formation of a tubular, pore-like structure that engaged and penetrated the cell 
membrane. The loss of the core resulted in a loss of the tight spherical structure of the virus. The 
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  Fig. 8.5    Electron micrographs of thin sections of Sindbis virus–cell complexes at pH 7.2. ( a ) Low magnifi cation 
showing “full” and “empty” particles and a particle attached by a pore to the cell surface ( arrow ). ( b ) An “empty” and 
“full” (RNA-containing) virions. The empty virion can only be identifi ed as virus by antibody binding. ( c ) Reorganization 
of virus RNA into the developing pore. ( d ) The pore at the vertex of the icosahedron is seen to engage and penetrate 
the cell membrane ( arrow ). The virion has reduced electron density in the core region. ( e ) An empty particle with a 
possible RNA molecule entering the cell ( arrow )       
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resulting empty particles could not have been identifi ed as virus except that they were specifi cally 
labeled with antivirus antibody. That major structural changes in the structure of the virion take 
place during the penetration process is supported by the observation that attachment to the cell 
surface results in the exposure of otherwise buried virus antibody epitopes (Flynn et al.  1990  ) . The 
virus appeared to break up completely after loss of the electron-dense core and was lost from the 
cell surface indicating that the integrity of the outer icosahedral protein shell depended on an 
intact core structure. The process by which the virus became empty was very fast and could only 
be effectively seen by attaching virus to cells at 4° and then washing the monolayer with warm 
(37°) media containing glutaraldehyde fi xative. In these experiments, 26% of the attached viruses 
became empty when the virus/cell complex was warmed to 37°, and 4% became empty when the 
monolayer was warmed to 15°. This observation underscores the rapid nature of the penetration 
process and indicates again that penetration can take place at temperatures which block cell mem-
brane fusion. These morphological studies are very similar to those published by Hase et al. 
 (  1989a,   b  )  with the Flavivirus Dengue. These authors also found that the virus appeared to empty 
and disassemble when contacting the cell surface. They also found no involvement of endocytosis 
in the penetration process.  

 The nature of the pore-like structure that is formed as the virus contacts the cell surface is interest-
ing. The pore seems to develop at the fi vefold vertex of the icosahedron. The pore is 100 Å wide and 
about 90 Å long. The structure that develops at the fi vefold axis of the free virus on exposure to acid 
pH is 52 Å wide and 62 Å long. The difference in size may be an artifact of the embedding process. 
The structure seen in the cryo-EM images may be a part of the pore structure, the rest being contrib-
uted by the cell receptor complex. Several pieces of evidence may support the formation of a pore in 
the cell plasma membrane as penetration takes place. It has been shown that when Sindbis virus 
infects cells they become permeable to the drug alpha-sarcin (Madan et al.  2005  )  and develop pores 
in the plasma membrane (Koschinski et al.  2003 ; Wengler et al.  2003,   2004  ) . If virus penetrated by 
membrane fusion at low pH, as is the case in interaction with liposomes, this would not happen as 
the liposome fusion process has been shown to be nonleaky (Smit et al.  2002  ) . The Wengler research 
group has shown that alphavirus infection creates pores of different sizes, one early and one later 
during infection (Koschinski et al.  2003  ) . The appearance of the early pore causes the cell to become 
leaky, and the pore can be effectively plugged with transition metal salts. It may be that the attach-
ment of the virus results in the development of a pore that is continuous from the interior of the virus 
core crossing the plasma membrane to the cell cytoplasm. The collapse of the virus structure after 
release of the RNA may leave the open pore structure embedded in the plasma membrane. It has 
been shown that exposure to acid pH results in the formation of a pore that crosses the virus mem-
brane into the virus interior (Lanzrein et al.  1993  ) . This latter observation suggests that in some ways 
the conformational changes induced by low pH may mimic those produced by receptor interaction 
by releasing the same switch required to engage the conformational changes required for RNA pen-
etration into the cell.     

    8.6   Reconciling Contradictory Observations 

 The model favoring the entry of alphaviruses by low-pH-mediated membrane fusion is supported 
primarily by examining the interaction of virus with protein-free artifi cial membrane and examining 
the effect of inhibitors of endosome acidifi cation on the expression of virus functions, post penetra-
tion. The model favoring entry by direct penetration of cell plasma membranes is supported by the 
observation of virus cell complexes by electron microscopy. This latter model is also consistent with 
reports of cell permeability changes occurring early in the infection process. 
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 The alphaviruses are clearly capable of fusing with artifi cial membranes upon exposure to acid 
pH. They are also capable of fusing with membranes of living cells if exposed to low pH briefl y and 
then returned to neutral pH. The ability of these viruses to execute these fusion events may be 
explained by the structural changes that are seen upon exposure to acidic conditions and upon 
return to neutral pH. As shown in Fig.  8.3  exposure to acid pH equivalent to that initiating the 
fusion event the surface of the virus undergoes dramatic reorganization   . This rearrangement renders 
the virus sticky resulting in aggregation and falling out of solution. This implies that hydrophobic 
domains in the envelope proteins have been exposed by this treatment. The most prominent change 
in the surface is the appearance of a new protruding structure at the strict fi vefold vertex of the 
icosahedrons. It is likely that this pentameric structure is presenting hydrophobic domains and that 
these domains insert into the membranes of the liposome or the living cell. The rearrangement of 
the virus surface may also weaken the protein–protein interactions responsible for maintaining the 
icosahedral structure. The highly curved and constrained radius of the liposome may provide the 
energy to dissociate the compromised virus protein shell permitting lipid fusion. The high concen-
tration of cholesterol in the liposome may contribute to the expansive force required to absorb the 
virus membrane into the constrained liposome membrane. In the living cell, there is little curvature 
at the point of virus binding, so as the pH is lowered, the virus is able to extend its hydrophobic 
domains and freeze in position on the cell surface as these domains insert into the cell membrane 
without distortion of the virus particle. The lack of curvature of the plasma membrane may not 
provide the energy for the fusion event. As the pH is returned to neutrality in the virus structures 
prepared for cryo-EM, the hydrophobic pentameric protrusions are withdrawn back into the virus 
structure. In solution the virus loses its hydrophobic property and does not aggregate. Though the 
virion recovers much of its original structure upon return to neutral pH, the surface is further com-
promised by the appearance of a long fi ssure in the surface along the twofold axis. The withdrawal 
of the pentameric protrusion back into the virus structure may draw lipid of the plasma membrane 
toward the virus membrane. The combination of these events may allow lipid mixing to proceed. It 
is possible that treatment of the virus particles to low pH in solution and return to neutral pH causes 
conformational changes at each of the fi vefold axes. This may not be the case when virus has asso-
ciated with the viral receptor. In this situation, a more specifi c trigger such as binding with the cell 
receptor may specifi cally initiate the conformational rearrangement of the specifi c vertex from 
which RNA may be extruded. 

 Membrane fusion can be separated from infection as described above and was not seen in the 
electron microscopy studies of Paredes et al. Yet the changes in structure induced by acid pH are 
dramatic and signifi cant. Does a role for acid pH exist in the infection of cells by alpha and by 
extension fl aviviruses   ? The alphaviruses have a very broad ability to infect a variety of cell types. 
Fish, snake, mammalian, bird, and various insect cells, virtually any cell that can be cultured with 
the exception of plant protoplasts, can be infected by alphaviruses   . This implies that the cell recep-
tor complex must be available on these diverse cell types or that multiple receptors can be used. 
This fact and the effect of pH on virus structure led us to propose that a likely candidate for the virus 
receptor complex found on all cell types may be the vacuolar ATPase. This assembly of proteins is 
present in the membranes of every living cell from the  Archea  to mammals. It is possible that bind-
ing of the alphavirus by the pentameric ring of E2 proteins at the vertex of the icosahedron initiates 
the infection process. Action of the V-ATPase could produce a localized microenvironment at acid 
pH within the receptor virus protein complex. These conditions might expose the pentameric struc-
ture which together with the V-ATPase may produce the protein pore (Fig.  8.6 ) that is continuous 
from the interior RNA-containing virus core to the cell cytoplasm. Upon injection of the virus 
RNA, the breakdown of the virus membrane may leave the pore imbedded in the cell plasma mem-
brane resulting in the observed increase in cell permeability seen to accompany alphavirus infec-
tion. This proposal would be strongly supported by the observation that Bafi lomycin A1 (BAF), a 
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presumed specifi c inhibitor of the V-ATPase, blocked virus infection as determined by failure to 
express a reporter gene (described above) in the presence of the drug. This possibility was dimin-
ished but not ruled out completely by the fi nding that BAF also blocked the translation of the 
incoming virus RNA.   

    8.7   Summary and Future Directions 

 The model for infection of cells by alphaviruses presented here is a signifi cant departure from the 
existing paradigm describing the interaction of membrane-containing viruses with cells (Fig.  8.6 ). 
The process by which alphaviruses are proposed to infect cells here is very similar in many regards 
to the entry mechanism proposed by Hogle for poliovirus (Belnap et al.  2000  ) . Hogle has 
hypothesized that polio interacts with cell membranes through the exposure of hydrophobic helices 
at the fi vefold vertex of the virion upon attachment to the cell receptor. The exposed protein domains 
then form a pore in the plasma membrane through which the viral RNA passes. It is possible that in 
its function as a molecular machine the alphaviruses function as do nonmembrane-containing viruses 
to gain entry into a cell. This is supported by the contention presented above that alphaviruses are 
protein-enclosed viruses with an associated membrane. The function of the virus membrane may be 
to serve as a scaffold upon which the virus glycoproteins are folded into their high-energy metasta-
ble confi guration. The membrane may play no functional role in the infection process. A single 
report exists in the literature suggesting that removal of the membrane of an alphavirus did not elimi-
nate infectivity (Omar and Koblet  1988  ) . 

 The important next step in the investigation of the interaction of alphaviruses with host cells is to 
unambiguously identify the host cell receptor complex and the domains of that complex that interact 
with the virus glycoproteins (E1 and E2) as penetration takes place. The identifi cation of these struc-
tures may facilitate the activation of the RNA injection mechanism, which could be examined in 
solution allowing further elucidation of the penetration process.      
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  Fig. 8.6    Model for the direct penetration of cell membranes by alphaviruses. ( a ) The interaction of E2 proteins at the 
fi vefold vertex with the cell receptor complex results in tight binding of E2 and the reorganization of E2 into a ring of 
protein subunits. The receptor-binding event results in the projection of E1 hydrophobic domains into the cell mem-
brane/receptor complex. ( b ) These structural changes produce a pore which is likely composed of both host and 
virus proteins and forms a channel which is continuous from the interior of the virus to the interior of the cell. The 
virus RNA passes from the interior of the virion to the cytoplasm of the cell. ( c ) Transfer of the RNA to the host cell 
results in structural instability in the virus particle. The particles break up leaving the pore in the cell membrane. The 
presence of the pore makes the surface permeable to small molecules       
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  Abstract   As all the enveloped viruses, the entry of infl uenza viruses includes a number of steps in 
host cell infection. This chapter summarizes the current knowledge of the entry pathway and the role 
of the fusion protein of infl uenza virus, hemagglutinin, in this process. Hemagglutinin (HA) is a 
trimeric glycoprotein that is present in multiple copies in the membrane envelope of infl uenza virus. 
HA contains a fusion peptide, a receptor binding site, a metastable structural motif, and the trans-
membrane domain. The fi rst step of infl uenza virus entry is the recognition of the host cell receptor 
molecule, terminal  α -sialic acid, by HA. This multivalent attachment by multiple copies of trimetric 
HA triggers endocytosis of infl uenza virus that is contained in the endosome. The endosome-trapped 
virus traffi cs via a unidirectional pathway to near the nucleus. At this location, the interior pH of the 
endosome becomes acidic that induces a dramatic conformational change in HA to insert the fusion 
peptide into the host membrane, induce juxtaposition of the two membranes, and form a fusion pore 
that allows the release of the genome segments of infl uenza virus. HA plays a key role in the entire 
entry pathway. Inhibitors of virus entry are potentially effective antiviral drugs of infl uenza viruses.   

     9.1   Introduction 

 Infl uenza virus belongs to the family of  Orthomyxoviridae . Infection of infl uenza virus causes a 
disease in humans with symptoms including high fever, cough, body ache, and runny nose. The word 
“infl uenza” was originated from the Italian language, meaning “infl uence.” Since the disease 
caused by infl uenza virus infection occurs more often in winter seasons, it was thought in the ancient 
world to be caused by the infl uence of astrological movements. The true reason that infl uenza returns 
each year is because of the unique structure of the infl uenza virus. The infl uenza virion contains an 
envelope of lipid membrane that is derived from the plasma membrane of the infected host cell, the 
site of infl uenza virus assembly (Fig.  9.1 ). The membrane envelope forms a barrier inside of which 
are the viral components protected from the environment when the virus particle is in circulation. 
Immediately underneath the membrane envelope there is a layer of matrix formed by the matrix 
protein. The matrix protein layer encloses the viral genome that is composed of eight segments of 
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nucleoprotein-enwrapped single-stranded RNA in the negative sense. These eight genome segments 
encodes ten viral proteins, including three subunits, PA, PB1, and PB2, of the viral-specifi c RNA 
polymerase, two surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA), the nucleo-
protein (NP), the matrix protein (M), the proton channel protein M2 that is translated from the 
spliced mRNA of M, and two nonstructural proteins NS1 and NS2 that are the products of the two 
alternatively spliced eighth viral mRNA. NS2 is also known as nuclear export protein (O’Neill et al. 
 1998  ) . The outcome of the infl uenza virus entry into the host cell is to release the eight viral genome 
segments into the nucleus to initiate virus transcription and replication. The entire virus entry pro-
cess may be divided into a number of steps. First, the infl uenza virus particle needs to recognize a 
specifi c receptor molecule on the surface of the target host cell to allow the virus particle to gain 
access to the specifi c host cell in which infl uenza virus may replicate. The receptor molecule for 
infl uenza virus is a terminal  a -sialic acid that is linked to saccharides anchored on the host cell sur-
face by various mechanisms. In the second step, the tight association of the infl uenza virus particle 
with the host cell induces endocytosis that generates an endosome to encapsulate the entering virus 
particle. The endosome is then translocated in the next step to the site near the nucleus. The fourth 
step is to fuse the viral membrane with the host membrane that forms the endosome, which is 
mediated by the HA glycoprotein embedded in the virus surface. This membrane fusion step releases 
all eight segments of the RNA genome into the nucleus where the initiation of transcription of viral 
genes and the later viral replication takes place.  

 The key player in virus entry is the surface glycoprotein HA that contains the host receptor bind-
ing site to allow the virus particle to attach to specifi c host cells, the fusion peptide that is inserted 
into the target cellular membrane during membrane fusion, and other structural elements that may 
refold during the membrane fusion process. Since HA is a surface glycoprotein on the virus particle, 
it is readily recognized by host antibodies when infl uenza virus infects the host. However, infl uenza 
virus is quite capable of escaping the host defense system by unique mechanisms. During the repli-
cation cycle, the viral-specifi c RNA polymerase makes errors with a high frequency in its synthesis 
of viral RNAs. The errors during replication will generate a large number of variants of the HA 
glycoprotein. Some of them will allow the infl uenza virus to become resistant to neutralization by 
the existing host antibodies. By this selection mechanism, a new infl uenza virus that can escape the 
host immune system is generated and can replicate readily in the infected host. The novel infl uenza 

HA 

NA 

RNP 

MA 

M2 INFLUENZA VIRUS 

  Fig. 9.1      Cartoon showing 
the architecture of infl uenza 
virus          

 



2039 Infl uenza Virus Entry

virus variant can spread to other hosts if they have not been exposed to this variant previously either 
through vaccination or through natural infection. This is the main reason that infl uenza virus comes 
back year after year because in each season new infl uenza virus strains become the circulating vari-
ants to which the human population has not acquired suffi cient immunity. The same variations also 
occur by the same mechanism in the NA glycoprotein, the other surface glycoprotein in infl uenza 
virus. Such changes in the HA and NA glycoproteins are termed “antigenic drift” (Hay et al.  2001  ) . 
During antigenic drifts, amino acid sequences are replaced in areas that are exposed to antibody 
recognition, and at the same time, the amino acid substitutions are restricted from locations that are 
required for receptor binding, maintaining a function fusion peptide, and proper structural changes 
for mediating membrane fusion. When the HA amino acid substitutions are accumulated in the rep-
ertoire of infl uenza virus strains, they are mostly on the exposed surface of the HA glycoprotein 
except for the receptor binding site, the fusion peptide, and the amino acids that accommodate the 
fusion peptide before HA structural changes for membrane fusion (Wilson et al.  1981  ) . Besides 
antigenic drifts, there is also occasionally a dramatic change in HA antigenicity of infl uenza A virus. 
The HA glycoprotein of infl uenza A virus has been classifi ed in 20 subtypes (H1–H20) based on a 
hemagglutination-inhibition test (Yen and Webster  2009  ) . Subtypes H3 and H1 have been circulat-
ing globally in recent years. However, there could be a sudden change of HA subtype in a given year, 
termed “antigenic shift.” This type of change is the result of replacing one gene segment of a 
circulating infl uenza virus with another gene segment, a process called reassortment. Reassortment 
could occur in infl uenza virus because its genome prepresent in the virion is segmented. The HA 
glycoprotein must be compatible with other segments in the emerging infl uenza virus derived from 
the reassortment. If two infl uenza virus strains with totally different segmented genomes coinfect a 
common host, a novel infl uenza virus could emerge by regrouping a set of genome segments from 
the two sources. An antigenic shift usually leads to a global infl uenza pandemic, such as the pan-
demic of 1918 infl uenza that was the result of introducing a new H1N1 avian infl uenza virus in the 
human population (Compans et al.  1970 ). Throughout the antigenic changes over the many years, 
the HA-mediated virus entry remains robust in all infl uenza virus strains. The HA glycoprotein is 
fully functional despite many substitutions in its amino acid sequence.  

    9.2   Structure of Hemagglutinin 

 Infl uenza virus is divided into three types: infl uenza A virus, infl uenza B virus, and infl uenza 
C virus. For virus entry, hemagglutinin, the major glycoprotein on the surface of infl uenza virion, 
plays multiple roles in each step of the virus entry pathway. For infl uenza A virus, HA has been clas-
sifi ed in 20 subtypes (H1–H20). The subtype of an infl uenza A virus is determined if the antisera 
corresponding to that subtype could inhibit the hemagglutination by the virus. Infl uenza B and C 
viruses have only one subtype and these two viruses have only been found circulating in humans. 

 The fi rst glimpse of infl uenza virus HA was from electron micrographs. HA molecules appear as 
spikes covering the surface of the infl uenza virion (Compans et al.  1970  ) . In the recent higher resolu-
tion three-dimensional structure reconstructed from tomographic images of infl uenza virion 
(Harris et al.  2006  ) , the trimeric glycoprotein of HA is present as clearly distinct spikes scattered on 
the virion surface. The HA trimers are anchored through a transmembrane domain that penetrates the 
membrane envelope, which allows the C-terminal cytoplasmic tail of HA to interact directly with the 
matrix protein layer. The lollipop-shaped tetrameric NA is present among HA trimers in a small 
number (Fig.  9.1 ). 

 HA is inserted into the lumen of the ER during translation. The trimeric HA precursor travels 
through the secretory pathway from ER, Golgi apparatus, and secretory vesicles to the plasma mem-
brane. Along the secretory pathway, HA becomes glycosylated and is processed into HA1 and HA2 
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polypeptides by the host proteinase. The cleavage of HA into HA1 and HA2 generates the fusion 
peptide at the N terminus of HA2. Uncleaved HA molecules are incompetent to mediate membrane 
fusion. The ectodomains of the mature HA trimers can be released from the surface of infl uenza 
virion by a proteinase, bromelain. The crystal structure of the HA ectodomain from an infl uenza 
A virus revealed the features that are important for the functions of HA (Fig.  9.2 ) (Wilson et al.  1981  ) . 
The HA1 molecule is primarily on the outside of the HA trimer. The fi rst 18 amino acids participate 
in a  b -sheet formed by amino acids in the N-terminal and C-terminal regions of the HA2 molecule. 
This motif appears to be the structure that tethers the HA1 molecule to the membrane-anchored HA2 
molecule. The next 18 amino acids form part of the pocket that accommodates the hydrophobic 
fusion peptide in the metastable HA structure on the infl uenza virion prior to virus entry. The rest of 
the HA1 molecule continues to extend to the top of the trimetric HA spike where a ligand-binding 
domain of a  b -fold is located at the extreme end. The conformation of the ligand-binding domain at 
the top of the trimeric HA spike is partially stabilized by the contacts between themselves around the 
threefold symmetry axis. The ligand-binding domain is similar to the common protein fold that binds 
saccharides. It is composed of two  b -sheets folded as a barrel. Since the host cell receptor for infl u-
enza virus HA is sialic acid, a saccharide moiety, it is not surprising that HA structure contains such 
a protein fold at the strategic location where it can recognize the host receptor molecule. Following 
the ligand-binding domain, the HA1 molecule extends downward along the HA2 molecule to end 
near the fusion peptide at the N terminus of the HA2 molecule. This conformation of the HA1 C 
terminus is the result of the cleavage between HA1 and HA2. In the uncleaved precursor, this region 
forms a surface loop accessible to protease (Chen et al.  1998  ) . The size of the loop and the number of 
positively charged amino acids in the loop determine how easy the HA molecule is processed. When 
there are more than three positively charged amino acids in this loop, the cleavage at this site is more 
effi cient and the infl uenza virus becomes more virulent, often highly pathogenic (Zambon  2001  ) . The 
HA2 molecule forms the core of the HA trimer. The fusion peptide leads to the amino acids that par-
ticipate in the anchoring  b -sheet involving the N terminus of the HA1 molecule. After the  b -sheet, the 
fi rst  a -helix of the HA2 molecule stands up roughly parallel to the threefold symmetry axis of the HA 
trimer. A large loop underneath the HA1 structural motif that contains the ligand-binding domain 
links the fi rst  a -helix to the second long  a -helix that forms a coiled coil    with the other two HA2 
molecules to form a three-helix bundle toward the  membrane envelope. The three-helix bundle is 

  Fig. 9.2    Structure of 
hemagglutinin. ( a ) The 
crystal structure of the 
trimeric ectodomain of 
hemagglutinin (Wilson et al. 
 1981  ) . Each subunit of HA is 
colored  red ,  green , and  blue , 
respectively, with all three 
fusion peptides colored 
 yellow . The ribbon drawings 
in this and subsequent fi gures 
were prepared with the 
program PyMol (DeLano 
 2002  ) . ( b ) A single subunit of 
the ectodomain is presented 
for clarity. The HA1 
polypeptide is colored  red , 
and the HA2,  lighter red        

 



2059 Infl uenza Virus Entry

fi rmly anchored by the transmembrane domain in the membrane envelope. The three-helix bundle is 
a common structural motif in all the type I fusion proteins of enveloped viruses, including human 
immunodefi ciency virus (HIV) and SARS virus (Colman and Lawrence  2003  ) . The length of the 
helices may vary from virus to virus, but the three-helix confi guration is the same in all viruses with 
type I fusion proteins. The three-helix bundle coiled coil is the key structural element that keeps the 
trimeric association of HA molecules throughout its structural changes during the virus entry process. 
The overall structure of the trimeric HA molecule could be viewed as a crown of the three HA1 mol-
ecules that caps the HA2 trimer tied together by the three-helix bundle. The HA1 crown is essential 
in keeping the HA structure in the metastable conformation prior to membrane fusion. The interac-
tions between the top structural motifs and those between HA1 and HA2 molecules all contribute to 
the metastability, which is required for storage of energy that will be needed for the structural changes 
of HA during membrane fusion.  

 Both HA1 and HA2 proteins are glycosylated at N-linked glycosylation sites, with the HA1 
molecule having more sites glycosylated near the top of the HA spike. There are a lot of variations 
between infl uenza virus strains in terms of the number of the N-linked sequences, ranging from three 
to ten sites (Bragstad et al.  2008  ) . The presence of a sequence for N-linked glycosylation is not suf-
fi cient for this site being glycosylated. For a given infl uenza virus strain, the degree of glycosylation 
may depend on what types of cells the virus infects. For instance, there are fi ve N-linked sequences 
in HA of subtype H1. When the virus was propagated in human cells, four of fi ve sites were 
glycosylated (Gamblin et al.  2004  ) . When the virus of an avian origin was propagated in chicken 
embryos, only three of the fi ve sites were glycosylated (Lin et al.  2009  ) . The degree and location of 
glycosylation has an effect on the entry of infl uenza virus. In the fi rst place, proper glycosylation 
may be required for proper folding of the HA molecule (Segal et al.  1992 ). For instance, glycosyla-
tion at Asn8 and Asn22 after the cleavage of signal peptide helps recruitment of chaperone proteins 
that facilitate HA folding. In other cases, the glycosylation near the receptor binding site on the top 
of the HA spike has a direct infl uence on the affi nity of the HA molecule to the virus receptor sialic 
acid. As shown in the case of infl uenza virus A/Vietnam/1203/04, a highly pathogenic strain of avian 
infl uenza A virus, the HA of this virus recognizes an  a 2,3-linked sialyl receptor and can spread 
systematically in mice. Removal of the glycosylation sequence, Asn158, near the receptor binding 
site, contributed to the increase of HA affi nity to an  a 2,6-linked sialyl receptor, which resulted in 
reduction in systematic virus spread (Wang et al.  2007 ). Similar increases of receptor affi nities after 
removal of N-linked glycosylation sites, and subsequent reduction in virus growth and spread, were 
also observed in other studies involving a H7N1 infl uenza virus (Wagner et al.  2000  ) . 

 In addition to glycosylation, formation of disulfi de bonds in HA is also important for the structure 
of HA. There are six strictly conserved disulfi de bonds in HA in all subtypes of infl uenza viruses, 
one of which is between HA1 and HA2 molecules (Segal et al.  1992  ) . This high conservation 
indicates that the pattern of disulfi de bonds plays a critical role in the structure and function of HA. 
Studies showed that without proper formation of the disulfi de bonds, the folding of HA was greatly 
impaired. Similarly as glycosylation, disulfi de bonds are also additional factors that facilitate proper 
folding of HA during translation. 

 Among different HA subtypes, the structural differences are mainly located in three regions. First, 
the loops on the surface of the spike crown formed by the HA1 molecule are among the most variable 
structural elements. These variations are probably mostly responsible for the antigenic differences 
among the HA subtypes, which might not have signifi cant effects on virus entry. The other two 
regions, however, are probably directly related to the process of HA-mediated virus entry. One of the 
regions is the receptor binding site. The structure of each HA subtype in this region appears to favor 
one type or the other  a -linked sialic acid, which may be a determinant in host specifi city of infl uenza 
A viruses. Another region of structural differences is near the fusion peptide. As discussed above, the 
N-terminal and the C-terminal sequences of the HA1 molecule are part of the hydrophobic pocket 
that accommodates the fusion peptide at the N terminus of the HA2 molecule. The fusion peptide 
adopts the same structure among different HA subtypes, but the sequence and structure of the HA 
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molecule surrounding the fusion peptide changes between the HA subtypes. More details about the 
two regions will be discussed in later sections with regard to receptor binding and membrane fusion. 

 For infl uenza B virus, there is no subtype of HA. The single serotype of infl uenza B virus HA has 
a similar overall structure as that of infl uenza A virus HA. The HA1 molecule in infl uenza B virus also 
forms a crown structure on top of the trimeric HA2 molecules. However, the exact three- dimensional 
structure of infl uenza B virus HA is quite different. For the HA1 molecule, the ligand-binding domain 
that contains the receptor binding site has a conformation that requires a signifi cant rotation up to 60° 
in order to be superimposed with that in the HA1 molecule of infl uenza A virus HA (Wang et al. 
 2007  ) . Such a large degree of rotation may refl ect two aspects of the HA molecule. First, the crown-
like structure formed by HA1 molecules must disassemble during HA-mediated fusion. One of the 
requirements is that the structure of the HA1 molecule must have a hinge region that allows the rota-
tion of the structural motif at the top of the spike in order to disassemble from the metastable trimeric 
conformation. It is therefore an intrinsic property in HA that the structural motif at the top of the spike 
is allowed to rotate without any blockage during HA-mediated membrane fusion. It is not surprising 
that the structural motif at the top of the spike of the infl uenza B virus HA adopts a conformation that 
is, although different from that in infl uenza A virus HA, within the spatial range of the HA structure. 

 Infl uenza C virus is also a virus that is only found in humans, and it has a surface glycoprotein that 
is quite different from HA in other infl uenza viruses. This surface glycoprotein in infl uenza C virus 
is called the hemagglutinin-esterase-fusion (HEF) protein. In addition to the ability to bind the host 
receptor molecule and to mediate membrane fusion as infl uenza virus HA, HEF has an additional 
enzymatic activity that destroys the HEF receptor molecule, 9- O -acetylated sialic acid, by enzymatic 
removal of the acetyl group. Since the receptor destroying enzyme (RDE) and the receptor-binding 
activities are both in HEF, infl uenza C virus does not therefore have any NA activity or the gene. The 
overall three-dimensional structure of HEF is very similar to that of HA when the two structures are 
superimposed, except that there are additional structural motifs in HEF corresponding to the esterase 
(Rosenthal et al.  1998  ) . The detailed structures are, however, very different between HEF and HA. 
HEF is also cleaved into HEF1 and HEF2 molecules in the mature infl uenza C virion. The N termi-
nus of HEF1 participates in the similar  b -sheet at the anchoring region, but the sequence following 
that does not have a structural element that forms part of the hydrophobic pocket accommodating the 
fusion peptide. Instead, the polypeptide directly extends to the structural motif at the top of the spike. 
Comparing to HA, there is one structural insertion prior to the ligand-binding domain, and one after, 
which are two of the three segments in the esterase. It appears that HA deleted two of the three seg-
ments in the esterase during evolution. The remaining structural element in HA helps to keep the 
ligand-binding domain at the same position as in HEF. The esterase in HEF is located below the 
receptor binding site. The C terminus of HEF1 is closely located near the N terminus of HEF1 that 
contains six amino acids in front of the fusion peptide. The fusion peptide in HEF is therefore not 
accommodated in a hydrophobic pocket as in HA. The location of the fusion peptide in HEF cannot 
be superimposed with that in HA. Another signifi cant difference is in the loop that links the two long 
 a -helices in the HEF2 molecule. This loop is much shorter in HEF, as well as the second  a -helix that 
forms the coiled coil in the trimer. This difference makes HEF look hollow underneath the crown 
formed by the HEF1 trimer. The signifi cance of this structural difference is not yet clear.  

    9.3   Receptor Binding Site 

 As many animal viruses, infl uenza virus attaches to the host cell surface by recognizing a specifi c 
receptor. The commonly known receptor molecule for infl uenza virus is a sialic acid (also known as 
 N -acetylneuraminic acid) that is covalently linked to the end of oligosaccharides on glycoproteins or 
glycolipids (Schauer  2009  ) . Sialic acid is present on the surface of many cell types and also on cell-
secreted products. Sialylation is an important mechanism of masking cells or microorganisms, as well 
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as products they produce, to avoid being recognized by the host immune system. At the same time, the 
sialyl moiety is often used as ligands for attachment proteins that have important cellular functions, or 
as receptors (co-receptors) for microorganisms including viruses, bacteria, fungi, and parasites. 
Infl uenza virus is one of the best known example that uses sialic acid as the receptor for cell entry. 

 The sialic acid binding site of infl uenza virus is located in each subunit of the trimeric HA 
(Fig.  9.3 ). Since there are many copies of HA on each infl uenza virus particle, the attachment of 
infl uenza virus to the host cell surface may be considered as a multivalent binding event. As a result, 
the viral attachment is fairly tight even though the affi nity of each individual sialyl moiety to its 
binding site on HA may be weak (Takemoto et al.  1996  ) . The estimated dissociation constant ( K  

d
 ) 

for sialic acid binding by infl uenza virus HA is about 3 mM (Hanson et al.  1992 ; Sauter et al.  1989  ) . 
The precise interactions between sialic acid and HA have been described by cocrystal structures 
(Lin et al.   2009 ; Takemoto et al.  1996 ; Ibricevic et al.  2006 ; Tumpey et al.  2007 ). The binding site 
is a depression on the surface of a structural domain at the top of the HA trimer. The structural 
domain is composed of a  b -barrel motif and  a -helices. This structural motif is similar to other lectin 
proteins in shape, but topologically different. At the bottom of the receptor binding site there are two 
aromatic residues, a tyrosine (Tyr98) and a tryptophan (Trp153), in infl uenza A virus (A/Aichi/2/1968 
H3N2). The pyranose ring of sialic acid sits on top of the aromatic residues. The four different func-
tional groups linked to the pyranose ring form specifi c interactions with residues surrounding the 
depression. The carboxyl group in its  a -confi guration at the C2 position of the pyranose forms three 
hydrogen bonds with the side chain of Gln226 and main-chain atoms. The hydroxyl group at the C4 
position does not seem to be involved in binding to HA. The acetylamido group at the C5 position, 
on the other hand, forms both hydrophobic and hydrophilic interactions. The amide group in the 
acetylamido group forms a hydrogen bond with a main-chain carbonyl oxygen atom, whereas the 
methyl group in the acetylamido group is within van der Waals contact with the side chain of Trp153. 
Finally, the last two hydroxyl groups in the glycerol moiety at the C6 position form hydrogen bonds 
with the side chains of Gln226 and Glu190, and a main-chain carbonyl oxygen atom. The network 
of these interactions renders the specifi city for sialic acid recognition by HA. However, there are 
variations in the sialic acid binding site among different subtypes of infl uenza virus. For instance 
(Ha et al.  2001  ) , residue Leu226 is replaced by Gln226 in an avian infl uenza A virus H5 HA. The 

  Fig. 9.3    The receptor binding site of an avian infl uenza virus hemagglutinin (Liu et al.  2009  ) . ( a ) LSTc ( a 2,6-linked 
galactose) mimicking the human receptor bound in the binding site. ( b ) LSTa ( a 2,3-linked galactose) mimicking the 
avian receptor bound in the binding site. Critical residues for binding the receptor are presented as stick models with 
labels       
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side chain of Gln226 in H5 appears to form a hydrogen bond with one of the carboxylate oxygen 
atoms and more importantly, a hydrogen bond with the oxygen atom at the C2 position that is in the 
glycosidic bond linking the sialic acid moiety to the oligosaccharides. The hydrogen bond formed 
by the hydroxyl group at the C9 position is through a water molecule to the main-chain amide group 
of residue Gly228, instead of directly with the side chain of Ser228 in the H3 HA. In an H9 HA, the 
hydrogen bond formed with the water molecule as observed in the H5 HA is conserved, but that with 
the side chain of Glu190 as observed in both H3 and H5 HA is lost because this residue is a valine 
(Val190) in the H9 HA. In addition, the left-side loop in which residues Leu/Gln226 and Ser/Gly228 
are located has a more opened conformation in H3 and H9, compared to that in H5.  

 Changes in the sialic acid binding site are related to the receptor preference of different subtypes 
of infl uenza virus HA. Currently, human infl uenza A viruses contain H1, H2, and H3 subtypes of 
infl uenza virus HA, whereas the avian and other animal infl uenza A viruses contain H1–H16 sub-
types (Yen and Webster  2009  ) . One of the differences among HA subtypes is that the HA of human 
infl uenza A viruses prefers a sialic acid that has an  a 2,6 glycosidic linkage to glycoproteins and 
glycolipids as the receptor molecule, but HA of avian infl uenza A viruses prefers an  a 2,3 glycosidic 
linkage. The receptor preference may be one of the barriers to prevent the wide spread of highly 
pathogenic avian infl uenza A viruses in humans to cause a severe pandemic (Ibricevic et al.  2006 ; 
Stevens et al.  2006 ; Yamada et al.  2006  ) . Sialic acids with an  a 2,6 glycosidic linkage are abundant 
on the human airway epithelial cells (Stray et al.  2000 ; Thompson et al.  2006 ). It has been postulated 
that an avian infl uenza A virus must adapt to the human sialic acid receptor in order to transmit 
widely from humans to humans. The binding of HA to different receptor molecules may explain the 
difference in receptor preference. The avian H5 HA has a glutamine residue at position 226. In the 
crystal structure of H5 in complex with an  a 2,3 glycosidic linkage to a galactose (Ha et al.  2001  ) , 
the glycosidic bond has a  trans  conformation that allows the side chain of Gln226 to make hydrogen 
bonds with both the glycosidic oxygen and the hydroxyl group at the C4 position of the galactose. 
The receptor binding site in H5 HA is also narrower so that it can only accommodate a sialic acid 
with the  a 2,3 glycosidic linkage in  trans  conformation. In the case of the avian H9 HA, a sialic acid 
with the  a 2,3 glycosidic linkage or the  a 2,6 glycosidic linkage may fi t the receptor binding site, and 
the interactions with sialic acid by H9 HA are similar in both cases. However, the H9 HA can form 
hydrogen bonds with sugar moieties as the fourth or fi fth molecule in oligosaccharides. The oligo-
saccharide chain adopts different conformation when bound to each individual HA even though the 
terminal sialic acid is bound in the same position. 

 In infl uenza B virus, the sialic acid binding site in its HA appears to be very different. First of all, 
the left-side loop homologous to that in infl uenza A virus HA is substantially more closed so the sialic 
acid moiety is no longer above a depressed site. The carboxylate group forms hydrogen bonds similar 
to the main-chain amide nitrogen and the side chain of a serine as in infl uenza A virus HA. However, 
the acetylamido group now forms hydrogen bonds with the side chain of Thr139, and the hydroxyl 
group at the C9 position forms hydrogen bonds with the side chain of Asp193 and Ser240. The nar-
rower sialic acid binding site seems to be responsible for discriminating against the avian  a 2,3 glyco-
sidic linkage by reducing two hydrogen bonds. Infl uenza B virus is found only circulating in humans. 

 In infl uenza C virus, the receptor binding site is very different. In fact, the receptor molecule is no 
longer the sialic acid, but 9- O -acetylsialic acid. The surface glycoprotein in infl uenza C virus is actu-
ally a HEF protein (Rosenthal et al.  1998  ) . By comparison with the structure of HA, there is an 
inserted esterase with structural motifs fl anking the receptor binding domain. The esterase may per-
form the receptor destroying function of NA, which is missing in infl uenza C virus. The main differ-
ence in the receptor binding site of the HEF protein is that the left-side loop is further opened, and 
the 9- O -acetyl group as well as the hydroxyl groups at the C8 and C7 positions all participate in 
forming hydrogen bonds with side chains of three different residues. The acetylamido group at the 
C5 position also forms new interactions with side chains of two different residues. 

 The receptor preference of a sialic acid with the  a 2,6 glycosidic linkage may be one of the 
requirements for infl uenza virus to infect the human airway effi ciently, but may not be the only 
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requirement. The 1918 pandemic infl uenza A virus has been shown to be originated from an avian 
infl uenza A virus (Compans et al.  1970 ; Lin et al.  2009 ; Nicholls et al.  2008 ; Shen et al.  2009 ; 
Hayden  2009 ). Its receptor preference is the α 2,6-linked sialic acid. As shown in (Liu et al.  1995 ), 
the change of one amino acid from aspartic acid to glutamate at position 190 would switch the recep-
tor preference from the  a 2,6 glycosidic linkage to  a 2,3 glycosidic linkage. An additional change 
from aspartic acid to glycine at position 225 would diminish the transmission of the pandemic virus 
between model animals such as ferrets (Tumpey et al.  2007  ) . However, the infl uenza virus carrying HA 
that has the  a 2,3 glycosidic linkage preference could cause the same lethal infection in mice as the 
1918 pandemic infl uenza virus (Qi et al.  2009  ) , suggesting that viral factors in addition to HA also 
contribute to the pandemic virulence of the 1918 infl uenza virus. For instance, the polymerase sub-
unit gene, PB2, from the 1918 infl uenza virus was also required for transmission between ferrets 
(Lakadamyali et al.  2003 ). The NS1 gene was also shown to be an important virulence factor (Konig 
et al.  2010 ). The adaptation of the avian infl uenza viruses may begin with the avian infl uenza virus 
strain that could bind both types of receptors (Matlin et al.  1981 ). Additional adaptation may be 
required in other infl uenza virus genes in order for an infl uenza virus strain to be transmitted effi ciently 
among humans or to increase virulence. This adaptation may take place in animal hosts, such as pigs 
or birds, or humans. The most threatening pandemic infl uenza virus strain is likely to have the recep-
tor preference for the  a 2,6 glycosidic linkage and contain highly virulent genes in addition to HA. 

 The exact role of sialic acid binding by HA, however, may not be as clear cut as most literature 
described (Nicholls et al.  2008  ) . First of all, avian H5N1 infl uenza viruses that prefer the  a 2,3 gly-
cosidic linkage infect humans frequently since 1997, even though the transmission from humans to 
humans has not been confi rmed for this type of infl uenza virus. Furthermore, it has been shown by 
a number of laboratories that cells could still be infected by infl uenza virus after the sialic acid was 
removed by sialidase treatment (Kogure et al.  2006 ; Stray et al.  2000 ; Thompson et al.  2006  ) . One 
of the possible explanations is that the entry of infl uenza virus into the host cell employs a sialic acid 
independent mechanism, such as an alternative primary receptor molecule. The binding to sialic 
acid by HA may be a pre-entry step to attach the virus particle to the host cell surface. The properties 
of binding to sialic acid with a specifi c glycosidic linkage appear to be associated more closely with 
production of infectious progeny viruses and the ability of transmission from one host to another by 
infl uenza virus (Qi et al.  2009 ; Giannecchini et al.  2007 ; Nunes-Correia et al.  2004 ). This suggests 
the potential that a novel infl uenza virus variant may not need to bind sialic acid at all to become 
transmissible among humans. 

 Amino acid sequence changes in HA happen frequently because the changes allow infl uenza 
virus to escape host immune responses. However, these changes must not compromise the entry 
function carried by HA. It has been observed that when infl uenza virus was passaged in mice that 
had been immunized with inactivated wild-type virus, the selected escape mutants also exhibited 
increased cellular receptor binding avidity by mutated HA (Rust et al.  2004 ). Mutation sites could 
be near the sialic acid binding site or not close at all. Some escape mutations did not diminish poly-
clonal antibody binding, but simply increased virus binding avidity for cellular glycan receptors. 
These mutant viruses could still effectively agglutinate erythrocytes treated with  Vibrio cholerae  NA 
RDE that removes terminal sialic acids. The increase in receptor avidity by HA was toward sialyl 
glycan molecules with both the  a 2,3 and  a 2,6 glycosidic linkages. When the escape mutants were 
passaged in naïve mice, the receptor avidity was restored to the normal level, but the resistance to 
polyclonal antibody neutralization was retained. However, additional mutations were also identifi ed 
in some cases that render the new mutants further resistance to polyclonal antibody neutralization. 
These studies suggest that under neutralizing immune pressure, infl uenza virus increases its receptor 
avidity by changing amino acid sequences throughout the HA globular domain. Additional amino 
acid changes may accumulate in naïve hosts in which high receptor avidity is not required for infl u-
enza virus infection. These further mutations compound on antibody resistance. Indeed, the sequence 
data of isolates from human and animal hosts since 1918 revealed a close relationship between 
receptor binding and escaping host immune response (Shen et al.  2009  ) . 
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 Currently, the popular antiviral drugs for therapeutic treatment of infl uenza virus infection are NA 
inhibitors (NAIs) (Hayden  2009  ) . It is inevitable that drug resistance variants would arise after a 
period of time, some of which may have mutations in HA. The key function of NA is to remove sialic 
acid moieties from oligosaccharides attached to HA on newly assembled infl uenza virus particles 
when they bud out of the infected cells. If the NA activity is not present, the progeny virus particles form 
aggregates on the cell surface because the sialylated HA binds to each other between two infl uenza 
virus particles, and to cell surface (Liu et al.  1995  ) . The aggregation prevents virus release, which is 
the mechanism used by NAIs to stop infl uenza virus infection. When infl uenza virus was passaged 
in cell culture in the presence of NAIs mutations in HA were identifi ed in some drug-resistant 
mutants, in addition to drug-resistant mutants that had mutations in NA (Giannecchini et al.  2007 ; 
Hurt et al.  2009  ) . It is obvious that infl uenza virus can replicate in the presence of NAIs if the sialic 
acid binding properties of HA have been changed. NAI-resistant mutants with mutations in HA have 
not been reported from clinical isolates, but the potential still exists.  

    9.4   Entry Pathway 

 After the virus is attached to the host cell surface via binding to sialic acid by HA, the process of 
importing the incoming virus particle to a location inside the cell begins. There is a large number 
of HA molecules on infl uenza virus particles, which may be required for adequate binding to the cell 
surface to trigger the internalization process. The entry process follows a specifi c pathway with a 
number of cellular factors involved (Fig.  9.4 ). At the cell plasma membrane, the infl uenza virus is 
taken up by endocytosis (Bottcher et al.  1999 ; Daniels et al.  1985 ). The virus particle quickly enters 
coated vesicles (endosomes) inside the cell. The internalized virus particles are transported inside 
the endosomes to locations near the nucleus (Lakadamyali et al.  2003  ) . The fusion of viral mem-

  Fig. 9.4    A model for the entry pathway of infl uenza virus       
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branes with endosomes is triggered by acidifi cation of late endosomes. The result of fusion is the 
release of viral RNA-dependent RNA polymerase-associated nucleocapsid (RNP) into the nucleus 
where viral transcription is initiated.  

 Studies by Lakadamyali et al. show that the traffi cking pathway of infl uenza virus particles to the 
nucleus has three distinct stages (Lakadamyali et al.  2003  ) . In Stage I, the endocytic vesicles are 
transported in an actin-dependent manner within the cytoplasm leading to the early endosomes. In 
Stage II, the early endosomes containing virus particles are rapidly transported by dynein-directed 
movement on microtubules toward the perinuclear region. At this location, the fi rst acidifi cation 
(pH =  » 6.0) takes place and the endosomes mature. The maturing endosomes continues to move on 
microtubules in Stage III. Finally, the second acidifi cation (pH  »  5.0) of matured endosomes occurs 
and HA-mediated membrane fusion results in release of RNP into the nucleus. 

 The description of the entry pathway clearly indicates that the entry of infl uenza virus is a process 
directed by cellular endocytosis and transportation mechanisms. These functions are essential for the 
cell life cycle. Infl uenza virus utilizes some of the endocytosis and transportation mechanisms to 
support its own entry to infect the host cell. By systematic RNAi knockdown of host factors, up to 23 
proteins have been shown to be related to the entry of infl uenza virus (Konig et al.  2010  ) . One of the 
most obvious protein groups is the host proteins that form the endosomal coat protein complex (Chen 
and Zhuang  2008 ; Doxsey et al.  1987 ; Matlin et al.  1981 ; Roy et al.  2000  ) . The clathrin-coated pits 
are formed around the attached virus particle once it is attached and the particle is then internalized. 
A number of other host factors are also involved in the initial internalization. Dynamin, a GTPase 
that play an important role in clathrin-mediated endocytosis, was shown to facilitate formation of 
virus-loaded coated vesicles (Roy et al.  2000  ) . In the absence of dynamin’s functions, the pinch off 
of the coated pits was incomplete. Epsin 1 is also a host factor that has been identifi ed to be involved 
in infl uenza virus endocytosis via coated pits (Chen and Zhuang  2008  ) . Epsin 1 is an adaptor protein 
that interacts with proteins such as clathrin, AP-2, and Eps15, all of which play important roles in 
assembly of the coated pits. Association of epsin 1 induces membrane curvature. On the other hand, 
infl uenza virus could also be endocytosed by other clathrin-independent pathways, even though 
clathrin-dependent endocytosis appeared to be the main route used by infl uenza virus entry (Nunes-
Correia et al.  2004 ; Rust et al.  2004 ; Sieczkarski and Whittaker  2002  ) . Analogous to using multiple 
receptor molecules, endocytosis of infl uenza virus may also utilize multiple routes. 

 Traffi cking inside the host cell begins after the internalization of the infl uenza virus particle. 
Actin was shown to be required for the initial movement of the virus particle in polarized epithelial 
cells (Daniels et al.  1985 ; Bullough et al.  1994 ; Floyd et al.  2008 ; Kemble et al.  1994 ). When 
cytochalasin D, an inhibitor that disrupts actin polymerization, was added, infl uenza virus entry into 
the apical phase of polarized epithelial cells was inhibited. This inhibitor, however, has no effects on 
infl uenza virus entry into non-polarized cells or through the basolateral phase of polarized epithelial 
cells. Inhibition of myosin VI function, an actin motor protein, also decreased infl uenza virus infec-
tion. The coated vesicles containing infl uenza virus were arrested at the plasma membrane. These 
observations suggest that an active actin skeleton is required for directing infl uenza virus entry, 
which transports the coated vesicles to microtubules where the early endosomes are found 
(Lakadamyali et al.  2003  ) . The movement of the virus-containing early endosome is rapid in Stage 
II before the fi rst acidifi cation (pH  »  6.0) occurs. The host cell protein sorting system appears to be 
selectively required for directional movement of early endosomes to late endosomes along microtu-
bules. The virus-containing endosomes were shown to be colocalized with Rab9 and VPS4, suggest-
ing that the ubiquitin/vacuolar protein sorting pathway was utilized by infl uenza virus (Khor et al. 
 2003  ) . The lysosomal pathway for recycling could not be used for infl uenza virus infection. This 
specifi city may be related to the functional requirement that virus- containing endosomes need to 
traffi c through the early endosomes to the late endosomes along microtubules before the fi nal mem-
brane fusion takes place near the nucleus (Lakadamyali et al.  2003 ; Sieczkarski and Whittaker  2003  ) . 
Before the fi nal membrane fusion, the integrity of HA is not grossly affected during traffi cking from 
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endocytosis to the late endosomes through a directed, specifi c pathway to near the nucleus 
(Sieczkarski and Whittaker  2003  ) . Since HA is the major surface glycoprotein that makes contact 
with the endosome membrane, it may very well play a role in selecting the specifi c traffi cking path-
way. This specifi city may be related to recruitment of specifi c host proteins by HA or the unique 
envelope structure organized by HA.  

    9.5   Low pH-Induced Conformational Change in HA 

 In the late endosome, the HA mediates the fusion of the viral membrane with the endosome when 
the pH inside the endosome drops before 5.0. HA undergoes an extended conformational change at 
the acidic pH to insert the fusion peptide into the target membrane (Fig.  9.5 ). This is a common 
process used by many viral fusion proteins to mediate membrane fusion for viral entry. What has 
been learnt for infl uenza virus HA may have a broad application.  

 As discussed above, the native structure of HA is stabilized by trimeric association of HA1 and 
its interactions with HA2. Conformational changes of HA as well as membrane fusion could be 
prevented by introducing additional disulfi de bonds at the top to stabilize the trimeric HA1 (Wharton 
et al.   1986 ), suggesting that the conformational change of the trimeric HA1 induced by low pH is 
required for HA-mediated membrane fusion. Upon binding to sialic acid, a step before the virus is 
exposed to low pH in the entry pathway, the HA1 trimer is stabilized and the conformational change 
of HA at low pH is actually restricted by sialic acid binding (Leikina et al.  2000  ) . Since the virus 
particle is inside the endosome after endocytosis, there are multivalent interactions between trimeric 

  Fig. 9.5    A ribbon drawing to 
compare the metastable 
conformation of a HA 
subunit ( left ) with the 
refolded HA subunit at low 
pH. HA1 is colored  red , and 
HA2,  lighter red . The fusion 
peptide is colored  yellow . 
The helix-loop-helix region 
in HA2 is colored  green , 
 blue , and  magenta , for the 
conformation at neural and 
low pH. The  magenta  helix 
region at low pH is 
leveled with that in the 
metastable HA       
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HA and the receptor molecules on the endosome membranes. In such a structure, the fusion peptide 
at the N terminus of HA2 may be released when pH is lowered prior to HA refolding. In order to 
allow full refolding of HA2, it may be necessary for a step to dissociate HA from binding to sialic 
acid on the endosome membrane. Lowering pH may actually be a mechanism for such dissociation. 
Further downstream of the refolding pathway, there may be stepwise conformational changes that 
proceed sequentially at low pH. Before protonation of HA surface residues when the pH is lowered, 
the crown formed by the HA1 trimer has a positively charged surface both inside and outside 
(Huang et al.  2002  ) . On the contrary, the HA2 trimer in its metastable conformation has a negatively 
charged surface. This negatively charged surface of the HA2 trimer electrostatically matches the 
positively charged interior surface of the trimeric HA1 crown. These attractive interactions allow 
HA to maintain its metastable conformation. When the pH is lowered, some surface residues in HA1 
become more positively charged, such as residues His75, Lys259, and Lys299 (Huang et al.  2003  ) . 
These extra charges increase the force of repulsion among HA1 subunits so the association within 
the HA1 trimer is weakened. Indeed, an obvious expansion of the HA1 trimer was observed at pH 
4.9 by cryo-EM imaging (Bottcher et al.  1999  ) . Furthermore, the structure corresponding to HA2 
also appeared to move away from the native position, leaving an appearance of a channel through the 
center of the HA trimer. This may suggest that there is also signifi cant destabilization of the HA2 
trimer at low pH before the extended refolding. Mutagenesis studies support this notion (Daniels et al. 
 1985  ) . Mutations that rearrange the interface of the HA2 molecule resulted in a higher pH needed 
for triggering HA2 refolding. These mutations are located in the helix that forms a coiled coil to hold 
the tree HA2 subunits together. This is consistent with the suggestion that there is a threshold of 
structural destabilization of the HA trimer before refolding. Protonation of surface residues, espe-
cially those on HA1, induces structural changes that begin to destabilize the HA trimer. The loosen-
up of the HA trimer may allow more residues to be protonated until the complete HA2 refolding. 

 The refolding of HA2 under low pH is a remarkable structural phenomenon observed for any 
protein structure (Bullough et al.  1994  ) . In the metastable native structure of HA, the central region 
of HA2 forms a helix-loop-helix structure, with residues 40–55 corresponding to the fi rst helix; resi-
dues 56–74, the loop; and residues 75–125, the second helix. The second helix forms a coiled coil in 
HA2 trimer. The fusion peptide, the fi rst 20 residues of HA2, is in front of the fi rst helix, but oriented 
near the viral membrane envelope. At acidic pH, residues 40–105, which cover the fi rst helix, the 
loop, and the fi rst half of second helix in the native helix-loop-helix motif, become a continuous 
helix of about 100 Å in length. This extended refolding will bring the fusion peptide from its location 
near the viral envelope to the top of the refolded HA2 trimer, allowing it to reach the target endo-
some membrane. This may be the most important event during HA-mediated membrane fusion. 
Many viral fusion proteins have similar structural refolding to connect the viral membrane with the 
target membrane in the host cell. The second half of the second helix in the native helix-loop-helix 
motif undergoes a different conformational change. Residues 106–112 switch from a helical struc-
ture to an extended loop, and residues 113–125, although still exiting as a helix, has a 180° reorienta-
tion from its original orientation. This new orientation was suggested to represent the fi nal collapsed 
“hairpin” structure of HA2 to bring the two merging membranes close to each other. 

 In addition to triggering the extended refolding of HA2, low pH also induces other critical struc-
tural changes that affect the fusion process. The release of the fusion peptide from the native pocket 
near the viral envelope is pH related and could infl uence the HA2 refolding. For instance, the car-
boxylate side chains of Asp109 and Asp112 form hydrogen bonds with residues 2–6 of the fusion 
peptide. Mutating either Asp109 or Asp112 to Ala increased the pH required for HA-mediated 
membrane fusion, suggesting that deionization of Asp109 and Asp112 at low pH could contribute to 
destabilization of HA (Heider et al.  1985 ). Biochemical analyses conformed the extended refolding 
of mutant HA at the elevated pH. Other residues in the vicinity of the fusion peptide binding pocket 
have similar effects when mutated (Heider et al.  1985 ; Ghendon et al.  1986 ). The fusion peptide 
appears to play a major role in stabilizing the metastable conformation of HA trimer and participates 
in low-pH triggering of HA2 refolding. 
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 In addition to structural changes of HA, low pH also induces structural changes in the matrix 
protein (M1) that may be required for completion of membrane fusion and RNP release. It was pro-
posed that the matrix protein, which constitutes a protein layer beneath the viral membrane envelope 
to anchor HA and NA (Harris et al.  2006  ) , is the last barrier that was broken at low pH in the fusion 
process (   Lee  2010  ) . Furthermore, low pH dissociates the matrix protein from RNP to unveil the 
nuclear import mechanism (Bui et al.  1996  ) . The synchronized structural changes induced by low 
pH in the endosomes make up the process to complete the ultimate task to release RNP into the 
nucleus for initiation of virus replication.  

    9.6   HA-Mediated Membrane Fusion 

 The low pH-triggered conformational refolding of HA projects the fusion peptide to the target 
endosomal membrane. This is the fi rst step in HA-mediated membrane fusion (Fig.  9.6 ). The fusion 
peptide is generated after the HA precursor, HA0, is cleaved into HA1 and HA2 during infl uenza 
virus assembly. Before the cleavage, an extended loop consisting of residues 323–329 in HA1 and 
1–12 in HA2 is exposed on the outer surface of the HA trimer (Chen et al.  1998  ) . Residue 319 is 
usually a positively charged residue that allows the site to be cleaved by a trypsin-like host protease. 
Residues preceding 329, usually including a number of positively charged residues, would enlarge 
the loop to facilitate protease cleavage as found in case of highly pathogenic avian infl uenza 
viruses (Nicholls et al.  2008 ). The polybasic residues that precede the cleavage site are postulated to 
allow a broad spectrum of host proteases to carry out the cleavage so that the virus gains increased 
virulence. However, the loop did not have an exposed conformation in HA of the 1918 H1N1 virus, 
a highly pathogenic human infl uenza virus (Luo et al.  1996 ). Other structural features in the pocket 

  Fig. 9.6    A model for the membrane fusion process. Possible steps are attachment of the fusion peptide at initial 
refolding of HA2, hemifusion mediated by the fusion peptide and HA2, completion of membrane fusion with fi nal 
refolding of HA2       
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where the fusion peptide is tucked in after cleavage also contribute to the pathogenicity of infl uenza 
virus. Normally, the side chains of ionizable residues in the pocket provide a number of hydrogen 
bond interactions with main chain amides of the fusion peptide to stabilize it in the pocket 
(Wilson et al.  1981  ) . In highly pathogenic strains, the structural changes near the pocket may allow 
the fusion peptide to be released from the pocket more easily.  

 The released fusion peptide is capable of penetrating into the target membrane, especially when 
it is lifted by the refolded HA. To fuse the two membranes, the fusion peptide fi rst catalyses the 
hemifusion, mixing the outer leafl ets of the two lipid bilayers, followed by formation of a fusion 
pore where both leafl ets are fused. The fusion peptide forms an  a -helix and inserts into the lipid 
bilayer at an angle (Lear and DeGrado  1987 ; Luneberg et al.  1995  ) . The fusion peptide helix in the 
lipid bilayer has a kink that divides the structure into two halves (Yoshimoto et al.  1999 ; Bodian 
et al.  1993 ). At the fusion pH of 5.0, residues 2–10 form an  a -helix in the fi rst half and residues 
13–18 form a 3 

10
 -helix in the second half. The two helices make almost a right angle. Such a tight 

structure allows the fusion peptide to insert deeper in the lipid bilayer with charged side chains in 
the fusion peptide left out of the membrane (Bodian et al.  1993 ). Insertion of the tightly folded 
fusion peptide likely induces membrane perturbation to facilitate lipid exchanges between juxta-
posed membranes. Studies showed that the insertion of the fusion peptide into the lipid bilayer is 
reversible at neutral pH at which the fusion peptide could not form tightly folded two helices 
(Chang and Cheng  2006  ) . Only at low pH, insertion of the fusion peptide would lead to the follow-
ing steps toward irreversible membrane fusion to form a functional fusion pore. Prior to hemifu-
sion of the lipid bilayer, the fusion peptide undergoes a process involving diffusion in the lipid 
bilayer in order to become self-associated, which may be a rate-limiting step and require the par-
ticipation of multiple copies of HA (Chernomordik et al.  1998 ; Floyd et al.  2008  ) . 

 In the in vitro experiments, the fusion peptide alone could facilitate the complete fusion of two 
membranes. However, the fusion peptide is presumably covalently linked to the refolded HA2 at the 
fusogenic pH during infl uenza virus infection. At this stage, it is conceivable that the viral and endo-
somal membranes are still apart, but hemifusion could already occur (Chernomordik et al.  1998 ; 
Kemble et al.  1994  ) . Studies suggest that both the fusion peptide and the exposed part of HA2 after 
low pH refolding contribute to hemifusion under low pH (Leikina et al.  2001  ) . First of all, the poly-
peptide following the fusion peptide is responsible for the formation of HA2 trimer. Fusion activities 
are dependent upon effective concentrations of HA. The contribution of HA2 trimer to fusion can at 
least in part attribute to concentrating the fusion peptide. Second, the low pH conformation of HA2 
prior to the fi nal refolded hairpin structure is required for catalysis of hemifusion. In fact, the whole 
HA1−HA2 ectodomain, released from the infl uenza virus particle by bromelain treatment, could not 
induce lipid mixing or membrane fusion (Leikina et al.  2001 ; Wharton et al.  1986 ; White et al.  1982  ) . 
In addition, deletion of residues 91–127 or mutations in this region also diminished its activities to 
induce hemifusion (Leikina et al.  2001  ) . These observations suggest that the entire fusogenic HA2 
molecule plays a role to induce hemifusion in addition to the fusion peptide. Furthermore, it has been 
found that small pores are induced by insertion of the fusion peptide. They fl icker at this stage, i.e., 
they are open or closed reversibly. The HA2 molecules could aggregate membrane-inserted fusion 
peptides to enlarge the pores, but the system did not proceed to complete fusion in the absence of the 
viral membrane. This leads to a hypothetical model that HA induces hemifusion and large pores in 
the target endosomal membrane before fi nal refolding (Bonnafous and Stegmann  2000  ) . 

 Expansion of the initial fusion pore leads to complete fusion of the two membranes and release 
of the contents in the viral particle. This last step requires the participation of the transmembrane 
domain in HA. The main function of the transmembrane domain is to package and anchor HA in 
the viral membrane envelope. In addition, studies showed that the transmembrane domain also 
participates in the fi nal step of membrane fusion (Kemble et al.  1994  ) . If HA is anchored to a cell 
membrane through GI-linked lipids, it may induce hemifusion with other cell membranes, but not 
complete fusion. This shows that only a full-length HA with the transmembrane domain could 
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function to mediate membrane fusion. The transmembrane domain of HA could be replaced by a 
different transmembrane domain derived from another virus, and the complete fusion could still be 
induced by the chimeric HA. This suggests that the role of transmembrane domain is more bio-
physical in membrane fusion. The specifi c amino acid sequence of the transmembrane domain is 
not required for membrane fusion as long as its biophysical properties are suitable for this process. 
It was shown that the transmembrane domain forms helices that can aggregate in lipids and increases 
the order of acyl chains in lipid bilayers, which may be required for both targeting HA to the lipid 
“raft” during assembly and complete fusion (Tatulian and Tamm  2000  ) . Mutations in the transmem-
brane domain not only reduced the copy number of HA in virus particles, but also the effi ciency of 
HA-mediated membrane fusion (Takeda et al.  2003  ) . Changes of the amino acid sequence altered 
the interactions of the transmembrane domain with lipid bilayer in terms of biophysical interac-
tions, which is the reason that the functions of HA were affected in both the anchoring and mem-
brane fusion. The transmembrane domain forms tight oligomers in the lipid bilayer, and also insert 
deeper into the lipid bilayer at low pH (Chang et al.  2008  ) . However, the transmembrane domain 
itself could not disturb membrane structure or induce hemifusion. Its contribution to membrane 
fusion must be in association with the fusion peptide. As the result of refolding, the fusion peptide 
and the transmembrane domain are brought close to each other. The residues at the N terminus of 
HA2 in the refolded structure form a cap connecting the ends of the three helices to close off the 
helices in the refolded HA2 trimer (Chen et al.  1999  ) . The residues preceding the transmembrane 
domain are also structured next to the cap. The region between the cap and the fusion peptide, as 
well as the region between the end of the structured C-terminal part of HA2 and the transmembrane 
domain, appear to be very fl exible, which allows the fusion peptide and the transmembrane domain 
to assume their conformation independent of the rigid HA2 trimer. Evidence suggested that the 
fusion peptide could associate with the oligomerized transmembrane domain in lipid bilayer 
(Chang et al.  2008  ) . The association of the fusion peptide with the transmembrane domain oligomer 
may be one mechanism that the transmembrane domain facilitates fusion pore expansion and com-
plete fusion since the transmembrane domain can insert deeper in the lipid bilayer at low pH, which 
brings the fusion peptide further into the lipid bilayer because of the association between the two 
sequences. 

 The complete process of HA-mediated membrane fusion was captured as snapshots using EM 
cryo-tomography (Lee  2010  ) . Liposomes were incubated with infl uenza virus particles at different 
pH for different time periods. Images showed that the fusion peptide was fi rst released and inserted 
into the target liposomal membrane as the pH was lowered. The insertion of the fusion peptide from 
multiple copies of HA glycoproteins on the virus surface deformed the target membrane, but the 
membrane structure of the virus particle was still intact at this stage. Following the initial insertion 
of the fusion peptide, formation of pores was observed in the target membrane and the refolding of 
HA brought the target membrane in touch with the viral membrane. Opening in the membranes was 
observed while the fusion process was in progress. However, a protection layer was still present to 
protect the content of the virus particle. This layer was identifi ed as the matrix protein layer, which 
gave way as the fusion process went further at low pH. The layer of the matrix protein provided not 
only the last protection of viral contents, but also a platform for HA to anchor on during the initial 
deformation of the target membrane and subsequent joining of the two membrane parties for fusion. 
This may be another reason that the transmembrane domain of HA is required for complete fusion 
because the anchoring of HA on the layer of the matrix protein underneath the viral membrane enve-
lope is by interactions of the transmembrane domain with the matrix protein. The fi nal stage would 
require expansion of pores at low pH and release of the viral contents. The EM cryo-tomography 
snapshots could only resolve certain steps in the membrane fusion process. The limitation of the 
image resolution does not allow the fi ne details of membrane structures to be fully revealed. The 
exact details of lipid exchange, hemifusion, and fusion pores may only be found out with images of 
higher resolution.  
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    9.7   Entry Inhibitors as Antiviral Drugs 

 Since entry of infl uenza virus is an essential step in its replication cycle, inhibitors that block this 
step could be effective antiviral drugs. An entry inhibitor of HIV, Enfuvirtide, is a drug currently 
used for treatment of HIV infection (Kilby et al.  1998  ) . There is no reason why entry inhibitors of 
infl uenza virus would not be effective antiviral drugs. In light of emergence of mutant viruses resis-
tant to current drugs, such as NAIs, the need for novel antiviral drugs is obvious for treatment of 
infl uenza virus infection, especially as combination therapy. 

 The efforts to develop effective entry inhibitors of infl uenza virus have been attempted previously 
by a number of groups. One of the early reports is on triperiden (Fig.  9.7 ) that was shown to inhibit 
infl uenza virus replication at a concentration of 20  m g/ml (Heider et al.  1985  ) . This compound was 
later shown to inhibit hemolysis of red blood cells and the sensitivity of HA1 to trypsin after low pH 
treatment of HA (Ghendon et al.  1986  ) . Reassortment of the drug-sensitive strain with a strain that 
was not sensitive confi rmed that the gene sensitive to triperiden was HA. Triperiden-resistant muta-
tions were mapped to HA as well (Prosch et al.  1988  ) . In a more recent report, it was shown that 
inhibition of infl uenza virus replication by triperiden may be due to its ability to lower the internal pH 
in the prelysosomal compartment (Ott and Wunderli-Allenspach  1994  ) . In a later effort, a group in 
BMS Pharmaceutical Research Institute discovered a novel HA inhibitor (BMY-27709) that has an 
EC 

50
  of 6–8  m M against infl uenza viruses that have HA subtypes H1 and H2, but not H3 (Luo et al. 

 1996  ) . The compound was shown to inhibit virus replication at an early stage and the inhibition was 
reversible. These data suggest that the inhibitor target is HA. This was further confi rmed by the 
inhibitor-resistant mutations found in HA and inhibition of hemolysis by the compound (Luo et al. 
 1997  ) . Similarly, a group in Lilly Research Laboratories found a novel inhibitor, a podocarpic acid 
derivative (180299), by screening a chemical library (Staschke et al.  1998  ) . The EC 

50
  of 180299 is 

0.01  m g/ml against A/Kawasaki/86 but  ³ 10  m g/ml against other trains. The target of action was also 
confi rmed to be HA by inhibition of cell fusion and positions of inhibitor-resistant mutations. By 
screen, another inhibitor was also discovered, Stachyfl in, that has an EC 

50
  in the  m M range against H1 

and H2 viruses, but not H3 (Yoshimoto et al.  1999  ) . HA as the target for Stachyfl in was also confi rmed 
by time of addition, inhibition of hemolysis, and reassortment between subtype H1 and H3. Another 
group initiated a structure-aided approach to identify inhibitors of HA-mediated membrane fusion 
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(Bodian et al.  1993 ; Hoffman et al.  1997  ) . The most effective compound identifi ed (S19) has an EC 
50

  
of 0.8  m M against infl uenza virus X-31, and activities on other strains were not reported. What was 
remarkable about their work is that they found another moderate inhibitor (C22). Unlike other inhibi-
tors that prevented the conformational change of HA, C22 facilitated the conformational change at 
fusion pH and its effect was irreversible. C22 destabilizes HA and also inhibits hemolysis, fusion, and 
viral infectivity. The authors concluded that since C22 does not induce the conformational change at 
neutral pH, it was conceivable that it might facilitate fusion by destabilizing HA as an effector.  

 The mutations identifi ed in the process of verifying the mechanism of action by the fusion inhibi-
tors of HA may provide insights on how HA fusion may be inhibited. The mutations may occur 
throughout HA1 and HA2 molecules, but most of them are in HA2. They can generally be classifi ed 
in two groups. The fi rst group includes the mutations that destabilize HA so the conformational 
change of HA2 can still occur even in the presence of the inhibitor. These mutations mostly were 
found in HA2 and occurred more often as found in resistant mutants to BMS-27709, 180299, and 
S19 (Hoffman et al.  1997 ; Luo et al.  1997 ; Staschke et al.  1998  ) . Mutations reduce either the stabi-
lizing interactions with the fusion peptide or the interfaces that stabilize the trimer association of 
HA. The mutant HAs are therefore more fusogenic at a pH higher than that required by the fusion of 
wild-type HA. Such mutations in HA were also identifi ed in mutant viruses that are resistant to high 
concentrations of amantadine, an antiviral compound that elevates intracellular pH (Hoffman et al. 
 1997 ; Staschke et al.  1998  ) . These data indicate that the fusion inhibitors discovered previously 
primarily stabilize HA when binding to HA. The stabilization by these inhibitors makes the confor-
mational change of HA more energetically unfavorable so the chance of fusion is reduced, which 
leads to reduction of virus replication. The second group of mutations was identifi ed by selection of 
resistant mutants to C22 that is an effector of the conformational change in HA, instead of an inhibi-
tor (Hoffman et al.  1997  ) . As expected, the mutant HAs have a downward shift in fusion pH, and the 
inhibitor resistant viruses in the fi rst group are actually more sensitive to C22. 

 The results support the notion that entry inhibitors can inhibit infl uenza virus replication effec-
tively. The challenge for developing an antiviral drug that can be used clinically is to discover entry 
inhibitors that have a high potency against all strains of human infl uenza virus. Since the conserva-
tion in amino acid sequence is low among infl uenza virus HA, a clear picture on how to discover a 
commonly effi cacious entry inhibitor has not yet emerged. Since HA-mediated membrane fusion is 
the common mechanism for infl uenza virus entry, there is the potential to discover an inhibitor that 
blocks infl uenza virus entry through the common mechanism, if not a common inhibitor binding site 
in HA per se.      

   References 

    Bodian DL, Yamasaki RB, Buswell RL, Stearns JF, White JM, Kuntz ID (1993) Inhibition of the fusion-inducing 
conformational change of infl uenza hemagglutinin by benzoquinones and hydroquinones. Biochemistry 32:
2967–2978  

    Bonnafous P, Stegmann T (2000) Membrane perturbation and fusion pore formation in infl uenza hemagglutinin-
mediated membrane fusion. A new model for fusion. J Biol Chem 275:6160–6166  

    Bottcher C, Ludwig K, Herrmann A, van Heel M, Stark H (1999) Structure of infl uenza haemagglutinin at neutral and 
at fusogenic pH by electron cryo-microscopy. FEBS Lett 463:255–259  

    Bragstad K, Nielsen LP, Fomsgaard A (2008) The evolution of human infl uenza A viruses from 1999 to 2006: a com-
plete genome study. Virol J 5:40  

    Bui M, Whittaker G, Helenius A (1996) Effect of M1 protein and low pH on nuclear transport of infl uenza virus ribo-
nucleoproteins. J Virol 70:8391–8401  

    Bullough PA, Hughson FM, Skehel JJ, Wiley DC (1994) Structure of infl uenza haemagglutinin at the pH of membrane 
fusion. Nature 371:37–43  



2199 Infl uenza Virus Entry

    Chang DK, Cheng SF (2006) pH-dependence of intermediate steps of membrane fusion induced by the infl uenza 
fusion peptide. Biochem J 396:557–563  

    Chang DK, Cheng SF, Kantchev EA, Lin CH, Liu YT (2008) Membrane interaction and structure of the transmem-
brane domain of infl uenza hemagglutinin and its fusion peptide complex. BMC Biol 6:2  

    Chen C, Zhuang X (2008) Epsin 1 is a cargo-specifi c adaptor for the clathrin-mediated endocytosis of the infl uenza 
virus. Proc Natl Acad Sci USA 105:11790–11795  

    Chen J, Lee KH, Steinhauer DA, Stevens DJ, Skehel JJ, Wiley DC (1998) Structure of the hemagglutinin precursor 
cleavage site, a determinant of infl uenza pathogenicity and the origin of the labile conformation. Cell 95:
409–417  

    Chen J, Skehel JJ, Wiley DC (1999) N- and C-terminal residues combine in the fusion-pH infl uenza hemagglutinin 
HA(2) subunit to form an N cap that terminates the triple-stranded coiled coil. Proc Natl Acad Sci USA 96:
8967–8972  

    Chernomordik LV, Frolov VA, Leikina E, Bronk P, Zimmerberg J (1998) The pathway of membrane fusion catalyzed 
by infl uenza hemagglutinin: restriction of lipids, hemifusion, and lipidic fusion pore formation. J Cell Biol 
140:1369–1382  

    Colman PM, Lawrence MC (2003) The structural biology of type I viral membrane fusion. Nat Rev Mol Cell Biol 
4:309–319  

    Compans RW, Klenk HD, Caliguiri LA, Choppin PW (1970) Infl uenza virus proteins. I. Analysis of polypeptides of 
the virion and identifi cation of spike glycoproteins. Virology 42:880–889  

    Daniels RS, Downie JC, Hay AJ, Knossow M, Skehel JJ, Wang ML, Wiley DC (1985) Fusion mutants of the infl uenza 
virus hemagglutinin glycoprotein. Cell 40:431–439  

    DeLano WL (2002) The PyMOL Molecular Graphics System. DeLano Scientifi c, Palo Alto, CA  
    Doxsey SJ, Brodsky FM, Blank GS, Helenius A (1987) Inhibition of endocytosis by anti-clathrin antibodies. Cell 

50:453–463  
    Floyd DL, Ragains JR, Skehel JJ, Harrison SC, van Oijen AM (2008) Single-particle kinetics of infl uenza virus mem-

brane fusion. Proc Natl Acad Sci USA 105:15382–15387  
    Gamblin SJ, Haire LF, Russell RJ, Stevens DJ, Xiao B, Ha Y, Vasisht N, Steinhauer DA, Daniels RS, Elliot A, Wiley 

DC, Skehel JJ (2004) The structure and receptor binding properties of the 1918 infl uenza hemagglutinin. Science 
303:1838–1842  

    Ghendon Y, Markushin S, Heider H, Melnikov S, Lotte V (1986) Haemagglutinin of infl uenza A virus is a target for 
the antiviral effect of Norakin. J Gen Virol 67(Pt 6):1115–1122  

    Giannecchini S, Campitelli L, Bandini G, Donatelli I, Azzi A (2007) Characterization of human H1N1 infl uenza virus 
variants selected in vitro with zanamivir in the presence of sialic acid-containing molecules. Virus Res 
129:241–245  

    Ha Y, Stevens DJ, Skehel JJ, Wiley DC (2001) X-ray structures of H5 avian and H9 swine infl uenza virus hemagglu-
tinins bound to avian and human receptor analogs. Proc Natl Acad Sci USA 98:11181–11186  

    Hanson JE, Sauter NK, Skehel JJ, Wiley DC (1992) Proton nuclear magnetic resonance studies of the binding of sia-
losides to intact infl uenza virus. Virology 189:525–533  

    Harris A, Cardone G, Winkler DC, Heymann JB, Brecher M, White JM, Steven AC (2006) Infl uenza virus pleiomor-
phy characterized by cryoelectron tomography. Proc Natl Acad Sci USA 103:19123–19127  

    Hay AJ, Gregory V, Douglas AR, Lin YP (2001) The evolution of human infl uenza viruses. Philos Trans R Soc Lond 
B Biol Sci 356:1861–1870  

    Hayden F (2009) Developing new antiviral agents for infl uenza treatment: what does the future hold? Clin Infect Dis 
48(Suppl 1):S3–S13  

    Heider H, Markushin S, Schroeder C, Ghendon Y (1985) The infl uence of Norakin on the reproduction of infl uenza 
A and B viruses. Arch Virol 86:283–290  

    Hoffman LR, Kuntz ID, White JM (1997) Structure-based identifi cation of an inducer of the low-pH conformational 
change in the infl uenza virus hemagglutinin: irreversible inhibition of infectivity. J Virol 71:8808–8820  

    Huang Q, Opitz R, Knapp EW, Herrmann A (2002) Protonation and stability of the globular domain of infl uenza virus 
hemagglutinin. Biophys J 82:1050–1058  

    Huang Q, Sivaramakrishna RP, Ludwig K, Korte T, Bottcher C, Herrmann A (2003) Early steps of the conformational 
change of infl uenza virus hemagglutinin to a fusion active state: stability and energetics of the hemagglutinin. 
Biochim Biophys Acta 1614:3–13  

    Hurt AC, Holien JK, Barr IG (2009) In vitro generation of neuraminidase inhibitor resistance in A(H5N1) infl uenza 
viruses. Antimicrob Agents Chemother 53:4433–4440  

    Ibricevic A, Pekosz A, Walter MJ, Newby C, Battaile JT, Brown EG, Holtzman MJ, Brody SL (2006) Infl uenza virus 
receptor specifi city and cell tropism in mouse and human airway epithelial cells. J Virol 80:7469–7480  

    Kemble GW, Danieli T, White JM (1994) Lipid-anchored infl uenza hemagglutinin promotes hemifusion, not com-
plete fusion. Cell 76:383–391  



220 M. Luo

    Khor R, McElroy LJ, Whittaker GR (2003) The ubiquitin-vacuolar protein sorting system is selectively required 
during entry of infl uenza virus into host cells. Traffi c 4:857–868  

    Kilby JM, Hopkins S, Venetta TM, DiMassimo B, Cloud GA, Lee JY, Alldredge L, Hunter E, Lambert D, Bolognesi 
D, Matthews T, Johnson MR, Nowak MA, Shaw GM, Saag MS (1998) Potent suppression of HIV-1 replication in 
humans by T-20, a peptide inhibitor of gp41-mediated virus entry. Nat Med 4:1302–1307  

    Kogure T, Suzuki T, Takahashi T, Miyamoto D, Hidari KI, Guo CT, Ito T, Kawaoka Y, Suzuki Y (2006) Human tra-
chea primary epithelial cells express both sialyl(alpha2-3)Gal receptor for human parainfl uenza virus type 1 and 
avian infl uenza viruses, and sialyl(alpha2-6)Gal receptor for human infl uenza viruses. Glycoconj J 23:101–106  

    Konig R, Stertz S, Zhou Y, Inoue A, Hoffmann HH, Bhattacharyya S, Alamares JG, Tscherne DM, Ortigoza MB, 
Liang Y, Gao Q, Andrews SE, Bandyopadhyay S, De Jesus P, Tu BP, Pache L, Shih C, Orth A, Bonamy G, 
Miraglia L, Ideker T, Garcia-Sastre A, Young JA, Palese P, Shaw ML, Chanda SK (2010) Human host factors 
required for infl uenza virus replication. Nature 463:813–817  

    Lakadamyali M, Rust MJ, Babcock HP, Zhuang X (2003) Visualizing infection of individual infl uenza viruses. Proc 
Natl Acad Sci USA 100:9280–9285  

    Lear JD, DeGrado WF (1987) Membrane binding and conformational properties of peptides representing the NH2 
terminus of infl uenza HA-2. J Biol Chem 262:6500–6505  

    Lee KK (2010) Architecture of a nascent viral fusion pore. EMBO J 29:1299–1311  
    Leikina E, LeDuc DL, Macosko JC, Epand R, Shin YK, Chernomordik LV (2001) The 1-127 HA2 construct of infl u-

enza virus hemagglutinin induces cell-cell hemifusion. Biochemistry 40:8378–8386  
    Leikina E, Markovic I, Chernomordik LV, Kozlov MM (2000) Delay of infl uenza hemagglutinin refolding into a 

fusion-competent conformation by receptor binding: a hypothesis. Biophys J 79:1415–1427  
    Lin T, Wang G, Li A, Zhang Q, Wu C, Zhang R, Cai Q, Song W, Yuen KY (2009) The hemagglutinin structure of an 

avian H1N1 infl uenza A virus. Virology 392:73–81  
    Liu C, Eichelberger MC, Compans RW, Air GM (1995) Infl uenza type A virus neuraminidase does not play a role in 

viral entry, replication, assembly, or budding. J Virol 69:1099–1106  
    Liu J, Stevens DJ, Haire LF, Walker PA, Coombs PJ, Russell RJ, Gamblin SJ, Skehel JJ (2009) Structures of receptor 

complexes formed by hemagglutinins from the Asian Infl uenza pandemic of 1957. Proc Natl Acad Sci USA 
106:17175–17180  

    Luneberg J, Martin I, Nussler F, Ruysschaert JM, Herrmann A (1995) Structure and topology of the infl uenza virus 
fusion peptide in lipid bilayers. J Biol Chem 270:27606–27614  

    Luo G, Colonno R, Krystal M (1996) Characterization of a hemagglutinin-specifi c inhibitor of infl uenza A virus. 
Virology 226:66–76  

    Luo G, Torri A, Harte WE, Danetz S, Cianci C, Tiley L, Day S, Mullaney D, Yu KL, Ouellet C, Dextraze P, Meanwell 
N, Colonno R, Krystal M (1997) Molecular mechanism underlying the action of a novel fusion inhibitor of infl u-
enza A virus. J Virol 71:4062–4070  

    Matlin KS, Reggio H, Helenius A, Simons K (1981) Infectious entry pathway of infl uenza virus in a canine kidney 
cell line. J Cell Biol 91:601–613  

    Nicholls JM, Chan RW, Russell RJ, Air GM, Peiris JS (2008) Evolving complexities of infl uenza virus and its recep-
tors. Trends Microbiol 16:149–157  

    Nunes-Correia I, Eulalio A, Nir S, Pedroso de Lima MC (2004) Caveolae as an additional route for infl uenza virus 
endocytosis in MDCK cells. Cell Mol Biol Lett 9:47–60  

    O’Neill RE, Talon J, Palese P (1998) The infl uenza virus NEP (NS2 protein) mediates the nuclear export of viral 
ribonucleoproteins. EMBO J 17:288–296  

    Ott S, Wunderli-Allenspach H (1994) Effect of the virostatic Norakin (triperiden) on infl uenza virus activities. 
Antiviral Res 24:37–42  

    Prosch S, Heider H, Schroeder C, Kruger DH (1988) Mutations in the hemagglutinin gene associated with infl uenza 
virus resistance to norakin. Arch Virol 102:125–129  

    Qi L, Kash JC, Dugan VG, Wang R, Jin G, Cunningham RE, Taubenberger JK (2009) Role of sialic acid binding 
specifi city of the 1918 infl uenza virus hemagglutinin protein in virulence and pathogenesis for mice. J Virol 
83:3754–3761  

    Rosenthal PB, Zhang X, Formanowski F, Fitz W, Wong CH, Meier-Ewert H, Skehel JJ, Wiley DC (1998) Structure of 
the haemagglutinin-esterase-fusion glycoprotein of infl uenza C virus. Nature 396:92–96  

    Roy AM, Parker JS, Parrish CR, Whittaker GR (2000) Early stages of infl uenza virus entry into Mv-1 lung cells: 
involvement of dynamin. Virology 267:17–28  

    Rust MJ, Lakadamyali M, Zhang F, Zhuang X (2004) Assembly of endocytic machinery around individual infl uenza 
viruses during viral entry. Nat Struct Mol Biol 11:567–573  

    Sauter NK, Bednarski MD, Wurzburg BA, Hanson JE, Whitesides GM, Skehel JJ, Wiley DC (1989) Hemagglutinins 
from two infl uenza virus variants bind to sialic acid derivatives with millimolar dissociation constants: a 500-MHz 
proton nuclear magnetic resonance study. Biochemistry 28:8388–8396  

    Schauer R (2009) Sialic acids as regulators of molecular and cellular interactions. Curr Opin Struct Biol 19:507–514  



2219 Infl uenza Virus Entry

    Segal MS, Bye JM, Sambrook JF, Gething MJ (1992) Disulfi de bond formation during the folding of infl uenza virus 
hemagglutinin. J Cell Biol 118:227–244  

    Shen J, Ma J, Wang Q (2009) Evolutionary trends of A(H1N1) infl uenza virus hemagglutinin since 1918. PLoS One 
4:e7789  

    Sieczkarski SB, Whittaker GR (2002) Infl uenza virus can enter and infect cells in the absence of clathrin-mediated 
endocytosis. J Virol 76:10455–10464  

    Sieczkarski SB, Whittaker GR (2003) Differential requirements of Rab5 and Rab7 for endocytosis of infl uenza and 
other enveloped viruses. Traffi c 4:333–343  

    Staschke KA, Hatch SD, Tang JC, Hornback WJ, Munroe JE, Colacino JM, Muesing MA (1998) Inhibition of infl u-
enza virus hemagglutinin-mediated membrane fusion by a compound related to podocarpic acid. Virology 
248:264–274  

    Stevens J, Blixt O, Tumpey TM, Taubenberger JK, Paulson JC, Wilson IA (2006) Structure and receptor specifi city of 
the hemagglutinin from an H5N1 infl uenza virus. Science 312:404–410  

    Stray SJ, Cummings RD, Air GM (2000) Infl uenza virus infection of desialylated cells. Glycobiology 10:649–658  
    Takeda M, Leser GP, Russell CJ, Lamb RA (2003) Infl uenza virus hemagglutinin concentrates in lipid raft microdo-

mains for effi cient viral fusion. Proc Natl Acad Sci USA 100:14610–14617  
    Takemoto DK, Skehel JJ, Wiley DC (1996) A surface plasmon resonance assay for the binding of infl uenza virus 

hemagglutinin to its sialic acid receptor. Virology 217:452–458  
    Tatulian SA, Tamm LK (2000) Secondary structure, orientation, oligomerization, and lipid interactions of the trans-

membrane domain of infl uenza hemagglutinin. Biochemistry 39:496–507  
    Thompson CI, Barclay WS, Zambon MC, Pickles RJ (2006) Infection of human airway epithelium by human and 

avian strains of infl uenza a virus. J Virol 80:8060–8068  
    Tumpey TM, Maines TR, Van Hoeven N, Glaser L, Solorzano A, Pappas C, Cox NJ, Swayne DE, Palese P, Katz JM, 

Garcia-Sastre A (2007) A two-amino acid change in the hemagglutinin of the 1918 infl uenza virus abolishes 
transmission. Science 315:655–659  

    Wagner R, Wolff T, Herwig A, Pleschka S, Klenk HD (2000) Interdependence of hemagglutinin glycosylation and 
neuraminidase as regulators of infl uenza virus growth: a study by reverse genetics. J Virol 74:6316–6323  

    Wang Q, Tian X, Chen X, Ma J (2007) Structural basis for receptor specifi city of infl uenza B virus hemagglutinin. 
Proc Natl Acad Sci USA 104:16874–16879  

    Wharton SA, Skehel JJ, Wiley DC (1986) Studies of infl uenza haemagglutinin-mediated membrane fusion. Virology 
149:27–35  

    White J, Helenius A, Gething MJ (1982) Haemagglutinin of infl uenza virus expressed from a cloned gene promotes 
membrane fusion. Nature 300:658–659  

    Wilson IA, Skehel JJ, Wiley DC (1981) Structure of the haemagglutinin membrane glycoprotein of infl uenza virus at 
3 A resolution. Nature 289:366–373  

    Yamada S, Suzuki Y, Suzuki T, Le MQ, Nidom CA, Sakai-Tagawa Y, Muramoto Y, Ito M, Kiso M, Horimoto T, 
Shinya K, Sawada T, Usui T, Murata T, Lin Y, Hay A, Haire LF, Stevens DJ, Russell RJ, Gamblin SJ, Skehel JJ, 
Kawaoka Y (2006) Haemagglutinin mutations responsible for the binding of H5N1 infl uenza A viruses to human-
type receptors. Nature 444:378–382  

    Yen HL, Webster RG (2009) Pandemic infl uenza as a current threat. Curr Top Microbiol Immunol 333:3–24  
    Yoshimoto J, Kakui M, Iwasaki H, Fujiwara T, Sugimoto H, Hattori N (1999) Identifi cation of a novel HA conforma-

tional change inhibitor of human infl uenza virus. Arch Virol 144:865–878  
    Zambon MC (2001) The pathogenesis of infl uenza in humans. Rev Med Virol 11:227–241      



223M.G. Rossmann and V.B. Rao (eds.), Viral Molecular Machines, 
Advances in Experimental Medicine and Biology 726, DOI 10.1007/978-1-4614-0980-9_10, 
© Springer Science+Business Media, LLC 2012

    C.  B.   Wilen   •     J.  C.   Tilton   •     R.  W.   Doms   (*)
     Department of Microbiology ,  University of Pennsylvania , 
  3610 Hamilton Walk, Johnson Pavilion ,  Philadelphia ,  PA   19104 ,  USA  
  e-mail: doms@mail.med.upenn.edu    

  Abstract   Human immunodefi ciency virus (HIV) entry is a complex and intricate process that facil-
itates delivery of the viral genome to the host cell. The only viral surface protein, Envelope (Env), is 
composed of a trimer of gp120 and gp41 heterodimers. It is essentially a fusion machine cloaked in 
a shroud of carbohydrate structures and variable loops of amino acids that enable it to evade the 
humoral immune response. For entry to occur gp120 sequentially engages the host protein CD4 and 
then one of two chemokine coreceptors, either CCR5 or CXCR4. CD4 binding facilitates exposure 
and formation of the coreceptor-binding site, and coreceptor binding then triggers the membrane 
fusion machinery in the gp41 subunit. Our understanding of HIV entry has led to the development 
of successful small molecule inhibitors for the clinical treatment of HIV infection as well as insights 
into viral tropism and pathogenesis.  

  Abbreviations  

  6HB    Six-helix bundle   
  AIDS       Acquired immunodeficiency syndrome   
  CD4bs    CD4-binding site   
  Cryo-EM    Cryo-electron microscopy   
  ECL    Extracellular loop   
  Env    Envelope   
  ER    Endoplasmic reticulum   
  HIV    Human immunodeficiency virus   
  HR-C    C-terminal heptad repeat   
  HR-N    N-terminal heptad repeat   
  R5 HIV    CCR5-tropic HIV   
  R5X4 HIV    Dual-tropic HIV   
  SIV    Simian immunodeficiency virus   
  V3    Variable loop 3   
  X4 HIV    CXCR4-tropic HIV     
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      10.1   Introduction 

 Acquired immunodefi ciency syndrome (AIDS) is a devastating disease caused by human immuno-
defi ciency virus (HIV)-mediated destruction of CD4+ T lymphocytes (Barre-Sinoussi et al.  1983 ; 
Gallo et al.  1983  ) . Since its emergence over 25 years ago, HIV/AIDS has killed more than 25 million 
people, and another 33 million are currently infected (UNAIDS  2009  ) . The profound effect of this 
pandemic has led to tremendous research efforts to elucidate the mechanisms of the HIV life cycle 
and identify susceptible targets for therapeutic intervention. Here we will focus on the molecular 
mechanisms of the fi rst stage of the HIV life cycle: viral entry. 

 HIV is an enveloped, single-strand RNA virus that probably fi rst infected humans via a 
cross-species transmission from SIV-infected (simian immunodefi ciency virus   ) chimpanzees in the 
fi rst half of the twentieth century (Gao et al.  1999  ) . For HIV and other known non-human primate 
lentiviruses to infect and replicate inside their hosts, the viral surface protein Envelope (Env) must 
fi rst bind the host receptor CD4 and subsequently a coreceptor, most commonly CCR5 or CXCR4 
(Alkhatib et al.  1996 ; Choe et al.  1996 ; Dalgleish et al.  1984 ; Deng et al.  1996 ; Doranz et al.  1996 ; 
Dragic et al.  1996 ; Feng et al.  1996 ; Oberlin et al.  1996  ) . Coreceptor binding then triggers a confor-
mational change in Env that mediates pH-independent membrane fusion and delivery of the viral 
payload (   Fig.  10.1 ). Once inside the cell, the viral capsid is uncoated, revealing the viral genome. 
The viral RNA is then reverse transcribed via error-prone reverse transcriptase into double-strand 
DNA that is transported into the nucleus of the host cell where it integrates into a host chromosome. 
The integrated provirus is then transcribed and translated by host machinery to generate a polypro-
tein that is autocatalytically cleaved and processed to form nascent virions that bud from the host 
cell, enabling additional rounds of replication (Freed  2001  ) .  

 Advances in understanding the HIV entry pathway have directly led to the development of spe-
cifi c and effective antiviral agents that prevent virus entry, including the fi rst antiviral agent that 
targets a host cell molecule needed for virus infection. This provides proof of principle that virus 
entry in general, including the viral membrane fusion machines, can be targeted. Currently, two 
small molecule HIV entry inhibitors, the fusion inhibitor enfuvirtide    and the CCR5 antagonist mara-
viroc   , are FDA approved for the treatment of HIV, while others are currently under various stages of 
development (Dwyer et al.  2007 ; He et al.  2008a,   b ; Schurmann et al.  2007 ; Strizki et al.  2005 ;    Tilton 
and Doms  2010  ) . The success of these compounds emphasizes the potential therapeutic benefi t in 

  Fig. 10.1    HIV entry schematic. The HIV entry process can be divided into three key steps, all mediated by the viral 
surface protein Env, which is a trimer of gp120 and gp41 heterodimers. First, the virion binds to the host cell which 
can be facilitated by nonspecifi c cell attachment factors and allows Env to bind CD4. Second, CD4 binding induces 
conformational changes in Env that enable engagement of a coreceptor, most commonly CCR5 or CXCR4. This step 
triggers membrane fusion. Third, the gp41 subunits of Env enable fusion of the viral and host membranes allowing 
delivery of the viral payload       
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elucidating the mechanisms of viral entry. In addition, these drugs serve as critical tools in studying 
the mechanics of entry machines. 

 In addition to the identifi cation of new drug targets, characterizing the HIV entry pathway has led 
to the identifi cation of genetic polymorphisms in the human population that help account for the 
variable progression to AIDS seen after HIV infection (Gonzalez et al.  2005 ; McDermott et al. 
 1998  ) . The most signifi cant of these polymorphisms is a 32 base-pair deletion in  ccr5  called  ccr5 D 32    . 
Homozygosity for this mutation renders individuals highly resistant to HIV infection due to the 
functional loss of this viral coreceptor (Dean et al.  1996 ; Liu et al.  1996 ; Samson et al.  1996  ) . People 
heterozygous for the  ccr5 D 32  mutation have somewhat reduced susceptibility to infection, and if 
they do get infected, they tend to progress to AIDS more slowly (Blanpain et al.  2002 ; Dean et al. 
 1996 ; Hoffman et al.  1997 ; Huang et al.  1996  ) . In addition to the  ccr5 D 32  mutation, segmental 
duplications of a natural CCR5 ligand, CCL3L1    (MIP1 a ), may be associated with both decreased 
risk of HIV acquisition and disease progression. The gene duplications are thought to result in 
increased CCL3L1 expression and thus reduced CCR5 cell surface expression (Gonzalez et al. 
 2005  ) . While genetic polymorphisms infl uencing CCR5 expression contribute signifi cantly in 
explaining the variable disease progression observed in HIV-infected individuals, much of this vari-
ability cannot yet be explained and thus calls for additional investigation. 

 Despite the tremendous advances in understanding HIV entry, many questions remain unan-
swered. To penetrate cells, enveloped viruses must fuse with cells either directly at the plasma mem-
brane or in intracellular compartments (   Marsh and Helenius  2006  ) . Historically, many have assumed 
that HIV fuses at the plasma membrane due to early studies demonstrating that Env can mediate 
cell–cell fusion both in vitro and in vivo, and because HIV entry can be augmented, but not inhibited, 
by lysomotropic agents (Maddon et al.  1988 ; McClure et al.  1988  ) . However, the fact that HIV entry 
is pH independent provides no spatial information regarding the site of entry: pH-independent viruses 
can conceivably fuse at the cell surface or from within endocytic vesicles, albeit in a pH-independent 
fashion (Stein et al.  1987  ) . Identifying the cellular site at which viral membrane fusion occurs is not 
a trivial process, but recent evidence using sophisticated live cell imaging to follow single virions 
suggests that productive membrane fusion may actually occur in endosomal compartments 
(Miyauchi et al.  2009 ;    Uchil and Mothes  2009  ) . Regardless of where fusion occurs, the mechanics 
of entry will likely be the same, and entry inhibitors clearly function both in vivo and in vitro. 

 In addition to questions regarding the site of membrane fusion during infection of primary cells 
and the implications this may hold for viral entry, several additional questions remain unanswered. 
Our knowledge of Env structure remains incomplete, and this complicates our understanding of how 
receptor binding induces such dramatic structural rearrangements in Env. It is also not clear how the 
fusion pore forms and expands, or how many trimers are needed for fusion. This chapter will review 
what is known about the mechanisms of the HIV fusion machine and how this informs our under-
standing of viral tropism, pathogenesis, and the development of antiviral therapies.  

    10.2   Key Players in HIV Entry 

    10.2.1   Env 

 The Env protein is a type I integral membrane protein fi rst synthesized in the endoplasmic reticulum 
(ER) as a precursor termed gp160. While in the ER, gp160 folds, forms non-covalently associated trim-
ers, is extensively glycosylated, and establishes critical disulfi de bonds (Earl et al.  1991 ;    Land and 
Braakman  2001 ; Land et al.  2003  ) . The protein then traffi cs to the Golgi where the host protease furin    
cleaves it into gp120    and gp41    subunits. This cleavage event renders the protein  fusion- competent by 
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generating the N-terminus of gp41 that is composed of a stretch of hydrophobic amino acids termed the 
fusion peptide    (Hallenberger et al.  1992  ) . After cleavage, the soluble surface gp120 and the transmem-
brane gp41 subunits continue to interact noncovalently forming native Env, a trimer of heterodimers. 

 Each gp120 subunit contains a highly conserved inner domain and a more variable outer domain. 
Within these are fi ve highly conserved regions (C1–C5) and fi ve hypervariable loops (V1–V5) with 
all but V5 defi ned by a disulfi de bridge at its base. The fi ve conserved regions are predominantly 
located in the inner domain, or gp120 core, while the variable loops predominate at the protein sur-
face. The conserved domains are critical to gp120 folding and function, while the surface-exposed 
variable loops play roles in immune evasion by presenting a constantly moving target for the host 
immune system. In addition, the V3 region plays a critical role in coreceptor binding, as will be 
discussed later (Hartley et al.  2005 ; Poignard et al.  2001  ) . 

 The gp41 subunit contains an ectodomain followed by a transmembrane domain and C-terminal 
cytoplasmic tail. The ectodomain encodes an N-terminal, hydrophobic fusion peptide that inserts 
into the target cell membrane and two heptad repeat regions (HR-N and HR-C) separated by a hinge 
region. The transmembrane domain anchors Env in the viral membrane, and the very long cytoplas-
mic tail plays a complex role in packaging, infectivity, and cell pathogenicity (Yang et al.  2010  ) .  

    10.2.2   CD4 

 CD4    is an immunoglobulin superfamily member that contains four extracellular immunoglobulin 
domains (D1–D4), a single transmembrane domain, and a short intracellular cytoplasmic tail. CD4 
plays a key signaling role that assists the T-cell receptor in activating cells in response to immuno-
logic stimuli. It is expressed on macrophages, dendritic cells, and the eponymous CD4+ T cells, 
which include naive, central, and effector memory subtypes. Depletion of CD4+ T cells, and in 
particular the memory subsets, is indicative of disease progression and a poor clinical outcome.  

    10.2.3   Coreceptor 

 Most Env strains utilize one of two chemokine receptors, either CCR5 or CXCR4, for viral entry. 
Both CCR5 and CXCR4 are seven-transmembrane G-protein coupled receptors. Each has an extra-
cellular N-terminus, three extracellular loops (ECLs), three intracellular loops, and a cytoplasmic 
C-terminus. 

    10.2.3.1   CCR5 

 CCR5    has three known natural ligands: CCL3, CCL4, and CCL5 formerly known as MIP-1 a , MIP-
1 b , and RANTES, respectively. CCR5 is expressed on macrophages, microglia, and central and 
effector memory CD4+ T cells (Combadiere et al.  1996 ; Raport et al.  1996 ; Zaitseva et al.  1997  ) . Of 
note, CCR5 is broadly expressed in the gut lamina propria contributing to destruction of the gut 
integrity during infection (   Brenchley and Douek  2008 ; Kotler et al.  1984  ) . Before CCR5 was discov-
ered as the predominant HIV coreceptor, it was demonstrated that increased levels of its three 
chemokine ligands reduced susceptibility to HIV infection (Cocchi et al.  1995  ) . This is due to both 
direct competition with Env and ligand-induced receptor internalization (Alkhatib et al.  1997  ) . As 
previously discussed, variation in ligand expression may signifi cantly affect disease progression 
(Gonzalez et al.  2005  ) .  
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    10.2.3.2   CXCR4 

 Compared to CCR5, CXCR4    is broadly expressed on the vast majority of hematopoietic cells and on 
many parenchymal cells as well. Genetic disruption of either CXCR4 or its only known natural 
ligand, CXCL12    (SDF-1), is embryonic lethal in mice and leads to defects in B-cell, cardiac, and 
cerebellar development, leukocyte migration, and bone marrow colonization by hematopoietic stem 
cells (Bleul et al.  1996 ; Nagasawa et al.  1996 ; Oberlin et al.  1996 ; Zou et al.  1998  ) . Small molecule 
inhibitors of CXCR4 advanced to clinical trials for the treatment of HIV when it was noticed that the 
compounds induced peripheral mobilization of hematopoietic stem cells (Hendrix et al.  2004  ) . 
Recently, the CXCR4 antagonist plerixafor    was FDA approved for this very purpose: to harvest 
hematopoietic stem cells prior to bone marrow transplantation. Unlike for CCR5, there are no known 
CXCR4 mutations that contribute to HIV resistance, presumably due to the embryonic lethality of 
such defects. However, a gain-of-function mutation in CXCR4 has been reported that causes exces-
sive signaling by preventing ligand-induced receptor internalization. This genetic lesion leads to 
WHIM syndrome   , characterized by warts, hypogammaglobulinemia, increased susceptibility to 
infections, and myelokathexis, or retention of neutrophils in the bone marrow (Gorlin et al.  2000 ; 
Hernandez et al.  2003  ) . 

 While the vast majority of transmitted virions use CCR5 (R5 HIV), viruses capable of using 
CXCR4 either alone (X4 HIV) or in combination with CCR5 (R5X4 HIV) emerge in approximately 
50% of infected individuals in the developed world, typically 5–7 years after infection (Connor et al. 
 1997  ) . Such a coreceptor switch expands viral target cell tropism and heralds a poor prognosis; 
however, the reasons it occurs and why only in later stages of disease remain unclear. It is of note 
that some exceedingly uncommon HIV isolates have been reported to use alternative coreceptors; 
however, the clinical relevance of alternative coreceptor use remains to be elucidated (Choe et al. 
 1996 ; Deng et al.  1997 ; Doranz et al.  1996 ; Edinger et al.  1998 ; Farzan et al.  1997  ) .    

    10.3   The Structure of Env 

 Since HIV establishes a chronic infection, the viral Env protein must employ mechanisms to evade 
the ever-evolving humoral immune response. First, the shroud of N-linked carbohydrate structures 
and fl exible variable loops act as a malleable shield masking more conserved and potentially neutral-
izable epitopes. Second, as a result of the error-prone reverse transcriptase, the HIV genome is highly 
diverse (Saag et al.  1988  ) . On average, between one and ten of the 10,000 nucleotides comprising the 
HIV genome are mutated during each round of replication, and with some individuals producing as 
many as ten billion new virions per day, each nucleotide site in the viral genome can be theoretically 
mutated to each of the other three nucleotides at every site in the genome each day (Drosopoulos et al. 
 1998 ; Keulen et al.  1997 ; Lal et al.  2005  )    . This variability enables Env to escape potentially neutral-
izing antibodies, partially explaining the diffi culty in developing an effective neutralizing antibody 
vaccine (Stamatatos et al.  2009  ) . 

    10.3.1   Env Crystal Structures 

 Several crystal structures have revealed detailed pictures of the HIV-1 gp120 monomer in complex 
with soluble CD4 (sCD4) and various antibodies (Huang et al.  2005 ; Kwong et al.  1998  ) , though in 
all cases portions of gp120 were removed and the resulting purifi ed protein deglycosylated to assist 
in crystallization efforts. An unliganded, glycosylated form of SIV gp120 has also been solved 
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(Chen et al.  2005  )  (Fig.  10.2 ). In addition, portions of gp41 in its postfusion state have been solved 
(Chan et al.  1997 ; Weissenhorn et al.  1997  ) . However, no crystal structures of trimeric Env have yet 
been reported.  

 Each gp120 monomer is comprised of a relatively conserved inner, or core, domain and a more 
variable outer domain. In addition, the outer domain contains the stems of the V3, V4, and V5 loops. 
While all the variable loops are thought to confer some degree of protection against neutralizing 
antibodies, the V3 loop    is of particular interest due to its interactions with coreceptor. The V3 loop 
is almost always 35 residues in length and extends 30 Å from the gp120 surface (Huang et al.  2005, 
  2007  ) . It is comprised of a relatively conserved disulfi de-linked base, a long fl exible stem, and a tip 
defi ned by a  b -hairpin.  

    10.3.2   Cryo-Electron Microscopy 

 While crystallography has yielded atomic snapshots into Env subunit structure, cryo-electron tomog-
raphy (see chapter 4) has revealed intriguing and though at times somewhat controversial structural 
properties of native Env trimers. By fi tting known crystal structures into density maps of native Env 
obtained by cryo-electron tomography, detailed insights can be made into the native structure. The 
viral spike contains three propeller-like globular domains displaying threefold symmetry. The glob-
ular domains share a common density at their apex and are perched on a 50-Å stalk, most likely 
composed of gp41. The entire structure extends 120–140 Å from the viral membrane and is 110–
120 Å in diameter (Sougrat et al.  2007 ; Zanetti et al.  2006 ; Zhu et al.  2006,   2008  ) . 

 The abundance of structural studies has at times yielded confl icting results about several aspects 
of Env, with most of these revolving around how to place the known crystal structures within the 
tomographic densities. For instance, the position of the V1/V2 loop at the apex of Env proposed by 
Liu et al.  (  2008  )  is in contrast to that proposed using the unliganded SIV gp120 monomer, which 

  Fig. 10.2    Liganded and unliganded gp120 structures. CD4 binding induces massive structural rearrangements in 
gp120 that result in exposure and formation of the coreceptor-binding site. ( a ) Depicts the unliganded SIV gp120 
monomer structure. The inner domain is in  green , the outer domain is in  red , and the bridging sheet is in  blue  (PDB 
ID: 2BF1) (Chen et al.  2005  ) . ( b ) Depicts the CD4-bound HIV gp120 structure. The color scheme is the same as in 
( a ). CD4 binding induces movement of the V3 loop that partially reveals the coreceptor-binding site. In addition, it 
causes the two pairs of  b -strands to form the four-stranded  b -sheet that enables coreceptor binding (PDB ID: 1GC1) 
(Kwong et al.  1998  )        
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suggested that the V1/V2 loop is located nearer to the base of the trimer (Zanetti et al.  2006 ; Zhu et al. 
 2006  ) . Two possible but not mutually exclusive explanations for this discrepancy are (1) that the V1/
V2 loops of HIV and SIV are structurally different and (2) that the crystallization of the modifi ed 
SIV gp120 resulted in a nonphysiologic location of V1/V2 (Liu et al.  2008  ) . Further structural stud-
ies are needed to illuminate the detailed interactions that maintain and form stable trimers due to 
therapeutic and vaccine implications. 

 In addition, confl icting structural studies have described the native gp41 conformation as 
forming both a compact stalk and tripod-like structure (Liu et al.  2008 ; Zanetti et al.  2006 ; Zhu et al. 
 2008  )  (Fig.  10.3 ). Zhu et al. fi rst reported a tripod-like stalk structure of a cytoplasmic tail-truncated 
SIV that had an increased number of Env spikes in the viral membrane (Zhu et al.  2006  ) . They later 
reached a similar conclusion using native HIV trimers. However, Zanetti et al. and Liu et al. inde-
pendently concluded that, like other class I viral fusion proteins studied to date, the viral stalk is 
compact and devoid of tripod-like legs (Liu et al.  2008 ; Zanetti et al.  2006  ) . While it is possible that 
the discrepancy is due to inherent structural differences between the highly similar viral strains, it is 
more likely due to differential image collection and analysis. Specifi cally, electron tomography 
studies are limited by the “missing wedge” problem arising from the fact that the maximal angle 
between the microscope stage and image detector is typically 70°. This results in a “missing wedge,” 
which the groups accounted for differently. In addition, the authors used different reference images 
to compensate for noise, which may result in downstream bias (Subramaniam  2006  ) . Finally, all 
groups assumed threefold symmetry when solving the native Env structure, which may introduce a 
common bias.    

    10.4   The Entry Pathway 

    10.4.1   Attachment and CD4 Binding 

 HIV entry follows an intricate and sequential sequence of events whose primary mission is to deliver 
the viral payload. Our understanding of this complex pathway has been facilitated by the develop-
ment of small molecule and protein-based inhibitors that target the key steps of the pathway. Entry 

  Fig. 10.3    Cryo-EM structures of the gp41 stalk. ( a ) Depicts the tripod-like stalk (highlighted in  red ) of native Env. 
Image courtesy of Kenneth Roux, Florida State University, 2010. In contrast, ( b ) Depicts native Env with a compact 
stalk. Reprinted by permission from Macmillan Publishers Ltd: Nature (Liu et al.  2008  ) , copyright 2008       
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begins with virion binding to the cell surface. This is often, but not always, facilitated by noncova-
lent interactions between Env and cell attachment factors   . While not required for virus infection, the 
presence of such attachment factors can enhance infection of virus particles by accelerating virus–
cell interactions, typically the rate-limiting step of virus infection in vitro. Examples of such 
molecules include heparan sulfate and mannose-binding lectins such as DC-SIGN (Baribaud et al. 
 2001 ; Geijtenbeek et al.  2000 ; Mondor et al.  1998 ; Pohlmann et al.  2001a,   b  ) . The role of attachment 
factors likely differs between cell types and viral strains, and its signifi cance in vivo where direct 
cell-to-cell spread via virological synapses can occur remains unclear. 

 While a single receptor is suffi cient for most enveloped viruses, the sequential receptor-binding 
strategy utilized by HIV has several benefi ts. Initial binding of CD4 induces exposure and creation 
of the coreceptor-binding site and thus may serve to protect this conserved region from host 
immune recognition (Chen et al.  2005 ; Kwong et al.  1998 ; Lal et al.  2005  ) . In addition, the require-
ment for CD4 binding may reduce inappropriate and irreversible triggering of the fusion machin-
ery, thus maximizing the infectivity of each virion. Finally, the CD4 molecule protrudes substantially 
further from the cell surface than the chemokine receptors and thus may also serve to facilitate 
virus binding. 

 The CD4-binding site    (CD4bs), located at the interface of the outer and inner domains of gp120, 
is depressed 20 Å from the apex of the trimer, surrounded by carbohydrate moieties, and is likely 
partially occluded by the fl exible V1/V2 loops (Kwong et al.  1998  ) . CD4 binding to this highly con-
served site initiates a sequence of structural rearrangements in Env defi ned both biochemically 
(Myszka et al.  2000  )  and structurally (Chen et al.  2005 ; Kwong et al.  1998  )  that reveal and create the 
coreceptor-binding site. 

 First, CD4 binding is thought to induce movement of the V1/V2 stem from the central axis of 
symmetry toward the lateral aspect of the trimer. This leads to V3 loop rearrangement and exposure 
of part of the coreceptor-binding site. Furthermore, the V3 stem shift toward the distal end of the 
trimer places it in direct apposition to the host target membrane, thus priming it for coreceptor 
engagement. Second, the bridging sheet   , the second coreceptor-binding site, is formed by bringing 
together four antiparallel beta sheets, two each from the inner and outer domains of gp120. Third, 
the CD4-induced gp120 movement is thought to result in an outward rotation of each gp120 mono-
mer that partially reveals the gp41 stalk. Finally, a recent model suggests that CD4–Env interactions 
cause CD4 to fold like a hinge between its second and third immunoglobulin-like domains. This 
folding brings the viral and host membranes into closer proximity and may serve to further limit 
antibody exposure of the conserved coreceptor-binding site (Liu et al.  2008  ) . 

 In total, the aforementioned rearrangements culminate in coreceptor accessibility to its two bind-
ing sites, the V3 loop and the bridging sheet. The N-terminus of coreceptor engages the base of the 
V3 loop and the newly formed bridging sheet, while the ECLs, particularly ECL2, bind to the crown 
or tip of the V3 loop (   Rizzuto and Sodroski  2000 ; Rizzuto et al.  1998  ) . Most, but not all, Env strains 
depend upon both N-terminal and ECL2 interactions for entry. 

    10.4.1.1   Thermodynamics of CD4-Induced Changes 

 Thermodynamic studies complement the CD4-induced changes revealed by structural studies. 
Myszka et al. carried out a series of elegant experiments assessing the binding interactions between 
sCD4 and gp120 (Myszka et al.  2000  ) . Both a full-length form of gp120 as well as a gp120 core 
devoid of N-linked glycans and containing truncations in the V1–3 loops, N-, and C-termini were 
compared. Both core and full-length gp120 had similar thermodynamic profi les suggesting that the 
CD4-induced changes between the two structures are conserved. Titration microcalorimetry revealed 
a surprisingly favorable CD4–gp120 binding enthalpy (−63 kcal/mol) suggesting that substantial, 
novel molecular interactions form, specifi cally van der Waals forces and hydrogen bonding. The 
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magnitude of enthalpy is signifi cantly greater than other common protein–protein interactions such 
as antibody–antigen and T cell receptor–major histocompatibility complex binding. In addition, 
there is a dramatic and unfavorable change in entropy upon CD4 binding. This demonstrates a reduc-
tion in randomness and is further evidence of signifi cant structural rearrangements. The profound 
magnitudes of both entropy and enthalpy suggest that nearly 100 amino acids in the full length 
gp120 change conformation upon CD4 binding – greater than nearly all other reported binary pro-
tein–protein interactions (Myszka et al.  2000  ) .   

    10.4.2   Coreceptor Binding 

 CD4 binding is thought to induce movement of the V1/V2 loop to expose the V3 loop. This allows 
the tip, or crown, of V3 to interact with the ECL2 of coreceptor. A second key gp120–coreceptor 
interaction involves sulfated tyrosines    present in the CCR5 N-terminal domain with the base of the 
V3 loop and the four-stranded bridging sheet, which is formed by CD4-induced rearrangement of a 
pair of spatially separated two-stranded beta sheets. Extracellular loops 1 and 3 (ECL1 and ECL3) 
may also interact with Env, although the strength and signifi cance of such interactions are uncertain. 

 Evidence for the interactions between the tip of V3 and ECL2    comes from a V3-containing 
gp120 crystal structure revealing that the V3 tip protrudes 30 Å from the gp120 core and is directed 
toward the target cell membrane allowing V3 to act as a “molecular hook” (Huang et al.  2005  ) . 
Additional evidence for this interaction comes from the mechanism in which small molecule core-
ceptor antagonists inhibit HIV entry. A number of compounds have been designed that bind to a 
hydrophobic pocket within the transmembrane helices of both CCR5 and CXCR4. These molecules 
inhibit coreceptor engagement by causing a stable conformational shift of the ECLs. This suggests 
that the orientation of the ECLs is critical for coreceptor function. In addition, antibodies directed at 
the ECL2 are suffi cient to prevent entry of most HIV isolates (Trkola et al.  2001  ) . These antibodies 
likely preclude Env binding by both steric hindrance and alteration of ECL2 conformation. Further, 
site-directed mutations in ECL2 can abrogate infection (Doranz et al.  1997 ; Quinonez et al.  2003  ) . 
Finally, a laboratory-engineered virus containing a V3 loop truncation that preserves the V3 base 
and eliminates the crown results in broad resistance to a number of CCR5 inhibitors. This virus 
relies solely on the CCR5 N-terminus as opposed to both the ECL2 and N-terminus for entry 
(Laakso et al.  2007  ) . 

 The CCR5 N-terminus    (residues 2–31) binds the base of V3 and the bridging sheet (   Choe and 
Farzan  2009 ; Cormier et al.  2000 ; Huang et al.  2007  ) . The CCR5 N-terminus contains four sulfo-
tyrosine residues at positions 3, 10, 14, and 15; only that at position 15 is dispensible without reduc-
ing viral entry effi ciency (Cormier et al.  2000 ; Farzan et al.  1998 ; Rabut et al.  1998  )    . In addition, 
the N-terminus contains acidic residues which further facilitate binding to the negatively charged 
site in Env (Rizzuto and Sodroski  2000  ) . Substantial evidence supports these interactions. First, 
sulfated N-terminal CCR5 peptides are suffi cient to block entry, albeit at high concentrations 
(Cormier et al.  2000  ) . Second, inhibition of tyrosine sulfation decreases the ability to engage CCR5 
(Farzan et al.  1999  ) . Third, several gp120 neutralizing antibodies have been reported that contain 
sulfated tyrosines at the site of antigen contact. These antibodies require sulfation for activity, are 
more effective in the presence of CD4, and compete with N-terminal-sulfated CCR5 peptides for 
gp120 binding (Choe et al.  2003  ) . Recently, a crystal structure of one of these antibodies (412d) and 
CD4 bound to gp120 core containing V3 was solved (Huang et al.  2007  ) . This structure demon-
strated that sulfated tyrosine residues formed salt bridges and numerous hydrogen bonds with 
gp120. The molecular rearrangements in gp120 needed to form the tyrosine-binding domain for 
CCR5 Tyr14 and 412d Tyr100 result in the creation of a  b -hairpin and stabilization of the previ-
ously fl exible V3 loop. 
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    10.4.2.1   Env Determinants of CCR5 and CXCR4 Use 

 Elucidating the mechanistic differences governing CCR5 or CXCR4 use has signifi cant clinical 
implications. The emergence of X4 viruses heralds progression to AIDS, and while causation has 
not been proven, it is known that X4 HIV is more pathogenic to CD4+ T cells in vitro. At present it 
is unclear whether the outgrowth of X4 HIV results from a depletion of CCR5-positive cells and thus 
exhaustion of the R5 HIV reservoir, or whether X4 viruses stochastically emerge and preferentially 
expand over R5 viruses. Being able to predict such a R5 to X4 coreceptor switch may enable clini-
cians to better predict a patient’s disease progression and response to R5 antagonists. 

 In general, R5 viruses depend more upon the N-terminal interactions than X4 viruses which favor 
ECL2 interactions (Rizzuto and Sodroski  2000  ) . The most signifi cant Env contributor to coreceptor 
tropism is the V3 loop with the degree of charge playing a signifi cant role in determining whether a 
virus uses CCR5 or CXCR4 (Hartley et al.  2005 ; Hwang et al.  1991  ) . Most R5 viruses have a net V3 
charge of +3 to +5, while most X4 viruses have a charge of +7 to +10, consistent with the increased 
negative charge on the CXCR4 N-terminus and ECLs compared to that of CCR5 (Jensen et al.  2003 ; 
Kwong et al.  2000  ) . More specifi cally, positively charged residues at positions 11 and 24/25 in V3 
are highly predictive of X4 tropism, while the absence of positive charges at these locations does not 
preclude CXCR4 use (Fouchier et al.  1992 ; Hartley et al.  2005  )    .   

    10.4.3   Fusion: Formation and Opening of the Fusion Pore 

 Coreceptor binding triggers a “cast-and-fold” mechanism of membrane fusion (Melikyan  2008  ) . The 
hydrophobic, N-terminal gp41 fusion peptide is exposed and likely projected toward the target cell 
membrane into which it inserts, tethering the viral and host membranes and destabilizing the host lipid 
bilayer (   Tamm and Han  2000  ) . The gp41 ectodomain contains two helical regions, both approximately 
36 residues in length. The N-terminal helical regions (HR-N)    from each gp41 subunit form a triple-
stranded, coiled-coil structure. During the process of membrane fusion, the three C-terminal helical 
regions (HR-C) fold back and pack into exterior grooves formed at the external interface of the three 
HR-N domains in an antiparallel fashion. This results in a highly stable six-helix bundle (6HB)    in 
which the fusion peptide and gp41 transmembrane domains, along with their respective membranes, 
are brought into close spatial proximity (Fig.  10.4 ) (Chan et al.  1997 ; Weissenhorn et al.  1997  ) .  

 Several lines of evidence suggest that 6HB formation is critically important for membrane fusion. 
First, purifi ed HR-N and HR-C peptides spontaneously fold into a 6HB in the absence of gp120. 

  Fig. 10.4    Six-helix bundle 
structure (6HB). The three 
central HR-N domains are 
shown in  blue , and the three 
HR-C domains are shown in 
 yellow . The HR-C helices are 
antiparallel to the HR-N 
helices and pack into exterior 
grooves formed by the HR-N 
central coils. ( a ) Top view 
and ( b ) side view (PDB ID: 
3F4Y) (Horne et al.  2009  )        
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Second, the 6HB is relatively thermostable compared to native gp41 suggesting it has adopted the 
lowest energy conformation. Third, both 6HB formation and fusion can be inhibited with peptides 
that mimic the 6HB N-terminal helices, even after CD4 binding. Fourth, the most robust amino acid 
conservation in gp41 between HIV and SIV is seen at the residues predicted to interact in the 6HB 
(Chan et al.  1997 ; Furuta et al.  1998 ; Weissenhorn et al.  1997  ) . Finally, similar 6HB structures are 
seen in postfusion infl uenza hemagglutinin, Ebola glycoprotein, Moloney murine leukemia virus, 
and numerous other viral fusion machines suggesting this is a commonly utilized mechanism of 
membrane fusion (Bullough et al.  1994 ; Fass et al.  1996 ; Weissenhorn et al.  1997,   1998a,   b  ) . 

 Historically, it has been assumed that the highly conserved 6HB was responsible for the initiation 
of pore formation (Chan et al.  1997 ; Weissenhorn et al.  1997  ) . However, recent evidence suggests that 
the prebundle complex actually initiates early pore formation and that the 6HB stabilizes and facili-
tates expansion of the nascent fusion pore (Markosyan et al.  2003  ) . The prebundle state can be divided 
into an early prebundle, or temperature-arrested stage in which HR-N and HR-C are maximally sepa-
rated, and a late prebundle that is present after hinge folding, but immediately before 6HB formation 
(Markosyan et al.  2003  ) . The late prebundle can revert to the early prebundle in vitro by lowering the 
temperature to 4 ° C resulting in pore closure; however, the 6HB structure is the lowest energy state 
and cannot revert to the late prebundle, and thus it locks the pore open. Inhibitors of 6HB formation, 
such as the peptide enfuvirtide   , allow pore formation, but prevent its expansion and stabilization.    

    10.5   Env Stoichiometry 

 While a tremendous amount has been learned about the molecular mechanisms of HIV entry and 
fusion, the overall stoichiometry of such entry events remains elusive. At present, it is still unclear 
how many Env trimers are required for entry and how many gp120 subunits per trimer are needed to 
productively engage CD4 and coreceptor. Resolving these questions may have implications for drug 
and vaccine design and may further reveal common principles of membrane fusion. 

 It has been reported that most wild-type HIV virions contain 10–15 randomly distributed Env 
spikes per virion (Liu et al.  2008 ; Yuste et al.  2004 ; Zhu et al.  2006  ) , placing an upper limit on the 
number of spikes needed for membrane fusion. The trimeric Env spikes are likely mobile within the 
plane of the viral membrane, since an electron tomography study analyzing HIV and CD4+ T cells 
revealed between fi ve and seven electron dense structures consistent in size and shape with HIV 
spikes at the point of virus–cell contact (Sougrat et al.  2007  ) . Such structures were not detected in 
the presence of a small molecule CCR5 inhibitor or fusion inhibitor, consistent with the densities 
playing a role in entry. However, the presence of fi ve to seven Env trimers at the site of virus–cell 
contact does not necessarily mean that all are involved in the membrane fusion process. 

 A variety of modeling approaches have been taken to estimate the number of Env trimers needed 
for membrane fusion, though these have yielded different answers, sometimes even from the same 
datasets. Yang et al. expressed in cells different ratios of wild-type Env proteins along with very 
similar Envs that, due to one or more amino acid changes, could not be neutralized by a specifi c 
monoclonal antibody (Yang et al.  2005  ) . Since coexpression of similar Envs in the same cell results 
in the production of mixed trimers, varying the ratio of wild-type to mutant Env would in turn vary 
the proportion of wild-type to mixed heterotrimers. Using this approach, and assessing the effi ciency 
with which virus particles could be neutralized, Yang et al. concluded that a single Env spike is suf-
fi cient for HIV entry. However, several other groups analyzed the data generated by Yang et al. and 
reached a different conclusion with  T  > 1. Klasse concluded that virions containing nine spikes 
require a  T  of fi ve (Klasse  2007  ) . Later, Magnus et al. generated several different mathematical 
models to determine a range for  T  between 2 and 19. The discrepancy between the analyses results 
from the different assumptions including how to account for imperfect transfections, nonrandom 
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heterotrimer formation among the mutant and wild-type Env subunits, and the distribution of spike 
number among different virions (Magnus et al.  2009  ) . Furthermore, Kuhmann et al.  (  2000  )  created 
stable cell lines expressing wild-type, N-terminal, and ECL2 mutants of CCR5 at various levels and 
then determined the relative infectivity of each cell population. Employing mathematical modeling, 
they determined that entry requires four to six coreceptor–gp120 interactions suggesting that two to 
six spikes are required per virion. 

 In addition to the uncertainty regarding the number of spikes needed for entry, it is at present 
uncertain how many CD4 and coreceptor molecules are needed to activate an Env trimer. In vivo, CCR5 
expression is likely limiting on most target cells, compared to both CD4 and CXCR4. As a result, 
viruses bearing Env proteins that can be activated by one or two CCR5-binding events rather than three 
might be better able to infect cells expressing low levels of CCR5. In fact, it is commonly observed that 
some Envs are more “fusogenic” than others even when expressed at similar levels, though the 
mechanism(s) that accounts for these functional differences is not known. Conceivably more fusogenic 
Envs could be triggered by a lower number of receptor-binding events, though they could also undergo 
the conformational changes needed for membrane fusion with a higher degree of fi delity. A fuller 
understanding of how receptor and Env cooperativity govern membrane fusion will likely provide 
greater insight into viral tropism, and why some virus strains are not able to infect some primary cell 
types even though the relevant viral receptors are expressed (Salazar-Gonzalez et al.  2009  ) .  

    10.6   Inhibitors of HIV Entry 

 While studying HIV entry has informed us about basic principles of virology and cell biology, the 
overarching goal should be to develop novel and effective therapeutics to limit the morbidity and mor-
tality of the HIV/AIDS pandemic. Currently, two entry inhibitors, the CCR5 inhibitor maraviroc    and 
the fusion inhibitor enfuvirtide   , are FDA approved for the treatment of HIV infection. A number of 
other compounds that have targeted nearly every step of the entry pathway have also been tested in the 
clinic. For purposes of this discussion on therapeutics, HIV entry will be divided into three components: 
(1) attachment and CD4 binding, (2) coreceptor binding, and (3) membrane fusion (Table  10.1 ).  

   Table 10.1    HIV entry inhibitors   

 Class  Compound  Development status  Reference 

 Attachment inhibitor  PRO 2000     Phase III trial showed no efficacy  Rusconi et al.  (  1996  )  
 Attachment 

inhibitor 
 Carraguard  Phase III trial showed no effi cacy  Skoler-Karpoff et al.  (  2008  )  

 Attachment 
inhibitor 

 Cellulose 
sulfate 

 Phase III trial showed no effi cacy  Halpern et al.  (  2008  )  and Van 
Damme et al.  (  2008  )  

 CD4-binding site 
inhibitor 

 BMS-378806  Preclinical development  Lin et al.  (  2003  )  

 CD4 mimetic  Soluble CD4  Phase I study showed no effi cacy  Daar et al.  (  1990  )  and Schacker et al. 
 (  1994  )  

 CD4 
downmodulators 

 CADA 
derivatives 

 Preclinical development  Vermeire et al.  (  2002,   2007,   2008  )  

 CCR5 antagonist  Maraviroc  FDA approved   (  2009  )  
 CCR5 antibody  PRO 140     Phase II trials  Jacobson et al.  (  2008  )  
 CXCR4 antagonist  Plerixafor  FDA approved for hematopoietic 

stem cell mobilization 
 Flomenberg et al.  (  2010  )  

 Fusion inhibitor  Enfuvirtide  FDA approved  Wild et al.  (  1992,   1993  )  
 Fusion inhibitor  D-peptides  Preclinical development  Welch et al.  (  2007  )  
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    10.6.1   Attachment and CD4-Binding Inhibitors 

 Attachment and CD4-binding inhibitors include relatively nonspecifi c anionic polymers, CD4bs 
inhibitors, sCD4 mimetics, and CD4 downmodulators. Anionic polymers, which act by preventing 
the favorable electrostatic interactions between the positively charged Env and negatively charged 
cell surface, have been predominantly studied for use in vaginal microbicides. PRO 2000   , a naphtha-
lene sulfonate polymer, inhibits soluble gp120 and CD4 binding in vitro (Rusconi et al.  1996  ) . 
However, in a phase III clinical microbicide trial, PRO 2000 demonstrated no effi cacy (CONRAD 
 2009 , 14 December). Other anionic polymers including cellulose sulfate and Carraguard, derived 
from seaweed, demonstrated no effi cacy, and cellulose sulfate may have actually increased the risk 
of HIV transmission (Halpern et al.  2008 ; Skoler-Karpoff et al.  2008 ; Van Damme et al.  2008  ) . 

 Another approach involves targeting the CD4bs on gp120. Several small molecules that bind to 
gp120, such as BMS-378806 and BMS-488043, have antiviral activity in vitro and prevent 
CD4–gp120 binding (Ho et al.  2006 ; Lin et al.  2003  ) . However, for at least BMS-378806, HIV 
quickly adapts resistance limiting its therapeutic potential (Lin et al.  2003  ) . Furthermore, sCD4    
demonstrated anti-HIV activity in vitro, but early-stage clinical trials were unable to demonstrate 
antiviral activity, most likely due to insuffi cient circulating concentrations of sCD4 (Daar et al. 
 1990  ) . An additional class of compounds inhibits Env–CD4 interactions by downregulating CD4. 
These drugs, derivatives of cyclotriazadisulfonamide (CADA) (Vermeire et al.  2002  ) , reduce CD4 
expression by an unknown mechanism. However, they do not alter CD4 mRNA levels suggesting 
they exert their function in a posttranscriptional manner (Vermeire et al.  2007  ) .  

    10.6.2   Coreceptor-Binding Inhibitors 

 Discovery of the  ccr5 D 32  mutation demonstrated that CCR5 is not essential for normal human 
growth and development, suggesting that it could be safely targeted by small molecule inhibitors 
(Dean et al.  1996 ; Liu et al.  1996 ; Samson et al.  1996  ) . Several small molecule CCR5 antagonists 
have been developed and shown to have antiviral activity in vivo, including maraviroc   , which 
received FDA approval in 2007 for use in treating HIV-infected individuals. Most small molecule 
CCR5 inhibitors, including maraviroc, function by binding to a hydrophobic pocket within the trans-
membrane domains of the protein – a region of the receptor not thought to directly interact with the 
viral Env protein (Baba et al.  1999 ; Tilton et al.  2010 ; Tilton and Doms  2010  ) . As a result, CCR5 
antagonists likely function by an allosteric mechanism, inducing conformational changes in the ECL 
domains of the receptor that subsequently prevent Env binding. Viral resistance to such compounds 
occurs by one of two pathways. In vivo, it appears that the most common resistance pathway is out-
growth of CXCR4-using viruses, even when present below the limit of detection in standard assays 
at the initiation of therapy. A second, less common pathway results from mutations in Env that 
enable it to utilize the drug-bound conformation of the receptor (Berro et al.  2009  ) . In at least some 
cases, it appears that enhanced utilization of the CCR5 N-terminal domain is associated with this 
phenotype. In addition to traditional small molecule inhibitors, CCR5 blocking antibodies are being 
explored for therapeutic purposes. One such antibody, PRO 140   , blocks HIV utilization of CCR5 
while preserving CCR5 ligand function. PRO 140 is currently in phase II clinical trials (Jacobson et al. 
 2008 ; Tilton and Doms  2010  ) . 

 Unlike for CCR5, inhibiting CXCR4 has been met with limited success primarily due to the 
concerns of systemic toxicity. Several CXCR4 inhibitors advanced to early-stage clinical trials, but 
none are currently ongoing for the treatment of HIV. One CXCR4 inhibitor, plerixafor   , was recently 
FDA approved to mobilize hematopoietic stem cells to the peripheral blood for harvesting prior to 
bone marrow transplantation (   Flomenberg et al.  2010  ) .  



236 C.B. Wilen et al.

    10.6.3   Fusion Inhibitors 

 Membrane fusion is the net result of Env–receptor interactions and is the target of the fi rst entry 
inhibitor ever approved, enfuvirtide   . Enfuvirtide, previously known as T20, is a 36-amino-acid 
mimetic of the HR-C domain. The peptide binds the central coiled coils comprised of three HR-N 
molecules and inhibits 6HB formation, thus preventing fusion (Wild et al.  1992,   1993  ) . Despite the 
in vivo effi cacy of enfuvirtide, resistance mutations in a ten-amino-acid region of HR-N that prevent 
enfuvirtide binding have been well documented (   Greenberg and Cammack  2004  ) . Importantly 
though, resistance to enfuvirtide does not confer cross-resistance to other classes of entry inhibitors 
(Reeves et al.  2005  ) . Novel fusion peptide-based inhibitors have been designed to combat enfu-
virtide-resistant viruses, and some of these molecules have synergistic effects with enfuvirtide 
(Dwyer et al.  2007 ; Pan et al.  2009a,   b  ) . 

 While these peptide-based fusion inhibitors exhibit effi cacy, they are limited by the fact that they 
are not orally bioavailable and therefore must be injected, a signifi cant hindrance in maintaining 
patient adherence. One potential solution is the development of orally bioavailable small molecules 
that recapitulate enfuvirtide   ’s mechanism of action by blocking the hydrophobic “knob-into-hole” 
interactions. The knobs are hydrophobic HR-C residues, specifi cally tryptophans and isoleucines, 
that pack into large hydrophobic holes present in the HR-N central coil (Chan et al.  1997  ) . D-peptide 
inhibitors    of gp120 represent one such exciting new class of compounds. They have potent in vitro 
activity and are not degraded by intestinal proteases and thus have the potential to be orally bioavail-
able (Welch et al.  2007  ) .   

    10.7   Conclusion 

 Work on the mechanisms of HIV entry has led to the discovery of human mutations affecting HIV 
susceptibility and disease progression as well as the development of new antiviral agents, such as 
enfuvirtide and maraviroc. In addition to the continued development of entry inhibitors, a critical 
future challenge is translating our molecular understanding of HIV entry into therapeutically useful 
information. Will our knowledge of HIV entry make it possible to predict which patients stand most 
to benefi t from the use of entry inhibitors? More generally, the discovery of the HIV coreceptors 
revealed a new mechanism for triggering conformational changes in viral membrane fusion 
proteins – that of sequential receptor engagement. In addition, the ability of attachment factors such as 
DC-SIGN to enhance HIV-1 infection has led to similar discoveries for other viruses. Finally, the abil-
ity of HIV-1 to enter particular T-cell subsets is still not fully understood. As our understanding of HIV 
entry becomes more complete, so too should our understanding of HIV tropism and pathogenesis.      
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  Abstract   The  Bunyaviridae  family is comprised of a large number of negative-sense, single-
stranded RNA viruses that infect animals, insects, and plants. The tripartite genome of bunyaviruses, 
encapsidated in the form of individual ribonucleoprotein complexes, encodes four structural pro-
teins, the glycoproteins Gc and Gn, the nucleoprotein N, and the viral polymerase L. Some bunya-
viruses also use an ambi-sense strategy to encode the nonstructural proteins NSs and NSm. While 
some bunyaviruses have a  T  = 12 icosahedral symmetry, others only have locally ordered capsids, or 
capsids with no detectable symmetry. Bunyaviruses enter cells through clathrin-mediated endocyto-
sis or phagocytosis. In endosome, viral glycoproteins facilitate membrane fusion at acidic pH, thus 
allowing bunyaviruses to uncoat and deliver their genomic RNA into host cytoplasm. Bunyaviruses 
replicate in cytoplasm where the viral polymerase L catalyzes both transcription and replication of 
the viral genome. While transcription requires a cap primer for initiation and ends at specifi c termi-
nation signals before the 3 ¢  end of the template is reached, replication copies the entire template and 
does not depend on any primer for initiation. This review will discuss some of the most interesting 
aspects of bunyavirus replication, including L protein/N protein-mediated cap snatching, prime-and-
realign for transcription and replication initiation, translation-coupled transcription, sequence/sec-
ondary structure-dependent transcription termination, ribonucleoprotein encapsidation, and N 
protein-mediated initiation of viral protein translation. Recent developments on the structure and 
functional characterization of the bunyavirus capsid and the RNA synthesis machineries (including 
both protein L and N) will also be discussed.  

  Abbreviations  

  BDV    Borna disease virus   
  BUNV    Bunyamwera virus   
  CCHFV    Crimean–Congo hemorrhagic fever virus   
  cRNA    Complementary RNA or antigenomic RNA   
  EM    Electron microscopy   
  FluA    Influenza A virus   

    Chapter 11   
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  JCV    Jamestown Canyon virus   
  LACV    La Crosse virus   
  nt    Nucleotide   
  NTR    Nontranslated terminal region   
  OTU    Ovarian tumor-like protease motif   
  PTV    Punta Toro virus   
  RdRp    RNA-dependent RNA polymerase   
  RNP    Ribonucleoprotein complex   
  RSV    Respiratory syncytial virus   
  RV    Rabies virus   
  RVFV    Rift Valley fever virus   
  SNV    Sin Nombre virus   
  TSWV    Tomato spotted wilt virus   
  UUKV    Uukuniemi virus   
  vRNA    Viral RNA or genomic RNA   
  VSV    Vesicular stomatitis virus     

      11.1   Introduction 

  Bunyaviridae  is a large family of enveloped, negative-stranded RNA viruses that encompasses fi ve 
genera,  Orthobunyavirus ,  Hantavirus ,  Nairovirus ,  Phlebovirus , and  Tospovirus , totaling approximately 
350 members (Schmaljohn and Nichol  2007  ) . The fi rst four genera are animal-infecting viruses that 
include many serious human pathogens, such as the Crimean–Congo hemorrhagic fever virus (CCHFV), 
La Crosse virus (LACV), Rift Valley fever virus (RVFV), and Sin Nombre virus. Members of the 
 Tospovirus  genus infect plants only. Most viruses in the  Bunyaviridae  family are carried and transmit-
ted by arthropods (e.g., mosquitoes, ticks, and other insects). Hantaviruses, however, are rodent-borne 
and are transmitted by rodent bites or by direct contact with the excreta of infected rodents.  

    11.2   Genome Organization 

 Bunyavirus genome contains three negative-sense, single-stranded RNA segments, designated as 
large (L), medium (M), and small (S). Unlike typical negative-sense RNA viruses, some bunyavi-
ruses use an ambi-sense strategy to encode their nonstructural proteins. The L segment of all bunya-
viruses encodes the L protein, or the viral RNA-dependent RNA polymerase (RdRp), in negative-sense 
(i.e., the mRNA is copied from the viral RNA template). As a multifunctional protein, L varies from 
~250 kDa in  Orthobunyavirus ,  Hantavirus , and  Phlebovirus  to ~450 kDa in  Nairovirus . The M seg-
ment also uses the negative-sense strategy to encode the glycoprotein precursor which is subse-
quently processed to yield two glycoproteins, Gn and Gc. The M segment of some bunyaviruses also 
encodes a nonstructural protein NSm. Interestingly, the protein NSm is encoded in ambi-sense in 
 Orthobunyavirus  and  Phlebovirus  but positive-sense in  Tospovirus  (i.e., the mRNA is copied from 
the antigenomic cRNA template). The segment S encodes the protein N, and in some bunyaviruses, 
also the nonstructural protein NSs. However, while the protein N is always encoded in negative-
sense, NSs is encoded in negative-sense in  Orthobunyavirus  but in ambi-sense at the 3 ¢  end of the 
segment S in  Tospovirus . The size of the protein NSs varies profoundly from 10 kDa in  Orthobunyavirus , 
~30 kDa in  Phlebovirus , to ~50 kDa in  Tospovirus .  Hantavirus  and  Nairovirus  do not appear to 
encode NSm and NSs. In addition to the negative-sense vRNA, some bunyaviruses are known to 
package antigenomic cRNA in their virions so that messengers for nonstructural proteins can be 
made early during infection prior to protein synthesis and genome replication (Ikegami et al.  2005  ) .  
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    11.3   Virus Structure 

 Bunyaviruses are enveloped viruses that are generally spherical in shape, with a diameter of 
80–120 nm. Due to the lack of a matrix protein layer, bunyaviruses are very fl exible and can be 
 easily distorted in negative-staining electron microscopy (EM) images. The surfaces of bunyaviruses 
are decorated by glycoprotein spikes assembled from the glycoproteins Gn and Gc. Phleboviruses 
have been shown to possess a  T   = 12 icosahedral symmetry with pentameric and hexameric 
capsomeres. Hantaviruses, however, are pleomorphic with either spherical or rod-shaped particles. 
Their glycoprotein spikes form patches of square-shaped lattices which are locally ordered on the 
viral surface, and each spike adopts a fourfold symmetry. Orthobunyaviruses, nairoviruses, and 
tospoviruses do not appear to have any particular order in the arrangement of their glycoprotein 
spikes. Viral RNAs are packaged in the form of ribonucleoprotein complexes (RNPs), each of which 
contains one viral RNA molecule that is extensively coated with the viral protein N. The viral 
 polymerase protein L (RdRp) is also associated with RNP. EM studies show that the RNPs of 
Bunyaviruses assume a closed, circular-shaped structure that is often loosely coiled. 

 The fi rst three-dimensional structure of a bunyavirus was that of the Phlebovirus Uukuniemi virus 
(UUKV) reported by Overby et al.  (  2008  )  (Fig.  11.1a, b ). The cryo-electron tomography reconstruc-
tion of UUKV showed that the lipid bilayer shell was almost fully occupied by spike-shaped struc-
tures, presumably glycoproteins, in a  T  = 12 icosahedral symmetry. The UUKV surface glycoproteins 

  Fig. 11.1    Structure of bunyaviruses. ( a ,  b ) Icosahedrally symmetrized electron tomography reconstruction of UUKV 
at pH7 ( a ) and pH6 ( b ).  Insets  show close-ups of the area indicated with  dashed lines . Bridging densities (indicated 
by  arrows ) are present between capsomeres at every position and in both conformations. Scale bar, 100 nm. ( c ) Three-
dimensional icosahedral reconstruction of RVFV in radial color representation. Glycoprotein cylinders are in  blue , the 
glycoprotein base layer is in  green , and the membrane and RNP density are in  brown . In the  lower left  part of 
the panel, the front half of the reconstruction is removed to reveal the capsomers from the side (a single capsomer is 
indicated with a  red oval ). Scale bar, 50 nm. ( d ) Surface models of the Tula hantavirus spike lattices. Glycoprotein 
spikes form ordered patches on the viral membrane. Scale bar, 100 nm. ( e – j ) Tomographic sections of Hantaan virus. 
Rod-like densities are presumably RNP complexes. White triangles in ( f ) indicate cross-section views of the RNP 
complexes, and the  black triangle  indicates the Gn–Gc spikes. Bar, 50 nm. Figures are modifi ed from Overby et al. 
 (  2008  ) , Huiskonen et al.  (  2009,   2010  ) , and Battisti et al.  (  2011  ) with permission       
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underwent conformational changes in a pH-dependent manner: most virions showed “fl at” barrel-
like spikes (~8 nm in height) at pH 6.0, while the “tall” spikes (~13 nm in height) were observed on 
most virions at pH 7.0. Cavities were found at the base of the spikes in both “tall” and “fl at” confor-
mations, but the spike was closed at the top only in the “tall” conformation. The different pH-
dependent conformations of the glycoprotein spikes were possibly due to the Gc glycoprotein, a 
putative class II fusion protein (Garry and Garry  2004 ; Plassmeyer et al.  2005,   2007 ; Tischler et al. 
 2005  ) , as the structural conformation of Gc was much more sensitive to pH compared to Gn 
(Ronka et al.  1995  ) . This observation is consistent with an earlier study in which the Orthobunyavirus 
LACV was shown to aggregate at pH 6.2 and below (Wang et al.  1991  ) . Therefore, it was proposed 
that low pH could induce conformational change to expose the hydrophobic parts of the 
glycoproteins, most likely in the Gc protein. In addition to the surface spikes, the UUKV lipid 
bilayer and inner RNP densities have also been revealed in the tomograms. The RNPs almost fully 
occupied the interior of the virion as “densely packed, threadlike” structures (Overby et al.  2008  ) .  

 Subsequently, the three-dimensional structure of another Phlebovirus RVFV was obtained by 
cryo-electron tomography (Fig.  11.1c ). Similar to UUKV, RVFV was found to have an icosahedral 
structure with a  T  = 12 triangulation number, suggesting that other members of the  Phlebovirus  
genus, and perhaps other members of the  Bunyaviridae  family, may also adopt the icosahedral sym-
metry (Freiberg et al.  2008  ) . Using single-particle averaging, the three-dimensional structure of the 
RVFV virion was established at 2.2-nm resolution (Huiskonen et al.  2009 ; Sherman et al.  2009  ) . The 
structure revealed a “multilayered structure,” including the glycoprotein shell, the lipid bilayer, and 
the RNP layer. The transmembrane densities of the glycoproteins were observed to modulate the 
curvature of the lipid bilayer. Molecular-mass measurements led to the conclusion that Gn and Gc 
were organized in the virion as heterodimers. These heterodimers formed pentons and hexons on a 
 T  = 12 icosahedral lattice. Without a structural matrix protein (Elliott  1990  ) , the bridging densities 
observed among the capsomeres of both RVFV and the aforementioned UUKV were speculated to 
function in the virus assembly as well as the structure stabilization. Mutagenesis studies of tomato 
spotted wilt virus (TSWV), UUKV, and Bunyamwera virus (BUNV) have shown that the cytoplas-
mic tails of the glycoproteins directly interact with the RNP complexes (Overby et al.  2007 ; Shi et al. 
 2007 ; Snippe et al.  2007  ) . Indeed, the RVFV RNPs colocalize with the transmembrane densities of 
the glycoproteins in the tomography reconstruction, suggesting specifi c interactions between the 
RNP complexes and the cytoplasmic tails of the glycoproteins (Huiskonen et al.  2009  ) . 

 In spite of the overall similarity, some differences are observed in the two Phlebovirus structures, 
such as the morphologies of glycoprotein capsomers, pH sensitivities, and RNP–glycoprotein inter-
actions (Fig.  11.1a–c ). The shape of RVFV capsomers resembles hollow cylinders, whereas the 
shape of UUKV capsomers resembles spikes. The RVFV capsomers protrude 9 nm from the mem-
brane, shorter than the 13 nm for UUKV capsomers. This difference could be explained by the larger 
molecular mass of the glycoproteins of UUKV (Gn = 75 kDa; Gc = 65 kDa) compared to those of 
RVFV (Gn = 54 kDa; Gc = 56 kDa). The RVFV glycoprotein showed little conformational change in 
acidic pH (Huiskonen et al.  2009  ) , in contrast to the pH sensitivity exhibited by the glycoproteins of 
UUKV as discussed above. UUKV glycoproteins were shown to self-assemble to form empty virus-
like particles without the N protein (Overby et al.  2006  ) . For RVFV, however, the N protein and 
possibly also RNAs were required along with the glycoproteins to generate virus-like particles 
(Habjan et al.  2009  ) . It was suggested that the RNPs of RVFV facilitate virion assembly and promote 
virion stability by interacting with the glycoproteins (Huiskonen et al.  2009  ) . This hypothesis was 
supported by the observation that the positions of the membrane-proximal RNP densities colocalize 
with the transmembrane densities of the glycoproteins (Huiskonen et al.  2009  ) . 

 Detailed EM analyses have also been reported for two  Hantaviruses , the Tula virus and the 
Hantaan virus. The heterogeneous nature of Tula virus virions has impeded successful single-particle 
analysis of whole virions. Nevertheless, cryo-EM micrographs revealed regular arrays of the glyco-
protein spikes, suggesting that the spikes on the virion surface were ordered in patches (Fig.  11.1d ). 
The surfaces of the virus particles were covered by many such patches of protruding structures 
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(the “spikes”), with only small areas of the membrane exposed. This observation is consistent with 
the grid-like patterns observed in negatively stained EM images (Martin et al.  1985  ) . Huiskonen et al. 
solved the structure of the Gn–Gc spike complex to 3.6-nm resolution by averaging tomographic 
subvolumes. Each of the spikes has a four-lobed, square-shaped structure that can be conceptually 
divided into fi ve different parts: the four globular densities, the central stalk, the four peripheral 
stalks, the membrane part, and the internal density under the membrane. The four globular “head” 
domains, shown to be a square-shaped and possess a fourfold rotationally symmetric assembly, 
were distal to the membrane. Within the ordered patches on the viral membrane, spike complexes 
interact with each other through specifi c lateral interactions. These interactions may be suffi cient for 
creating membrane curvature during virus budding. The RNPs, identifi ed as either thread-shaped or 
rod-shaped, can be seen almost evenly distributed in the virion and occasionally connected to the 
membrane (Huiskonen et al.  2010  ) . 

 The structure of Hantaan virus reported by Battisti et al. also shows ordered patches of Gn–Gc 
spike complex on the virus surface (Battisti et al.  2011  )  (Fig.  11.1e–j ). Like the Tula virus, the spikes 
on Hantaan virus have a fourfold symmetry. The fourfold averaged Gn–Gc spike complex of the 
Hantaan virus closely resembles that of Tula virus with a correlation of 0.92. The molecular weight 
of the complex was estimated to be 392 kDa, which corresponds to four copies each of Gn and Gc. 
Considering that the four globular densities on top are very similar in shape and size, these densities 
are more likely to represent four heterodimer of Gn–Gc rather than two different homodimers. Rod-
shaped structures, presumably RNPs, are distributed in parallel within the virion, and sometimes in 
close proximity to the membrane, suggesting there might be interactions with the Gn and Gc cyto-
plasmic tails, similar to which was aforementioned in Phleboviruses. Hantaviruses enter cells via  b 3 
integrins, presumably through interactions with the glycoproteins (Gavrilovskaya et al.  1999  ) .  

    11.4   Viral RNA Transcription 

 Bunyaviruses replicate in the host cell cytoplasm. The RNPs released from the infecting virus sup-
port primary transcription, a reaction that is catalyzed by the viral polymerase L associated with the 
RNPs. Viral protein synthesis then allows viral RNA replication, thus generating cRNAs and vRNAs, 
both encapsidated in the form of RNP by interacting with the viral protein N as well as L. Such 
newly assembled RNPs are used for further rounds of mRNA and viral protein synthesis. We will 
discuss bunyavirus RNA replication and transcription in separate sections, as these two processes 
are characterized by different initiation and termination mechanisms. 

 The termini of the three viral RNA segments of bunyaviruses are surrounded by nontranslated 
regions (NTRs). The NTRs contain conserved sequences that exhibit nucleotide complementarity of 
various lengths for each respective S, M, and L segment (Barr and Wertz  2004 ; Kukkonen et al. 
 1998  )  (Fig.  11.2a ). For the  Orthobunyavirus  BUNV, Barr et al. demonstrated that base-pairing 
between the 5 ¢  and 3 ¢  NTRs is required for RNA synthesis. Optimal replication could only be 
achieved by perfect complementarity between the 5 ¢  and 3 ¢  NTRs, except a U–G mismatched pair 
that is conserved among all three segments of viral RNA (Barr and Wertz  2004  ) . While a U is strictly 
needed at the position 9 of the 3 ¢  UTR, the corresponding nucleotide at the 5 ¢  UTR may be varied 
without affecting transcription initiation from the vRNA template (Barr and Wertz  2005  ) . Such ter-
minal nucleotide complementarity allows the 5 ¢  and 3 ¢  NTRs of each viral genomic segment to fold 
into a characteristic “panhandle” hairpin structure (Kohl et al.  2004 ; Mir et al.  2006 ; Mir and 
Panganiban  2004  ) . The panhandle structure distinguishes between viral and nonviral RNAs (Mir and 
Panganiban  2004  ) , and thus may be important for not just transcription initiation but also viral RNA 
replication, viral RNA encapsidation, and viral genome packaging.  

 In addition to the secondary structures, several studies indicated that the primary sequence of 
NTRs is also crucial in determining the promoter strength (Flick et al.  2002 ; Kohl et al.  2004 ; Mir 
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and Panganiban  2005  ) . For instance, Flick et al. created complementary double nucleotide exchanges 
in the NTRs of the  Phlebovirus  UUKV that presumably preserved base-paring between the 5 ¢  and 3 ¢  
ends and thus should have maintained the panhandle structure, yet the RNA synthesis of such mutant 
promoters was abolished. Lastly, the internal nonconserved regions of both UTRs also play a role in 
regulating viral RNA synthesis (Lowen et al.  2005  ) . 

 Considering that the viral genomic RNAs (and also the antigenomic RNAs) are encapsidated in the 
form of RNPs and that the N protein has rather strong specifi c/nonspecifi c RNA-binding 
activities, the exact structure and property of the panhandle in the context of the RNP is not known 
and may deviate from those structures observed in vitro in the absence of N. It is also possible that the 
nonspecifi c RNA chaperone activity of N allows transient dissociation of misfolded RNA structures, 
thus facilitating the formation of correct higher-order RNA structures that are needed for viral RNA 
transcription/replication (Mir and Panganiban  2006a  ) . It has been shown that the hantavirus N protein, 

a

b

c

  Fig. 11.2    The NTRs of bunyaviruses. ( a ) BUNV S, M, and L genomic RNAs. Only the fi rst 25 nts of both 5 ¢  and 3 ¢  
termini of each segment are shown. The fi rst 11 nts of both 5 ¢  and 3 ¢  termini of all three segments are base-paired and 
conserved ( boxed  sequence), except for a conserved mismatch U–G. The variable complementary region of each seg-
ment is shown in  shaded  sequence. ( b ,  c ) The prime-and-realign mechanism for  Hantavirus  transcription (mRNA) 
and genome replication (vRNA and cRNA). The 3 ¢  end is shown as the  top  strand. ( b ) The capped nonviral primer 
with a terminal G initiates transcription by fi rst forming a base pair with the third C on the template. After synthesis 
of a few oligonucleotides, the nascent RNA slips three nucleotides backward. The original priming G now becomes 
an overhang, and the newly synthesized G forms a base pair with the third C of the template. This slipping process is 
dubbed as “realignment,” which creates repetitive sequences at the 5 ¢  end. ( c ) Similar prime-and-realign mechanism 
is also proposed for genomic and antigenomic syntheses, except that the genome chain is initiated with a GTP and a 
cleavage step occurs to remove the overhanging pppG, leaving a monophosphorylated U at the 5 ¢  end. Figures are 
adapted and modifi ed from Barr and Wertz  (  2004  ) , Garcin et al.  (  1995  ) , and Kukkonen et al.  (  2005  )  with permission       
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in the form of a trimer, specifi cally recognizes and unwinds the terminal panhandle structure in the 
viral RNA (Mir and Panganiban  2004,   2006b  ) . The stoichiometry calculation indicated that a single 
N trimer interacts with a single panhandle (Mir and Panganiban  2005  ) . Such panhandle–N protein 
interactions are also genus-specifi c, that is, hantavirus N bound to hantavirus panhandle with high 
affi nity but with much reduced affi nity to panhandles from other genera (Mir et al.  2006  ) . Following 
panhandle dissociation, the nucleocapsid protein may remain associated with the unwound 5 ¢  
terminus of the viral RNA, allowing transcription to start at the 3 ¢  end (Mir and Panganiban  2006b  ) . 

 Like infl uenza A virus (FluA) messengers, the mRNAs of all members of  Bunyaviridae  contain a 
nonviral heterogeneous sequence at the 5 ¢  end that varies from 5 to 20 nucleotides (nts) in length 
(Bishop et al.  1983 ; Bouloy et al.  1990 ; Collett  1986 ; Eshita et al.  1985 ; Ihara et al.  1985 ; Jin and 
Elliott  1993a,   b ; Kormelink et al.  1992 ; Patterson and Kolakofsky  1984 ; Simons and Pettersson  1991 ; 
Vialat and Bouloy  1992  ) . These heterogeneous oligonucleotide sequences, together with the 5 ¢  cap, 
are derived from host mRNAs through a process called cap snatching, by the endonuclease activity 
associated with the RdRp/L protein (Patterson et al.  1984  ) , to initiate viral mRNA synthesis during 
transcription initiation. Examination of various 5 ¢ -capped primers revealed that the polymerase pref-
erably cleaves at certain nucleotides with specifi city varying among the fi ve virus genera (Jin and 
Elliott  1993a,   b ; Simons and Pettersson  1991  ) . For instance, the capped primer of the  Tospovirus  
TSWV is cleaved preferentially at an A residue, which is then base-paired to a U residue at the 3 ¢  end 
of the viral template RNA (Duijsings et al.  2001  ) . Unlike the FluA, which scavenges capped primers 
from cellular pre-mRNAs in the nucleus, bunyaviruses replicate in cytoplasm and thus cleave the 5 ¢  
cap from host cell mRNAs in the cytoplasm (Rossier et al.  1986  ) . Since cellular mRNA degradation 
also occurs in the cytoplasm, specifi cally in the cytoplasmic processing bodies (P bodies), how 
bunyaviruses protect mRNAs from decay and preserve them for cap snatching is an important ques-
tion. Mir et al. discovered that hantavirus N protein accumulates in the P bodies and that N protein 
binds to the 5 ¢  cap with high affi nity (Mir et al.  2008  ) . The cap-binding site and the RNA-binding site 
of N are located in separate regions of the polypeptide, and N can simultaneously bind to both the 
mRNA cap and vRNA. N undergoes distinct conformational changes after binding to either the 
mRNA cap or vRNA or both mRNA cap and vRNA simultaneously (Mir et al.  2010  ) . The conforma-
tionally altered N with a capped primer loaded at the cap-binding site specifi cally binds the nine 
conserved 3 ¢  nucleotides of vRNA and assists the bound primer to anneal at the 3 ¢  terminus, thus 
promoting transcription initiation by the hantavirus RdRp. Therefore, the bunyavirus N protein per-
haps assumes a functional role similar to that of PB2 of the FluA (Panganiban and Mir  2009  ) . 

 Another notable feature of bunyavirus viral mRNAs is the presence of repetitive sequences at its 
5 ¢  end (Garcin et al.  1995 ; Jin and Elliott  1993a,   b  ) . This partial reiteration of the 5 ¢ -terminal sequence 
could be explained by the so-called prime-and-realign mechanism. This model was fi rst proposed by 
Garcin et al. from studying RNA synthesis by Hantaan virus (Fig.  11.2b ) (Garcin et al.  1995  ) . 
According to this model, the endonuclease of Hantaan virus cuts the host mRNA preferentially after 
the G nucleotide, which then base pairs with the third nucleotide, C 3 , of the viral RNA template. The 
capped primer undergoes only a brief elongation, from C 3  to C 6 . This nascent RNA slips three nucle-
otides backward and “realigns” with the original C 3  nucleotide before the completion of fi nal elonga-
tion. A similar slippage mechanism is also proposed to describe the initiation of RNA synthesis for 
arenaviruses (Garcin and Kolakofsky  1990,   1992  ) . 

 Unlike many other negative-stranded RNA viruses, the mRNAs of bunyaviruses do not contain a 
poly(A) tail that is generated by reiterative copying of a poly(U) tract near the 5 ¢  end of the viral 
RNA template. Indeed, no such U-rich sequences have been universally identifi ed in bunyaviruses. 
The transcription signals of bunyaviruses have been found to assume many different forms that are 
either sequence-dependent or structure-dependent. These termination signals are generally located 
some 100 nts upstream of the 3 ¢  end of the genomic templates, depending on the RNA segments 
(Bouloy et al.  1990 ; Collett  1986 ; Eshita et al.  1985 ; Jin and Elliott  1993a  ) . Some of the sequence-
induced terminations include a U-rich motif for the M mRNA and a C-rich motif for the S mRNA of 
SNV (a hantavirus) (Hutchinson et al.  1996  ) , and a purine-rich region for M mRNA of RVFV 
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(a Phlebovirus) (Collett  1986  ) . The termination signal for Bunyamwera virus S mRNA is a 33-nt 
sequence residing in the 5 ¢  NTR of the S segment. Two nucleotide motifs within this region, 
3 ¢ -GUCGAC-5 ¢  and 3 ¢ -UGUCG-5 ¢ , assume critical roles in signaling termination (Barr et al.  2006  ) . 
RNA secondary structures are also believed to be involved in the transcription termination of the 
ambi-sense gene segments of Phleboviruses and Tospoviruses. For example, in the intergenic region 
of Punta Toro virus (PTV), a Phlebovirus, S segment contains a long, inverted complementary 
sequence that has been identifi ed to be an important region in terminating mRNA transcription 
(Emery and Bishop  1987  ) . It is predicted that this inverted complementary sequence could poten-
tially fold into a hairpin structure, causing the viral polymerase to stall and then dissociate from the 
template. Similar stable hairpin structures are also predicted to exist in the intergenic A/U-rich 
region of the S segment of TSWV, a Tospovirus (de Haan et al.  1990  ) . 

 The mechanism for bunyavirus transcription initiation and termination is summarized below, 
using hantavirus as an example. At the onset of transcription, the trimeric N protein not only 
mediates the formation of but also directly binds to the panhandle structure through the base 
paring of the 5 ¢  and 3 ¢  NTRs of vRNA. Concurrently, other N protein also binds to the 5 ¢  cap of 
the cellular mRNA, which is then cleaved by the polymerase through its endonuclease activity. 
   Subsequently, the N protein unwinds and dissociates the panhandle, while remains attached to the 
5 ¢  end of the viral RNA. The cleaved nonviral capped primer is then base-paired to the viral RNA 
template, and the viral polymerase L proceeds with elongation until it reaches the transcription 
termination signal (Panganiban and Mir  2009  ) .  

    11.5   Translation-Coupled Transcription 

 A unique feature of bunyavirus replication is the coupling of its transcription and translation pro-
cesses. A number of studies have reported that the mRNA synthesis of several bunyaviruses bunya-
virus was abolished in the presence of protein-synthesis inhibitors, such as puromycin and 
cycloheximide (Abraham and Pattnaik  1983 ; Patterson and Kolakofsky  1984 ; Vialat and Bouloy 
 1992  ) . Bellocq et al. fi rst proposed a possible mechanism for the two concurrent processes (Fig.  11.3 ) 
(Bellocq et al.  1987  ) . Multiple transcriptional termination signals reside within the genomic coding 
sequence. The nascent mRNA can hybridize to the template at these sites, causing the polymerase to 
stall, and thus premature termination occurs. However, translocating ribosomes, which trail behind 
polymerase, prevent RNA interactions during transcription until they reach the authentic termination 
sequence located in the 5 ¢  NTR (Fig.  11.3a ). Therefore, translating ribosomes suppress these spuri-
ous termination signals. In the absence of translocating ribosomes, as induced by puromycin and 
cycloheximide, the premature termination signals become active, resulting in the synthesis of trun-
cated transcripts and a fatal loss of gene expression (Fig.  11.3b ). Interestingly, edeine, another pro-
tein-synthesis inhibitor, did not cause premature termination of mRNA synthesis (Vialat and Bouloy 
 1992  ) . This was presumably because edeine was not able to block the migration of 40S ribosomal 
subunit along the mRNA chain (Kozak and Shatkin  1978  ) . This translation-coupled transcription 
model was recently verifi ed by Barr (Barr  2007  ) . Using reverse genetics, translation stop codons 
were introduced into the gene segment to prevent ribosome translocation along nascent mRNAs. As 
expected, mRNA transcription was prohibited. However, when additional nucleotides were inserted 
or deleted prior to the translation stop codon, rendering the reading sequence “out-of-frame,” the 
transcription activity was restored. This suggests that sequence modifi cation allows the ribosomes to 
translocate across the translation stop codons (Barr  2007  ) . In conclusion, the transcription of bunya-
virus relies on ongoing protein synthesis due to the translocation of ribosomes. Although such cou-
pling between transcription and translation is well documented in prokaryotic systems (Roland et al. 
 1988  ) , this was the fi rst report that this type of obligatory coupling also exists in eukaryotic cells.   
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    11.6   Viral RNA Replication 

 During replication, antigenomic RNAs (cRNAs) are fi rst synthesized and then used as template to 
generate progeny genomic RNAs (vRNAs). Replication effi ciency of the three RNA segments 
appears to vary. Studies on the  Orthobunyavirus  BUNV have indicated that the relative level of rep-
lication of the three segments is M > L > S. Through direct RNA analysis, Barr et al. was able to 
distinguish between template activities that affected either RNA replication or mRNA transcription 
(Barr et al.  2003  ) . Exchange of segment-specifi c terminal nucleotides identifi ed that a 12-nt region 
located within both the 3 ¢  and 5 ¢  termini of the M segment plays a major role in determining its high 
replication ability. A comparison of the nucleotide sequences of the fi rst 23 nts of the M and S seg-
ments indicates that the M segment termini exhibit a greater extent of terminal complementarity than 
between those of the S segment (18 and 16 nt, respectively). Therefore, it is possible that this 
increased complementarity infl uences the replication ability of these segments. In addition, sequences 
outside the exchanged region likely contribute to the greater replication ability of a gene segment as 
well (Barr et al.  2003  ) , a phenomenon that has also been observed for the transcription of the BUNV 
genes (Lowen et al.  2005  ) . 

 Analyses of both cRNAs and vRNAs of bunyaviruses show the lack of cap structure and nonviral 
sequences at the 5 ¢  terminus (Bishop et al.  1983 ; Eshita et al.  1985 ; Garcin et al.  1995 ; Obijeski et al. 
 1980  ) . This indicates a switch from the primer-dependent mRNA transcription to the nonprimed 
full-length cRNA and vRNA replication, although the mechanism still remains undefi ned. This 
switch presumably involves some viral and host factors that are needed to suppress transcription 

  Fig. 11.3    Model for  Bunyaviridae  translation-coupled transcription. The transcriptional termination signals in the 
coding region and in the NTRs are shown as  stop signs . ( a ) A typical translation-coupled transcription. While RdRp 
are synthesizing mRNA, ribosomes are trailing behind to synthesize viral proteins. The translocating ribosomes 
prevent nascent mRNA from interacting with template. Once reaching the termination signal in the NTR, translation 
stops (represented by a UAA stop codon), allowing RNA interactions to occurs (shown as a  loop ). Consequently, 
RdRp disengages. ( b ) When translocation of ribosomes are inhibited by chemicals such as puromycin and cyclohex-
imide (represented by a UAA stop codon), the nascent mRNA hybridizes to its template at the internal transcriptional 
termination sites, causing the polymerase to stall and thus resulting in premature transcription termination. Figures are 
adapted and modifi ed from Barr  (  2007  )  with permission       
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initiation as well as premature termination. It has been observed that the nonstructural protein NSs 
of RVFV binds to the p44 subunit of TFIIH, a transcription factor, causing the attenuation of host 
mRNA transcription. The lack of cellular primers due to strong transcription inhibition, as specu-
lated by Le May et al., would drive nonprimed RNA replication of RVFV. In other words, TFIIH 
concentration may modulate the balance between transcription and replication (Le May et al.  2004  ) . 
Bunyavirus genome replication is sensitive to translational inhibitors such as cycloheximide 
(Eshita et al.  1985 ; Ihara et al.  1985  ) , indicating that continuous protein synthesis is required. It is 
likely that the synthesis of the viral N protein is required for genome replication, as described for 
other negative-strand RNA viruses such as the rhabdovirus and FluA (Schmaljohn and Nichol  2007  ) . 
Encapsidation by N may help to keep templates/products in a linear, nonstructured form, thus allowing 
full-length genome synthesis. 

 A “prime-and-realign” model is also proposed for the nonprimed replication of hantavirus vRNA 
and cRNA, similar to that for transcription. Sequence studies have shown that vRNAs contain uri-
dine monophosphates and not triphosphates at the 5 ¢  termini (Garcin et al.  1995  ) . This is explained 
by the similar polymerase slippage mechanism (Fig.  11.2c ). First, a guanosine triphosphate (pppG) 
base-pairs with the third nucleotide, C 3 , of the template. After synthesizing for a few nucleotides, the 
polymerase slips backward and realigns the nascent RNA. As a result, the priming pppG overhangs 
the template. The endonuclease activity of polymerase then removes the overhanging pppG, leaving 
a monophosphorylated uridine at the 5 ¢  end (Garcin et al.  1995  ) . The elongation continues to gener-
ate full-length copies of genomic or antigenomic segments. 

 Preserving the sequence integrity of the terminal sequence during genome replication, especially 
the NTRs, is vital since NTRs contain important signals for RNA and protein syntheses. Walter and 
Barr recently discovered that the RdRp of BUNV is capable of correcting sequence alternations to 
the NTRs (Walter and Barr  2010  ) . When an intact NTR was introduced into the antigenomic 3 ¢  end, 
it was precisely removed, and the impaired RNA synthesis that resulted from the NTR addition was 
restored. Likewise, when nucleotides were deleted from the antigenomic 3 ¢  end and replaced with a 
duplicate and intact NTR, the inserted NTR was removed and the missing nucleotides were rein-
stated. Furthermore, Walter and Barr demonstrated that the repair of NTRs is likely accomplished by 
direct entry of the RdRp into the internal NTRs during replication (Walter and Barr  2010  ) . However, 
the precise repair mechanism employed by RdRp remains unclear at this point.  

    11.7   The RNA Synthesis Machinery 

 It is well established that both the L protein and the N protein of bunyavirus are essential compo-
nents for viral RNA synthesis, that is, replication and transcription (Accardi et al.  2001 ; Blakqori et al. 
 2003 ; Dunn et al.  1995 ; Flick and Pettersson  2001 ; Jin and Elliott  1993a ; Kariwa et al.  2003 ; 
Lopez et al.  1995  ) . Using reporter gene expression, it was found that heterogeneous L and N proteins 
are capable of transcribing heterologous RNA templates from related viruses from the same genera, 
although the effi ciency may be reduced (Accardi et al.  2001 ; Dunn et al.  1995  ) . Blakqori et al. also 
found that the ratio between L and N proteins is critical to the replication activity, with too much of 
either protein resulting in the reduction of polymerase activity (Blakqori et al.  2003  ) . 

 Confl icting results have been reported on the involvement of the nonstructural protein NSs in the 
RNA synthesis. While some showed that the co-expression of NSs protein had little effect on RNA 
replication or transcription when using the  Phlebovirus  RVFV and UUKV minigenome system 
(Flick and Pettersson  2001 ; Lopez et al.  1995  ) , others noted a signifi cant enhancement of minige-
nome RNA replication and transcription following NSs coexpression (Ikegami et al.  2005  ) . On the 
other hand, inhibitory viral RNA synthesis resulting from NSs coexpression has been observed for 
BUNV and LACV from the  Orthobunyavirus  genus (Blakqori et al.  2003 ; Weber et al.  2001  ) . 
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This may imply different biological roles for NSs proteins from different genera of  Bunyaviridae  
(Ikegami et al.  2005  ) . Indeed, the size of NSs ranges from 10 kDa for  Orthobunyavirus  to more than 
50 kDa for  Tospovirus ; hence, the different activities reported for this protein are perhaps not surpris-
ing. Host cell factors may also contribute to bunyavirus RNA synthesis. For  Tospovirus  TSWV, a 
host protein called FoTF ( Frankliniella occidentalis  transcription factor) from its insect vector is able 
to bind to both the viral RdRp and to viral RNA. Using in vitro RNA synthesis assays, it was shown 
that addition of purifi ed FoTF improves viral replication but not transcription (de Medeiros et al. 
 2005  ) . 

    11.7.1   Protein L: The Viral RNA-Dependent RNA Polymerase 

 The protein L of bunyaviruses is a multifunctional protein consisting of a single polypeptide that 
varies from ~2,000 amino acid residues (in  Hantavirus  and  Phlebovirus ) to ~4,000 residues (in 
 Nairovirus ) in length. A core polymerase domain has been identifi ed near the middle of the L poly-
peptide with all fi ve polymerase motifs that are known to conserve among viral RdRps (Kukkonen et al. 
 2005  ) . In addition to the core polymerase domain, an endonuclease domain has also been identifi ed 
in all bunyavirus L proteins (Reguera et al.  2010  ) . As in infl uenza viruses, the endonuclease activity 
is used for cap snatching during transcription initiation. The endonuclease domain has been shown 
to locate at the N-terminus of the L protein of all bunyaviruses except for nairoviruses. In nairovi-
ruses, which have an L protein nearly twice as other known L proteins, an ovarian tumor (OTU)-like 
protease motif has been identifi ed at the N-terminus of their L proteins (Honig et al.  2004  ) . The OTU 
domain of the  Nairovirus  CCHFV has been shown to be a functional protease (Bergeron et al.  2010  ) . 
However, no evidence of L protein autoproteolytic processing is found, and the OTU protease activ-
ity is dispensable for virus RNA replication (Bergeron et al.  2010  ) . Bunyavirus L protein may also 
harbor a cap-binding activity like the infl uenza virus polymerase protein PB2. However, the cap-
binding domain, which is needed for the recognition of mRNA cap for cap snatching, has not yet 
been mapped to the L polypeptide sequence. Alternatively, for hantaviruses, the cap-binding activity 
may be supplied by the N protein, which has been shown to bind the cap with high affi nity (Mir et al. 
 2008 ; Mir and Panganiban  2008  ) . It has been shown that the  Phlebovirus  RVFV L protein formed an 
oligomer, and the N- and C-terminal regions of L are involved in L oligomerization (Zamoto-
Niikura et al.  2009  ) . In general, biochemical characterization of the L protein activities is lacking 
presumably due to its large size and hence the associated challenges in expressing and isolating the 
protein in large quantities. 

 Recently, the crystal structure of an endonuclease domain from a bunyavirus L protein was deter-
mined (Reguera et al.  2010  ) . The endonuclease activity site of the  Orthobunyavirus  LACV resides 
in the N-terminal region of its RdRP/L protein. The topology of the LACV endonuclease domain, 
encompassing residues 1–183, bears close resemblance to that of the FluA PA (Dias et al.  2009 ; 
Yuan et al.  2009  ) , with a twisted plane of antiparallel  b -strands surrounded by  a -helices (Fig.  11.4 ). 
Two manganese ions are found in the 2,4-dioxo-4-phenylbutanoic acid (DPBA, a known 
endonuclease inhibitor)-bound protein (Fig.  11.4b ). These two ions are coordinated by two sets of 
residues: His34, Asp79, and Asp92 for one, and Asp52 and Asp79 for the other (Fig.  11.4b ). In the 
presence of divalent cations (e.g., Mn, Co, Zn, and Ni), LACV N-terminal domain is capable of 
digesting ssRNA, ssDNA, and even some highly structured RNA. Mutation of amino acid residues 
at the active site resulted in the loss of nuclease activity for the isolated LACV endonuclease domain. 
Similarly, a loss of transcriptional activity was observed in an in vivo RNP reconstitution system 
when the identical point mutations were made in the context of the full-length LACV L protein. 
Structure-based sequence alignment reveals that a similar endonuclease motif exists at the N-terminus 
of L or PA proteins of essentially all known negative-strand and cap-snatching segmented RNA 
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viruses, including arenaviruses (2 segments), bunyaviruses (3 segments), Tenuiviruses (4–6 
segments), and orthomyxoviruses (6–8 segments) (Reguera et al.  2010  ) .   

    11.7.2   Protein N: The Viral Nucleoprotein 

 The size of the N proteins from different genera of the  Bunyaviridae  family varies from 19–30 kDa 
( Orthobunyavirus ,  Phlebovirus , and  Tospovirus ) to 48–54 kDa ( Hantavirus  and  Nairovirus ). 
Although the sequences of N proteins from the same genera are clearly related, the sequence identity 
is generally poor among different genera. Despite their sequence variations, all bunyavirus N pro-
teins possess two universal properties: homotypic oligomerization and nonspecifi c RNA binding, 
both required for their ability to encapsidate viral genomic and antigenomic RNAs. 

  Fig. 11.4    Crystal structure of the N-terminal domain of the La Crosse virus (LACV) L protein and the infl uenza A 
virus PA. ( a ,  c )  Ribbon diagram  showing the endonuclease domain structure of LACV (PDB ID 2XI5) and infl uenza 
A/H3N2 (PDB ID 2W69). Manganese ions are shown as  pink spheres . Corresponding helices and strands are labeled. 
( b ,  d ) Endonuclease active sites of both proteins. DPBA-bound LACV N-terminal L protein is depicted in ( b ). For 
LACV L, the fi rst manganese ion is coordinated by His34, Asp79, and Asp92; the second ion is coordinated by Asp52 
and Asp79. For Infl uenza A PA, the fi rst manganese ion is coordinated by His 41, Asp 108, Glu119, and Ile120; the 
second ion is coordinated by Glu80 and Asp108. The catalytic lysine residue is Lys94 for LACV L and Lys134 for 
infl uenza A PA. Figures are adapted from Reguera et al.  (  2010  )  with permission       
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 The crystal structure of the protein N of the RVFV (genus  Phlebovirus ), the fi rst atomic structure 
of any of the bunyavirus N proteins, was solved to 1.9 Å recently (Raymond et al.  2010  ) . The full-
length RVFV N is a 27-kDa protein of 245 residues. Overexpressed N was purifi ed in complex with 
host nucleic acids and had to be denatured to obtain RNA-free N for crystallization. The refolded 
RVFV N protein was crystallized as pairs of symmetric dimers (i.e., tetramers). N protein tetramers 
have also been previously observed for the  Orthobunyavirus  BUNV (Mohl and Barr  2009 ; 
Rodgers et al.  2006  ) . The RVFV N protein adopts a compact helical structure with 12 helices 
(Fig.  11.5a ). Similar to other −ssRNA virus N protein, each RVFV N protein contains two lobes, the 
N-terminal and C-terminal domains, each containing one central helix surrounded by either four or 
fi ve other helices. The two domains are connected by a linker helix,  a 7 (residues 112–121). 
Interestingly, the protein fold of these two domains is novel, different from the N protein folds of all 
other segmented or nonsegmented −ssRNA viruses [e.g., respiratory syncytial virus (RSV) 
(Tawar et al.  2009  ) , FluA (Ye et al.  2006  ) , rabies virus (RV) (Albertini et al.  2006  ) , vesicular stoma-
titis virus (VSV) (Green et al.  2006  ) , and Borna disease virus (BDV) (Rudolph et al.  2003  ) ].  

  Fig. 11.5    ( a ) Crystal structure of the Rift Valley fever virus (RVFV) N. The  ribbon diagram  is rainbow-colored from 
 blue  at the N terminus to  red  at the C terminus. Helix  a 7 bridges the N-terminal and C-terminal domains. 
( b ) Electrostatic surface potential of RVFV N. The negatively charged surface is colored in  red , and positively charged 
surface is colored in  blue . The orientation of the surface representations corresponds to that of the  ribbon diagrams , 
with N-terminal domain colored in  blue , C-terminal domain colored in  green , and the linking helix in  pink . ( c ) Three-
dimensional model of a hantavirus N trimer EM reconstruction from a negatively stained sample. Three N monomers 
(in  red ,  blue , and  yellow ) interact through oligomerization domains in the N-terminal region (coiled coil) and 
C-terminal region (helix–loop–helix). The central cavity (indicated by a  white arrow ) is speculated to be the RNA-
binding domain. ( d ) Crystal structure of the N-terminal fragment (residues 1–75) of the Sin Nombre virus (SNV). The 
fragment adopts an  a -helical coiled coil structure. Figures are adapted from Raymond et al.  (  2010  ) , Kaukinen et al. 
 (  2004,   2005  ) , and Boudko et al.  (  2007  )  with permission       
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 The oligomerization and RNA binding of N proteins of RVFV and members of  Orthomyxoviridae  
(FluA) and  Mononegavirales  (BDV, RV, RSV, and VSV) are achieved via different mechanisms. The 
observation that RVFV N protein crystallized into symmetrical dimers is consistent with its behavior 
in solution, as the oligomeric species for  Phlebovirus  N protein is predominantly homodimer or 
multimer of two, for example, UUKV (Katz et al.  2010  )  and RVFV (Le May et al.  2005  ) , although 
other high oligomers were also observed. The overall structure of RVFV N protein shows no promi-
nent protrusions at both termini, and there is no structural exchange between the two RVFV N 
monomers, distinctly different from other −ssRNA viruses. The dimeric interface is mainly sus-
tained by hydrophobic interactions between helices from the N-terminal domain and a salt bridge at 
the C terminus. Indeed, mutation of the hydrophobic Trp125 and the disruption of the salt bridge led 
to impaired transcriptional activities (Raymond et al.  2010  ) . Le May et al. also demonstrated that the 
fi rst 71 amino acids are involved in the RVFV N–N interaction, in particular Tyr4 and Phe11 
(Le May et al.  2005  ) . 

 In addition, Raymond et al. postulate that the N-terminal domain of RVFV may be involved in 
RNA binding, as it has a higher isoelectric point and a more positively charged surface than its 
C-terminal domain (Fig.  11.5b ) (Raymond et al.  2010  ) . No cleft is found between the N- and C-lobes 
of the RVFV N protein. How the RVFV N dimer relates to high-order oligomers, where the exact 
RNA-binding site is located, and whether RNA binding would induce conformational change of N 
protein remain to be determined. To date, the only three atomic structures of N in complex with RNA 
are from the rhabdoviruses RV and VSV and the paramyxovirus RSV. Each N protein of RV, RSV, 
and VSV associates with 9, 7, and 9 nts, respectively. These N–RNA complex structures reveal that 
the RNA chain wrapped tightly around the deep positively charged grooves, in between the N- and 
C-lobes of N proteins (Albertini et al.  2006 ; Green et al.  2006 ; Tawar et al.  2009  ) . 

 In addition to Phleboviruses, homotypic interactions of N were also noted for orthobunyaviruses, 
for example, BUNV (Eifan and Elliott  2009 ; Leonard et al.  2005 ; Mohl and Barr  2009 ; Rodgers et al. 
 2006  ) , and Tospoviruses, for example, TSWV (Kainz et al.  2004 ; Snippe et al.  2005 ; Uhrig et al. 
 1999  ) . The N–N interaction interface of BUNV has been mapped to N-terminal region (residues 
1–10), a small middle region (residues 94–158), and C-terminal region (residues 217–233) (Eifan 
and Elliott  2009 ; Leonard et al.  2005  ) . Similar fi ndings have been reported for TSWV: both N- and 
C-termini (residues 1–39 and residues 233–248) together with some discrete middle regions are 
involved in the homotypic interaction or multimerization of the N protein (Kainz et al.  2004 ; 
Uhrig et al.  1999  ) . A “head-to-head-and-tail-to-tail” type of interaction and a “head-to-tail” model 
have been proposed for the BUNV and the TWSV N proteins, respectively. 

 Hantavirus N protein, which is perhaps the most extensively studied of this group, exhibits sev-
eral unique features compared to those discussed above. First, the size of the Hantavirus N protein 
is approximately twice that of  Phlebovirus  and  Orthobunyavirus  with little sequence homology. 
Second, chemical cross-linking studies showed that the predominant oligomeric species of  Hantavirus  
N protein is a trimer (Alfadhli et al.  2001 ; Kaukinen et al.  2001  ) , which likely serves as the assembly 
intermediate of the RNP. In contrast, the main oligomeric states for  Phlebovirus  and  Orthobunyavirus  
N are dimers and tetramers, respectively. Nevertheless, like N proteins from other bunyaviruses, the 
N–N interface of Hantavirus has been shown to reside on both terminal ends. The current under-
standing of hantavirus N is that trimerization is achieved by “head-to-head” and “tail-to-tail” inter-
actions, as supported by a three-dimensional EM reconstruction of a trimer, in which the three 
subunits are attached in parallel to each other on both ends (Fig.  11.5c ) (Kaukinen et al.  2004  ) . 
Hantavirus N protein has a curved structure, and the central cavity formed between the N- and 
C-terminal domains of the N monomers was postulated to bind viral RNA (Xu et al.  2002  ) . The 
crystal structure of a hantavirus N-terminal peptide (residues 1–75/93) shows that each polypeptide 
consists of two  a -helices (residues 1–34 and 38–75) that form an antiparallel coiled coil, with two 
N-terminal polypeptides related by noncrystallographic symmetry forming a dimer (Fig.  11.5d ) 
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(Boudko et al.  2007  ) . While the crystal structure of this N-terminal peptide supports the “head-to-
head” interaction model, it does not describe how the peptides interact with each other in the trimeric 
association.   

    11.8   Ribonucleoprotein Assembly 

 The genomic and antigenomic segments of bunyaviruses are encapsidated by the virus-encoded 
nucleocapsid (N) protein and associated with the RdRp or L protein to form RNPs, which are respon-
sible for viral RNA synthesis and genome packaging. EM has been used to study the morphology of 
RNPs from various members of the  Bunyaviridae  family (Booth et al.  1991 ; Fontana et al.  2008 ; 
Huiskonen et al.  2010 ; Mohamed  1981 ; Obijeski et al.  1976 ; Pettersson and von Bonsdorff  1975 ; 
Raymond et al.  2010  ) . Regardless of the virus origin, bunyavirus RNP seems to share very similar 
morphology: circular, convoluted, and supercoiled (Fig.  11.6 ). The irregular-shaped RNPs have 
string- or thread-like appearances and lack any well-defi ned symmetry. The length of RNPs also 
varies signifi cantly, presumably depending on the length of associated RNA. At high magnifi cation, 
the RNP fi laments appear as “strings of beads” (Fig.  11.6c ). Since no high resolution EM recon-
struction is yet available, it is diffi cult to discern what oligomerization states the N protein adopts in 
the RNP structure.  

 Questions associated with RNP encapsidation include how N differentiates between viral versus 
nonviral RNAs, what regions of the viral RNAs are involved in encapsidation, what elements confer 
N–RNA binding specifi city, and which part of N is essential in interacting with viral RNAs. As pre-
viously mentioned, the Hantavirus N trimer is able to discriminate between viral and nonviral RNAs 
(Mir and Panganiban  2004  ) . Several studies have attributed the 5 ¢  end of genomic and antigenomic 

  Fig. 11.6    Electron micrographs of RNP from ( a ) La Crosse virus (LACV), an Orthobunyavirus, ( b ) Uukuniemi virus 
(UUKV), a Phlebovirus, and ( c ) Rift Valley fever virus (RVFV), a Phlebovirus. All RNPs have irregular-shaped, cir-
cular, convoluted, and string/thread-like appearance. Figures are adapted from Obijeski et al.  (  1976  ) , Pettersson and 
von Bonsdorff  (  1975  ) , and Raymond et al.  (  2010  )  with permission       
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RNAs to be the region responsible for specifi c binding to N (Mohl and Barr  2009 ; Ogg and Patterson 
 2007 ; Osborne and Elliott  2000 ; Severson et al.  2001  ) . Using competitive RNA-binding assays, 
Osborne et al. showed that orthobunyavirus BUNV N exhibits preferential binding toward the fi rst 
32 nts at the 5 ¢  terminus of its S segment (Osborne and Elliott  2000  ) . Likewise, Mohl et al. deter-
mined that the minimal sequence requirement for BUNV encapsidation is 17 nts within the genomic 
5 ¢  NTR and 18 nts within the antigenomic 3 ¢  NTR (Mohl and Barr  2009  ) . Consistent fi ndings are 
also reported for another member of the  Orthobunyavirus  genus, Jamestown Canyon virus (JCV). 
Interestingly, when placing portions of 5 ¢  vRNA or 3 ¢  vRNA sequence in the nonviral RNAs, the 
modifi ed nonviral RNAs would attain comparable binding potential as their wild-type counterpart 
(Ogg and Patterson  2007  ) . In addition, similar encapsidation signals are found in Hantaan virus 
S-segment vRNA, whose 5 ¢  end is essential for N binding, with the greatest affi nity measured for the 
fi rst 39 nts (Severson et al.  2001  ) . Some of these 5 ¢  end sequences were predicted to form secondary 
structure, for example, stem-loop, which may contribute to preferential binding to N (Mohl and Barr 
 2009 ; Osborne and Elliott  2000 ; Severson et al.  2001  ) . In fact, a purifi ed hantavirus N protein trimer 
was shown to bind tightly to the panhandle structure formed by the complementary 5 ¢  and 3 ¢  termini 
of vRNA (Mir and Panganiban  2004  ) . Mir and Panganiban further demonstrated that the minimal 
size recognized by trimeric N is 23 nts long (Mir and Panganiban  2005  ) . These high-order RNA 
structures are regarded as the encapsidation signals, as both the genomic and antigenomic segments 
are base-paired at the two termini (Raju and Kolakofsky  1989  ) . The common consensus is that only 
vRNAs and cRNAs are encapsidated, but not mRNAs (Kukkonen et al.  2005 ; Schmaljohn and 
Nichol  2007  ) . Since encapsidation depends on both the 5 ¢  viral sequence and the formation of “pan-
handle” between the two complementary termini, the existence of 5 ¢ -capped nonviral primer and the 
truncated 3 ¢  tail may prevent mRNAs from being encapsidated (Mir and Panganiban  2004 ; Osborne 
and Elliott  2000  ) . 

 In order to probe the binding specifi city between BUNV N and RNA, Mohl and Barr stripped 
bound RNAs from the N–RNA complex to analyze their primary sequences and secondary struc-
tures. However, no common sequence motifs and secondary structures were identifi ed in the iso-
lated RNAs. These results suggest that encapsidation of N protein in general does not require 
particular linear sequences or secondary structures (Mohl and Barr  2009  ) . Therefore, a two-step 
model has been proposed for the encapsidation of genomic and antigenomic segments. In the fi rst 
step, N makes specifi c interactions with the 5 ¢  end of vRNA through the stem-loop structure or the 
panhandle structure. Following the initial binding, oligomerization of N takes place. In the second 
step, N oligomers bind nonspecifi cally to the remaining vRNA template (Osborne and Elliott  2000 ; 
Severson et al.  2001  ) . Consequently, the encapsidated genomes and antigenomes are organized into 
RNPs with N proteins bound to RNA at a certain interval. For BUNV, the stoichiometry of the 
N–NRA complex is ~12 nts per N monomer (Mohl and Barr  2009  ) .    This N–RNA stoichiometry, 
nevertheless, is different from that of other negative-sense single-stranded RNA viruses, for example, 
6 nts/N for the paramyxovirus Sendai virus (Egelman et al.  1989  ) , 7 nts/N for the paramyxovirus 
RSV (Tawar et al.  2009  ) , 9 nts/N for the rhabdovirus rabies virus (Albertini et al.  2006  )  and 
VSV (Green et al.  2006  ) , and 24 nts/N for the orthomyxovirus infl uenza A virus 24 nts/N (Ortega et al. 
 2000  ) . 

 The RNA-binding domain of Hantaan virus N protein was fi rst mapped to a central and conserved 
region, amino acids 175–217 (Xu et al.  2002  ) . This RNA-binding domain was later refi ned, and 
amino acids 194–204 were identifi ed as the minimal region for binding (Severson et al.  2005  ) . Site-
directed mutagenesis showed that residues Glu192, Tyr206, and Ser217 are essential for RNA rec-
ognition. Since the crystal structures of the N–NRA complexes of rabies virus, RSV, and VSV 
showed that the positively charged side-chains interact with the phosphate backbone of RNA, the 
positively charged side-chains of Hantaan virus N protein were chemically modifi ed, and it was 
found that positively charged residues, specifi cally lysine residues, distributed from amino acids 
175–429 of the N protein, are required for the N protein–RNA interaction (Severson et al.  2005  ) . 
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The involvement of positively charged residues of the N protein on RNA binding has also been noted 
in other genera of  Bunyaviridae  (Walter et al.  2011  ) . In a recent study, a systematic single mutagen-
esis was conducted on the 15 positively charged and highly conserved residues of  Orthobunyavirus  
BUNV N protein. As a result, Walter et al. identifi ed that a single mutation, R94A, of N resulted in 
the complete loss of its RNA-binding ability (Walter et al.  2011  ) . When tested in a minireplicon 
assay, the transcriptional activity of the R94A mutant was severely impaired while the replication 
remained unaffected. The recombinant virus bearing the R94A mutation was not viable (Eifan and 
Elliott  2009  ) .  

    11.9   N Protein–Mediated Translation Initiation 

 An unusual translation initiation mechanism was recently elucidated for  Hantavirus  soon after the 
surprising discovery of a novel cap-binding activity for its N protein. This mechanism resembles the 
translation initiation found in eukaryotic cells, as illustrated in Fig.  11.7a  (Panganiban and Mir 
 2009  ) . In eukaryotic cells, at the onset of translation, the methionine-charged initiator tRNA is 
loaded onto the small ribosomal unit (40S) along with eIF2, GTP, and eIF3 cluster of peptides to 
form a 43S pre-initiation complex. The eukaryotic mRNA then binds to the small ribosomal subunit 
through the mediation of a cap-binding complex, namely eIF4F, in order to initiate translation. eIF4F 
consists of three proteins, eIF4E, eIF4G, and eIF4A. eIF4E binds to the 5 ¢  cap of the mRNA. eIF4G 
links the 5 ¢  cap to the 43S pre-initiation complex through interactions with eIF4E and eIF3, respec-
tively. eIF4G also binds to poly(A)-binding protein (PABP), which attaches to the 3 ¢  poly(A) tail of 
the mRNA. The 5 ¢ -to-3 ¢  circularized arrangement of mRNA enhances translational effi ciency as 
well as protects both termini from degradation. Lastly, eIF4A is a RNA helicase that presumably 
promotes scanning of the small ribosomal subunit through RNA secondary structure in order to fi nd 
the fi rst start (AUG) codon and allow elongation to commence.  
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  Fig. 11.7    Comparison of the translation initiation machinery between ( a ) a eukaryote and ( b ) a hantavirus. The 43S 
preinitiation complex consists of the small ribosomal subunit 40S, the eIF3 cluster of peptides, and met-tRNA/eIF2/
GTP. This 43S pre-initiation complex is recruited to 5 ¢  cap of mRNA through the mediation of a cap-binding complex 
(eIF4F). eIF4F has three components: eIF4A, eIF4G, and eIF4E. eIF4G also interacts with poly(A)-binding protein 
(PABP), allowing the circularization of mRNA. Once the 43S pre-initiation complex is docked onto the 5 ¢  cap, the 
small ribosomal subunit 40S starts to search for the fi rst start codon, AUG, to initiate protein translation. In Hantavirus, 
studies have shown that its N possesses functions analogous to eIF4A, eIF4G, and eIF4E. Therefore, hantavirus N can 
replace the entire cellular eIF4F complex to directly mediate translation initiation. Figures are adapted from Panganiban 
and Mir  (  2009  )  with permission       

 



262 T.S.Y. Guu et al.

 In a serendipitous discovery, Mir and Panganiban determined that the N protein of  Hantavirus  
can replace the entire cap-binding eIF4F complex (Mir and Panganiban  2008  )  (Fig.  11.7b ). They 
noted that the co-expression of N with various reporter mRNAs resulted in augmented protein 
expression. Subsequent experiments revealed that bunyavirus N possesses intrinsic properties of 
each of the three components of eIF4F. First, N binds to 5 ¢  cap with high affi nity, analogous to 
eIF4E. Although N is capable of facilitating nonviral mRNA translation, it exhibits preferential 
translation for viral mRNA. The cap-binding site of N is distinct from its RNA-binding site (Mir et al. 
 2010  ) . Next, N is shown to directly interact with purifi ed small ribosomal subunit and increases the 
rate of recruitment of the 43S pre-initiation complex onto mRNAs, thus replacing the role of eIF4G. 
Specifi cally, N interacts with the ribosomal protein S19 (RPS19), located at the head region of the 
40S subunit (Haque and Mir  2010  ) . Lastly, N can functionally substitute eIF4A by restoring the 
translational activity of a defective eIF4A mutant (Mir and Panganiban  2008  ) . Taken together, han-
tavirus N is considered a surrogate of the entire eIF4F complex (Panganiban and Mir  2009  ) . 
However, the N-mediated translation initiation does not seem to support the 5 ¢ -to-3 ¢  closed-loop 
formation of the mRNA, unlike its eIF4F-mediated counterpart (Fig.  11.7 ). Indeed, hantavirus 
N protein does not appear to form a stable association with PABP (Mir and Panganiban), and the 
translation of BUNV-like mRNA is independent of PABP (Blakqori et al.  2009  ) . Furthermore, as 
previously described, the transcription of bunyavirus is coupled with its translation. Hence, the cir-
cularization of viral mRNA is unlikely as these two processes cannot be accommodated simultane-
ously. Thus far, the cap-binding activity has only been demonstrated for  Hantavirus  N. It remains to 
be seen whether the N proteins of other bunyaviruses assume a similar role in translation initiation.  

    11.10   Summary 

 Recent advances in the bunyavirus fi eld are starting to project a fascinating picture about their unique 
mechanisms for RNP encapsidation as well as viral RNA replication and transcription supported by 
the viral polymerase L and nucleoprotein N. Due to the substantial diversities in the capsid structure 
and genome coding strategies, it remains to be seen how viruses from the fi ve genera of the 
 Bunyaviridae  family defi ne their replication strategies. Further research is also likely to highlight 
similarities and differences between bunyaviruses and other negative-stranded RNA viruses of both 
nonsegmented (e.g., rhabdoviruses) and segmented genome (e.g., infl uenza viruses) in additional to 
those typical ambi-sense RNA viruses (e.g., arenaviruses).      
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  Abstract   Viral polymerases play a central role in viral genome replication and transcription.  Based 
on the genome type and the specifi c needs of particular virus, RNA-dependent RNA polymerase, 
RNA-dependent DNA polymerase, DNA-dependent RNA polymerase, and DNA-dependent RNA 
polymerases are found in various viruses.  Viral polymerases are generally active as a single protein 
capable of carrying out multiple functions related to viral genome synthesis.  Specifi cally, viral 
polymerases use variety of mechanisms to recognize initial binding sites, ensure processive elonga-
tion, terminate replication at the end of the genome, and also coordinate the chemical steps of nucleic 
acid synthesis with other enzymatic activities.  This review focuses on different viral genome repli-
cation and transcription strategies, and the polymerase interactions with various viral proteins that 
are necessary to complete genome synthesis.   

     12.1   Introduction 

 Viral polymerases play a central role in viral genome replication and transcription. Due to the 
limitations in the genome size that can be packaged in the virus shell, viral polymerases are gener-
ally active as a single protein capable of carrying out multiple functions related to viral genome 
synthesis. Based on genome type and the specifi c needs of particular virus families, viral poly-
merases utilize a variety of mechanisms to ensure complete copy of the genome. In particular, they 
have to recognize initial binding sites, ensure processive elongation, terminate replication at the end 
of the genome, and also coordinate the chemical steps of nucleic acid synthesis with other modifi ca-
tions of the genome. This chapter focuses on different viral genome replication and transcription 
strategies and the polymerase interactions with various viral proteins that are necessary to complete 
genome synthesis. 

    Chapter 12   
 Viral Polymerases       

         Kyung   H.   Choi         
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    12.1.1   Viral Polymerases 

 Several steps in the virus life cycle require the activity of a polymerase. Viruses fi rst need to convert 
their genomes into mRNA that can be translated into viral proteins. Viruses must then synthesize 
identical copies of their genomes for encapsidation into newly assembled virus capsids. The 
requirement for a virus-encoded polymerase for either transcription and/or replication depends on 
the cellular location of genome replication and the nature of the viral genome, i.e., whether it is 
DNA or RNA, double-stranded or single-stranded, or whether it is plus- or minus-sense. Viruses 
that spend their entire life cycle in the cytoplasm do not have access to host polymerases and thus 
need to encode their own polymerases for transcription and replication. In contrast, some small 
DNA viruses that spend their entire life cycle in the nucleus do not need to encode their own poly-
merase, instead relying entirely on host cell machinery for genome replication and mRNA synthe-
sis. Based on the chemical nature of the viral genome, the need for mRNA synthesis, and the 
particular genome replication strategy used, viruses are grouped into seven different classes 
(Baltimore  1971  ) . Figure  12.1  summarizes the seven classes of viruses along with their mode of 
polymerase usage.  

 DNA viruses use DNA as their genetic material, which is generally double-stranded (dsDNA) 
but may also be single-stranded (ssDNA). DNA viruses replicate their genomes using DNA-
dependent DNA polymerases (also called DNA polymerases) and transcribe mRNA using 
DNA-dependent RNA polymerases (also called RNA polymerases). RNA viruses have RNA 
genomes, which can also be either double-stranded (dsRNA) or single-stranded (ssRNA). Single-
stranded RNA genomes can be either plus (+) sense or minus (−) sense. RNA viruses replicate and 
transcribe their genomes using RNA-dependent RNA polymerases. Reverse-transcribing viruses 
replicate using reverse transcription, a process for making DNA from RNA templates. Their genomes 
can be either RNA or DNA. Retroviruses are ssRNA viruses that replicate through a DNA intermedi-
ate, thus requiring a virus-encoded RNA-dependent DNA polymerase (reverse transcriptase). 
Hepatitis B virus is a dsDNA virus that replicates through an RNA intermediate using a virally 
encoded reverse transcriptase. Thus, all four possible types of polymerases, i.e., RNA-dependent 

mRNA

dsDNA

rt

rt

RdRp RdRp

DdRp rt

RNA viruses Reverse transcribing virusesDNA viruses

ssDNA virus    dsDNA virus      (+) ssRNA virus    (-) ssRNA virus     dsRNA virus      ssRNA-rt virus    dsDNA-rt virus

ssDNA                  dsDNA              (+) ssRNA              (-) ssRNA               dsRNA              (+) ssRNA           dsDNA

dsDNA                          (-) ssRNA              (+) ssRNA                          RNA/DNA
RdRp

RNA/DNArt

DdRp

DdRp

  Fig. 12.1    Baltimore virus classifi cation scheme based on genome type and method of mRNA synthesis (Baltimore 
 1971  ) . The seven virus classes are DNA (ssDNA and dsDNA), RNA (plus-sense (+) ssRNA, minus-sense (−) ssRNA, 
and dsRNA), and reverse-transcribing (ssRNA-reverse transcribing (rt) and dsDNA-rt) viruses. Viral genome 
transcription and replication steps are shown as  blue  and  black arrows , respectively. The steps that viral polymerases 
catalyze are indicated with RNA-dependent RNA polymerase (RdRp), reverse transcriptase (rt), DNA-dependent 
DNA polymerase (DdDp), and DNA-dependent RNA polymerase (DdRp). Viral plus-sense RNA can serve as an 
mRNA and does not require modifi cation for transcription. Note that many eukaryotic dsDNA viruses do not encode 
a viral polymerase and instead use cellular enzymes in the nucleus for viral genome transcription and replication       
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RNA polymerases, RNA-dependent DNA polymerases, DNA-dependent RNA polymerases, and 
DNA-dependent DNA polymerases, are found in viruses. RNA-dependent RNA polymerases and 
reverse transcriptases are unique to viruses since the host cell does not require the RNA replication 
or reverse transcription.  

    12.1.2   Catalytic Mechanism 

 The main function of a polymerase is to copy a template nucleic acid strand to produce a daughter 
strand. Hence, the primary catalytic activity of a polymerase is to transfer a nucleotidyl moiety of an 
incoming nucleoside triphosphate (NTP) that is complementary to the template strand to the 
3 ¢ -hydroxyl end of a growing daughter strand of RNA or DNA (Throughout the remainder of the 
text, NTP refers to either rNTP or dNTP unless specifi ed). Two divalent metal ions, such as Mg 2+  or 
Mn 2+ , are required for polymerase activity. The polymerase active site thus must have binding sites 
for a template strand, the DNA or RNA primer terminus (the initiation “i” site), and the incoming 
NTP (the “i + 1” site). The catalytic reaction steps consist of (1) binding of template–primer and 
NTP, (2) incorporation of nucleoside monophosphate into the growing daughter strand, (3) release 
of pyrophosphate, and (4) translocation along the template. Upon binding of the template and primer, 
the correct NTP is incorporated into the daughter strand via Watson–Crick base-pairing with the 
template base (Fig.  12.2 ). The polymerase active site provides conserved Asp residues that coordi-
nate the two metal ions (either Mg 2+  or Mn 2+ ). One metal ion, metal ion A in Fig.  12.2 , binds the 
3 ¢ -hydroxyl (3 ¢ -OH) of the terminal RNA or DNA primer at the “i” site and lowers the p K  

a
  of the 

3 ¢ -OH, thus facilitating nucleophilic attack of 3 ¢ -O −  on the  a -phosphate of the incoming nucleotide 
(Steitz  1998  ) . The other metal ion, metal B, binds the phosphates of the incoming NTP at the “i + 1” 
site, positioning the incoming NTP and stabilizing the pyrophosphate leaving group. The 3 ¢ -OH of 
the RNA or DNA primer terminus then attacks the  a -phosphate of the NTP, and a new phosphodi-
ester bond is formed with a release of pyrophosphate. Both metal ions would stabilize the charge and 
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  Fig. 12.2    Two-metal mechanism used by polymerases to catalyze the nucleotidyl transfer reaction. Template, primer, 
and polymerase residues are shown in  blue ,  red , and  black , respectively. The polymerase active site contains the bind-
ing sites for a template, the RNA or DNA terminus (the initiation, “i”, or priming site), and the incoming NTP (the 
“i + 1” site). Two metal ions, A and B, are coordinated by the conserved Asp residues in the polymerase active site. 
Metal ion A binds to the 3 ¢ -OH of the primer terminus and lowers the affi nity of the 3 ¢ -OH for its hydrogen, facilitating 
a nucleophilic attack of 3 ¢ -O −  on the  a -phosphate of the incoming NTP (Steitz  1998  ) . Metal ion B stabilizes the 
incoming NTP and pyrophosphate (ppi) leaving group       

 



270 K.H. Choi

geometry of the pentavalent transition state during the nucleotidyl transfer reaction. Upon release of 
a pyrophosphate product, the newly formed RNA or DNA primer terminus translocates by one base 
from the i + 1 site to the i site, and the nucleotidyl transfer reaction is repeated until the template 
strand is completely copied or a termination signal is encountered.   

    12.1.3   Sequence Motifs of Viral Polymerases 

 Although overall sequence identity among viral polymerase is very low, even within the same family 
of viruses, different families of polymerases share a characteristic arrangement of consensus 
sequences that are involved in binding template, positioning of the priming nucleotide, the nucleoti-
dyl transfer reaction, and maintaining structural integrity of the protein (Poch et al.  1989  ) . These 
polymerase sequence motifs also provide the basis for identifi cation of new polymerase genes in 
newly sequenced virus genomes. Conserved sequence motifs have been described for all four types 
of viral polymerases. RNA-dependent RNA polymerases share four major conserved sequence 
motifs, A, B, C, and D (Fig.  12.3a ). Motif A and Motif C contain the catalytic Asp residues that bind 
two metal ions in the active site; in particular, motif C contains the characteristic Gly-Asp-Asp 
(GDD) sequence embedded in hydrophobic residues. Reverse transcriptases (RNA-dependent DNA 
polymerases) have fi ve conserved sequence motifs, four of which can be aligned with those from 
RNA-dependent RNA polymerases. Similar to RNA-dependent RNA polymerases, motifs A and C 
are most strictly conserved.  

 Viral DNA-dependent RNA and DNA polymerases carry out similar functions to those of the 
multisubunit polymerases in prokaryotic and eukaryotic organisms and thus share similar 
sequences. The single subunit DNA-dependent RNA polymerases from bacteriophages T3 and T7 

A         B           C     D       E        _

RdRp Polio  230   AFDYTG.Y   46  GMPSGCSGT.SI  25  YGDDV  20  TPADKSA 
WN     534   ADDTAG.W   59  QRGSGQVVT.YA  54  SGDDC  16  NAMSKVR

Influ  304   TGDLKKYCL  91  SLSPGMMMG..N  31  SSDDF  27  .SKKKSY
LCMV  1169   SMDHSK.WG  93  DMGQGILHN..A  25  SSDDQ  44  .EAFKSR 

BTV    635   IIDFGY.GE  74  THLSGENST.LI  33  VGDDT  31  .SPSKTM
IBDV   413   SIDLEK.GE  58  GQGSGNAAT.FI  42  SIDDI  37  .TYSKDL

RdDp HIV-1  108   VLDVGDAYF  31  VLPQGWKCSPAI  23  YMDDI  29  .PDKKHQ  4  FLWMGYELHPD
HBV    249   SLDVSAAFY  78  KIPMGVGLSPFL  23  YMDDV  26  .NPNKTK  6  LNFMGYVIGCY

A          B         C      
DdRp T7     536   AFDGSCSGI  103  KRSVMTLAYG 187  ALIHDS  

N4    1554   EADGVTNGP  104  KNPLTITIYG 267  LKIFDG        

DdDp φ29    248    FDVNSLYP  143  KLMLNSLYG 77   YCDTDS
Adeno  542    YDICGMYA  145  KLLSNALYG 163  YGDTDS

a

b

  Fig. 12.3    Polymerase sequence motifs in RNA-dependent and DNA-dependent polymerases. ( a ) Alignment of the 
RNA-dependent polymerase motifs A, B, C, D, and E. The alignment includes RdRps encoded by plus-sense ssRNA 
viruses (poliovirus and West Nile virus), minus-sense ssRNA viruses (infl uenza and Lassa viruses), dsRNA viruses 
(bluetongue and infectious bursal disease viruses), and DdRps (reverse transcriptases) encoded by a ssRNA virus 
(human immune defi ciency virus type 1) and a dsDNA virus (hepatitis B virus). The numbers of residues separating 
the motifs are indicated. ( b ) Alignment of the DNA-dependent polymerase motifs A, B, and C. The alignment includes 
DdDps encoded by bacteriophages T7 and N4, and DdRps encoded by bacteriophages  f 29 and adenovirus. DNA-
dependent polymerase motifs A and C and RNA-dependent polymerase motifs A and C coordinate divalent metal ions 
for catalytic activity       
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are more closely related to mitochondrial RNA polymerases than to any  Escherichia coli  ( E. coli ) 
polymerases. The multisubunit poxvirus RNA polymerase resembles polymerases from eukary-
otic and prokaryotic organisms (Masters et al.  1987  ) . Both DNA-dependent RNA polymerases and 
DNA-dependent DNA polymerases share the three conserved sequence motifs A, B, and C 
(Delarue et al.  1990  ) . Motif A and C contain the essential Asp residues that bind divalent metal 
ions necessary for catalytic activity and can be aligned with RNA-dependent polymerase motifs 
(Fig.  12.3b ).  

    12.1.4   General Features of Viral Polymerase Structures 

 All polymerases have roughly the shape of a “cupped” right hand, consisting of fi ngers, palm and 
thumb domains, based on an analogy used to describe the structure of the Klenow fragment of DNA 
polymerase (Ollis et al.  1985  ) . The palm domain is the most highly conserved domain among differ-
ent types of polymerases. Most polymerase sequence motifs, including the motifs A and C, are 
located in the palm domain. This domain consists of a four- to six-stranded  b -sheet fl anked on one 
side by two  a -helices, with the essential Asp residues in motif C located in a hairpin between the two 
central  b -strands. The fi ngers and thumb domains vary signifi cantly in both size and secondary 
structure and refl ect the specifi c requirements of replicating single- or double-stranded RNA/DNA 
genomes. The inner surfaces of the fi ngers and thumb domains form a template-binding channel that 
leads into the catalytic palm domain. Template and primer strands bind in the template-binding 
channel, positioning the primer terminus near the active site (see Figs.  12.6 ,  12.8 , and  12.11 ). In the 
active site, the correct NTP to be added to the daughter strand is selected by Watson–Crick base-
pairing with the template base. The selectivity of ribose versus deoxyribose NTPs is also provided 
by the interaction of the polymerase with the 2 ¢ -OH of the NTP. In general, DNA polymerases that 
incorporate dNTP in the growing daughter strand have a large side chain that prevents binding of an 
rNTP with a 2 ¢ -OH. In contrast, RNA polymerases directly interact with the 2 ¢ -OH of an rNTP via 
hydrogen bonding and utilize amino acids with a small side chain to accommodate the 2 ¢ -OH moi-
ety. The polymerase active site binds the correct NTP with 10–1,000-fold higher affi nity than incor-
rect NTPs (Gao et al.  1997  ) . 

 In addition to fi ngers, palm, and thumb domains, viral polymerases often have other domains 
that carry out functions related to other respects of viral genome transcription and replication. For 
example, fl avivirus RNA-dependent RNA polymerases have a methyltransferase domain that cata-
lyzes methylations of a 5 ¢ -RNA cap. Retrovirus reverse transcriptases have an additional ribonu-
clease H domain that catalyzes degradation of the RNA strand in the RNA–DNA hybrid during 
genome replication. Some viral DNA-dependent polymerases have a nuclease domain with a proof-
reading activity to correct nucleotides incorrectly incorporated during genome synthesis. The 
arrangement of different domains and their functions in viral replication will be discussed in the 
following sections.  

    12.1.5   Polymerase Reaction Steps 

 Nucleic acid synthesis by polymerases can be divided into initiation, elongation, and termination 
phases. Unlike cellular DNA and RNA polymerases, which require oligonucleotides to initiate 
nucleic acid synthesis, viral polymerases can initiate genome replication using a variety of mecha-
nisms refl ecting their adaptation to the host cell. 
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    12.1.5.1   Initiation 

 All known polymerases synthesize nucleic acid in the 5 ¢  → 3 ¢  direction and thus initiate the nucleoti-
dyl transfer reaction at the 3 ¢ -end of the template strand. Polymerases use one of two initiation 
mechanisms, either a primer-dependent or a de novo (primer-independent) mechanism (Fig.  12.4 ). 
Primer-dependent initiation requires a primer, either in an oligonucleotide or a protein form, which 
provides the initial 3 ¢ -hydroxyl for addition of the fi rst incoming nucleotide. Viral polymerases use 
one of the four following strategies to initiate nucleic acid synthesis via the primer-dependent mech-
anism (van Dijk et al.  2004  ) . 

    1.     Oligonucleotide primer . All DNA-dependent DNA polymerases initiate DNA synthesis using a 
short RNA primer. They can only add new NTPs to the preexisting strand. Reverse transcriptase 
also uses an RNA primer to initiate DNA synthesis. Some RNA-dependent RNA polymerases 
synthesize multiple copies of a two to fi ve nucleotide-long RNA that is subsequently used as a 
primer in the elongation phase.  

    2.     Cap-snatching . RNA-dependent RNA polymerases from minus-sense RNA viruses use a fragment 
of cellular-capped mRNA to make viral plus-sense mRNA. These viruses encode an endonuclease 
that cleaves capped oligonucleotides from the 5 ¢ -end of a cellular-capped mRNA and use it as a 
primer for the minus-sense RNA template. As a result, the viral mRNA contains a 5 ¢ -cap and short 
nontemplated sequences prior to the beginning of a viral transcript sequence (see Sect.  12.2.2 ).  

    3.     Protein-priming . Similar to the 3 ¢ -hydroxyl group of an oligonucleotide primer, a terminal pro-
tein can provide a hydroxyl group to which the fi rst nucleotide can be linked via a phosphodiester 
bond. Viral polymerases catalyze the addition of the fi rst nucleotide to the terminal protein and 
then use the protein-linked primer for further elongation. As a result, a terminal protein is 
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covalently linked to the 5 ¢ -end of the genome. Picornavirus (ssRNA virus), adenoviruses 
(dsDNA virus), bacteriophage  f 29 (dsDNA virus), and reverse transcribing hepatitis B virus 
(dsDNA virus) encode a terminal protein that provides the hydroxyl group from a Tyr or Ser resi-
due for protein priming. The size of terminal proteins varies from small 20 amino-acid peptides 
in picornavirus to a 30-kDa protein in bacteriophage  f 29 (see Sects.  2.1.1  and  4.1 ).  

    4.     Copy-back mechanism . A special case of a primer-dependent RNA initiation is 3 ¢ -end elongation 
by a “copy-back” mechanism, where the 3 ¢ -end of the template folds back upon itself to serve as 
its own primer. The resulting product is a single chain nucleotide that has twice the length of the 
template. This type of chain elongation has been observed for recombinant RNA-dependent RNA 
polymerases from fl avivirus (Ackermann and Padmanabhan  2001  ) . However, this is unlikely to 
be a productive initiation mechanism in infected cells since the doubling of the genome would 
require a larger protein shell for encapsidation. De novo initiation is the likely mechanism for 
fl avivirus RNA replication in infected cells.     

 Polymerases can also initiate nucleic acid synthesis without the need of a primer. De novo initia-
tion requires two NTPs, i.e., the initiation NTP at the “i” site and the incoming NTP at the “i + 1” site 
(Fig.  12.2 ). The initiation NTP provides a 3 ¢ -hydroxyl group for the addition of the next nucleotide 
and thus functions similarly to the 3 ¢ -hydroxyl of a primer terminus in a primer-dependent 
mechanism. Precise initiation at the 3 ¢ -terminus of the genome is necessary for preservation of the 
entire genome sequence. RNA-dependent RNA polymerases from fl aviviruses and bacteriophage  f 6 
use a de novo mechanism to initiate RNA synthesis at the 3 ¢ -terminus of the template and continue 
to elongate the entire length of RNA. DNA-dependent RNA polymerases can also initiate RNA 
synthesis de novo. During the abortive initiation phase, the RNA polymerases initiate RNA synthesis 
at a promoter DNA sequence and produce short RNA oligonucleotides (3 to 8 nucleotide long). 
Once the nascent RNA chain becomes approximately nine-nucleotides-long, the polymerase forms 
a stable elongation complex and synthesizes the entire RNA transcript (see Sect.  12.5.1 ).  

    12.1.5.2   Elongation 

 Once a stable polymerase–nucleic acid complex is formed, the polymerase consecutively adds many 
nucleotides without dissociation from the template. Most polymerases can add thousands of nucle-
otides during processive elongation. For example, poliovirus RNA-dependent RNA polymerase can 
add approximately 5,000 nucleotides and 18,000 nucleotides in the absence and presence of its 
accessory protein 3AB, respectively (Rodriguez-Wells et al.  2001  ) . This indicates that the poliovirus 
polymerase can synthesize the entire 7.5-kb genome in a single binding event in infected cells. The 
 f 29 DNA-dependent DNA polymerase can also synthesize the entire 20-kb DNA genome upon a 
single binding event without dissociation (Meijer et al.  2001  ) . High processivity requires a stable 
association of template and primer in the polymerase that prevents dissociation but which 
should also be nonspecifi c and weak enough to facilitate movement upon each nucleotidyl transfer 
reaction steps.  

    12.1.5.3   Termination 

 It is poorly understood how viral polymerases terminate nucleic acid synthesis at the 5 ¢ -end of the 
genome. Ending precisely at the 5 ¢ -terminus of the genome would be particularly challenging for 
viruses with linear genomes such as single-stranded RNA or DNA viruses. If the end of the genome 
is not copied during successive rounds of replication, the genome will become progressively shorter 
or longer. An exception is DNA-dependent RNA polymerases that terminate RNA transcription at a 
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terminal signal. A newly synthesized RNA forms a GC-rich hairpin followed by a stretch of uridine 
nucleotides at the terminal signal, and the polymerase–RNA complex is released from the DNA 
template.   

    12.1.6   Polymerases as Molecular Motors 

 Polymerases are not only catalytic enzymes but are also mechanical machines that use the energy 
released from nucleotide transfer to move along the DNA or RNA strand. The movement of the 
 E. coli  RNA polymerase along its DNA template has been observed by single-molecule experi-
ments, including microscopy and use of an optical trap to measure force generation during the 
polymerase reaction. When high mechanical force is applied in opposition to the movement of the 
polymerase, the rate of replication decreases and fi nally stops. This “stall” force that is necessary 
to block the polymerization reaction varies for different polymerases but is in the range of 15–40 pN 
(Abbondanzieri et al.  2005 ; Rothwell and Waksman  2005  ) . For example, the force generated by 
the  E .  coli  RNA polymerase is approximately 20 pN, exerting fi ve to six times higher forces than 
those measured for cytoskeletal motors of myosin or kinesin (Wang et al.  1998 ; Yin and Steitz 
 2004  ) . In addition, an optical trap experiment showed that the  E .  coli  RNA polymerase translo-
cates along its DNA template in discreet steps of 3.7 ± 0.6 Å. This 3.7 Å step corresponds to the 
spacing of dsDNA in a B-form helix, indicating that the polymerase moves along the DNA tem-
plate one base at a time, which had been proposed for all polymerases but never measured 
(Abbondanzieri et al.  2005  ) . 

 The mechanism that couples chemical reaction of polymerases to mechanical movement is not 
known. Two models have been proposed for nucleic acid translocation. In the active “power-stroke” 
model, the movement is powered by the free energy liberated from phosphodiester bond cleavage, 
i.e., release of pyrophosphate drives a conformational change that “pushes” the polymerase forward 
on the template (Yin and Steitz  2004  ) . This model is suggested by structural studies of T7 RNA 
polymerases in successive steps of nucleotide addition. In brief, the polymerase has the same con-
formation in both the catalytic NTP substrate complex, i.e., prior to the nucleotidyl transfer reaction, 
and the pyrophosphate product complex, i.e., after the nucleotidyl transfer reaction and prior to 
pyrophosphate release. This suggests that the nucleotidyl transfer reaction does not require a confor-
mational change in the polymerase and does not promote translocation, and thus, it is likely that the 
dissociation of pyrophosphate leads to a conformational change that is used to translocate the tem-
plate–primer (Sect.  12.5.1.3 ). 

 Alternatively, in the “Brownian-ratchet” model, or “translocational equilibrium” model, the 
polymerase oscillates back and forth along the template among number of states that are in equi-
librium, including the pre- and posttranslocated states (Guajardo and Sousa  1997  ) . Binding of 
incoming NTPs stabilizes the posttranslocated state so that at high concentration of NTPs, the 
translocational equilibrium will favor the posttranslocated state. Binding of NTP acts as a ratchet 
type of device and prevents back-sliding of the polymerase (Brownian-ratchet model). Biochemical 
and single-molecule kinetic studies support the Brownian-ratchet model and suggest that translo-
cation can be explained in terms of the affi nity of NTP and the relative free energies of the poly-
merase–template–NTP complexes at each step of the polymerase reaction (Abbondanzieri et al. 
 2005  ) . Whether pyrophosphate release is coupled to a conformational change is a key distinction 
between the power-stroke and Brownian-ratchet models, and is a question that remains unresolved. 
Although no conformational changes are involved in the Brownian-ratchet model, it does not 
exclude a conformational change. Understanding the mechanochemistry of polymerases will 
require detailed studies on the biochemical, kinetic, and mechanical pathways of the polymerase 
reaction.   
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    12.2   RNA-Dependent RNA Polymerase 

    12.2.1   Plus-Sense ssRNA Viruses 

 Viruses that possess plus-sense ssRNA genomes include poliovirus and foot-and-mouth virus 
( Picornaviridae ), Norwalk virus ( Caliciviridae ), Sindbis virus ( Togaviridae ), and fl avivirus 
( Flaviviridae ). RNA genome replication in ssRNA viruses takes place in a membrane-bound replica-
tion complex consisting of the viral polymerase and other viral proteins, cellular proteins, and viral 
RNA. The exact composition and nature of the replication complex is still unknown. Plus-sense 
genomic RNA serves as an mRNA in infected cells to produce viral proteins without any modifi ca-
tion of the viral genome, and thus, viral RNA-dependent RNA polymerases are responsible for rep-
lication of the viral RNA genome. The RNA-dependent RNA polymerases fi rst transcribe genomic 
plus-strand RNA into a complementary minus-strand RNA to form a dsRNA intermediate (Uchil and 
Satchidanandam  2003  ) . The newly synthesized minus-strand of the dsRNA then serves as a template 
to generate multiple copies of plus-strand RNA. RNA synthesis occurs in an asymmetric replication 
cycle in which plus-strand RNA is synthesized in large excess over minus-strand, and all minus-
strands exist as a part of the dsRNA intermediate. Viral polymerases copy only virus-specifi c RNA 
species in the infected cell, while isolated recombinant polymerases lack specifi city and use both 
viral and nonviral templates for RNA synthesis. Thus, the replication complex may provide selectiv-
ity for the viral template by concentrating various substrates in the vicinity of the polymerase and 
thus creating an appropriate environment for selective and effi cient genome replication. 

 Structures of RNA-dependent RNA polymerases have been determined from plus-sense ssRNA 
and dsRNA viruses. The fi rst structure of an RNA-dependent RNA polymerase was from poliovirus, 
and several polymerase structures followed in either an unliganded state or complexed with various 
templates and NTPs (Hansen et al.  1997 ; Ng et al.  2002 ; Zamyatkin et al.  2008  ) . A unique feature of 
the RNA-dependent RNA polymerases is an extensive interaction between the fi ngers and thumb 
domains; the fi ngers domain contains a long insert of several strands, called the “fi ngertips,” that inter-
acts with the thumb domain (Figs.  12.6  and  12.8 ). The fi ngertips contribute to formation of a well-
defi ned template-binding channel in the “front” of the polymerase and an NTP channel in the “back” 
of the polymerase. It was proposed that NTPs would enter the active site through the NTP channel. 
Because of fi ngertip-mediated interactions between the fi ngers and thumb domains, large movements 
of the thumb domain relative to the fi ngers domain are restricted, and hence there are no signifi cant 
conformational changes upon binding of template, primer, or NTP in the template- binding channel in 
RNA-dependent RNA polymerases. The size of thumb domains vary signifi cantly among RNA-
dependent RNA polymerases and seem to play a role in determining whether primer-dependent versus 
de novo initiation mechanisms are used. Polymerases from  Picornaviridae  and  Caliciviridae  that use 
a primer to initiate nucleotide synthesis have small thumb domains and thus have wider template-
binding channels necessary to accommodate both a template and a primer (Fig.  12.6 ). In contrast, 
 Flaviviridae  polymerases that use de novo initiation have large thumb domains and thus have narrower 
template-binding channels that can accommodate only single-stranded RNA and NTPs (Fig.  12.8 ). 

 Viral RNA-dependent RNA polymerases do not have a proofreading nuclease activity, which 
leads to high rates of misincorporation of nucleotides during genome replication. The mutation rates 
are estimated to be on the order of one mutation per 10 3 –10 7  nucleotides, resulting in approximately 
one error per replicated genome (Drake  1991  ) . In comparison, the mutation rate in  E. coli  or 
 S. cerevisiae , where cellular polymerases benefi t from an error-correcting mechanism, is on the 
order of one mutation per 10 9 –10 10  nucleotides. Diverse viral genomes resulting from high mutation 
rates by viral RNA-dependent RNA polymerases may provide an evolutionary advantage for virus 
survival. For example, mutations in the viral surface protein could lead to new viruses that can evade 
the host antiviral responses or resist antiviral compounds. 
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    12.2.1.1   Picornavirus and Calicivirus Initiate RNA Synthesis 
via a Primer-Dependent Mechanism 

  Picornaviridae  (poliovirus, foot-and-mouth disease virus (FMDV), and coxsackievirus) and 
 Caliciviridae  (rabbit hemorrhagic disease virus and Norwalk virus) initiate RNA synthesis via a 
primer-dependent mechanism. Poliovirus, for example, has a small 7.5-kb ssRNA genome which 
consists of 5 ¢ -nontranslated region (NTR), a single open-reading frame, and a 3 ¢ -NTR with a poly-
adenylated [poly(A)] tail. The 5 ¢ -terminus of the RNA genome is covalently linked to a terminal 
protein VPg ( v irion  p rotein  g enome-linked), a 22-amino acid peptide. The viral RNA-dependent 
RNA polymerase “3D” is synthesized as a 3CD precursor protein that is cleaved into a protease 3C 
and a polymerase 3D. The 3CD precursor protein does not have polymerase activity, and rather, it 
functions as a protease with cleavage specifi city that differs from that of the cleaved 3C protease. 
The cleaved viral polymerase 3D catalyzes both the initial attachment VPg to the genome and 
subsequent elongation to produce a new genomic RNA. 

 3D polymerase initially catalyzes the uridylation of VPg using the 3 ¢  poly(A) tail as a template 
(step (i) in Fig.  12.5a ). RNA synthesis is initiated at the second nucleotide A rather than the 3 ¢ -termi-
nal A of the template and covalently attaches UTP to VPg at a conserved Tyr residue (Tyr3). The 
hydroxyl group of Tyr3 acts analogously to the free 3 ¢ -hydroxyl of the primer terminus and forms a 
phosphodiester bond with the fi rst UTP to form VPg-pU (Fig.  12.5b ). This VPg-pU then “slides 
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  Fig. 12.5    Poliovirus genome replication. ( a ) Genome replication steps. (i) VPg uridylation. Terminal protein VPg is 
covalently attached to the 5 ¢ -end of plus-sense viral genome. The hydroxyl group of VPg Tyr3 acts analogously to the 
free 3 ¢ -OH of the primer terminus to form an uridylated form of VPg, VPg-pU, which is then further elongated to 
VPg-pUpU. The VPg-pUpU can be synthesized from either the poly(A) tail or conserved  cis -acting replication 
element (CRE) as a template. (ii) Minus-strand RNA synthesis. VPg-pUpU is used as a primer to base-pair with a 
plus-strand genome and elongated to form a VPg-linked minus-strand RNA ( blue strand ). (iii) Plus-strand RNA syn-
thesis. The VPg-pUpU made using the CRE as a template is used as a primer for plus-strand RNA synthesis in the 
subsequent step. Thus, both plus- and minus-strand RNAs are VPg-linked at their 5 ¢ -ends in vivo. ( b ) Schematic of 
the sliding-back mechanism. The polymerase initiates VPg uridylation at the second A on the 3 ¢ -end template. The 
VPg-pU then slides back one base to base-pair with the 3 ¢ -terminal A, and the polymerase begins second uridylation 
reaction. Thus, the sliding-back mechanism requires two sequential adenosines in the template       
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back” one base and base-pairs with the 3 ¢ -terminal A of the template, and 3D polymerase adds the 
second UTP to form VPg-pUpU (   Paul et al.  2003b  ) . The polymerase then uses the VPg-pUpU as a 
protein-linked primer and the plus-strand genomic RNA as a template to synthesize the entire length 
of minus-strand RNA (step (ii) in Fig.  12.5a ). Next, the 3D polymerase synthesizes the plus-strand 
RNA using the VPg-pUpU as a primer and the newly synthesized minus strand as a template (step 
(iii) in Fig.  12.5a ). The VPg-pUpU used for plus-strand RNA synthesis is suggested to be synthe-
sized from a conserved  cis -acting replication element (CRE) as a template; CRE is an RNA stem-
loop containing a 5 ¢ -AAAC-3 ¢  sequence in the coding region. It is not clear how the polymerase 
discriminates between the two types of VPg-pUpU, but mutations in the CRE region prevent the viral 
genome replication (Murray and Barton  2003 ; Paul et al.  2003a  ) . The structures of 3D polymerase 
and its complexes that depict successive steps in viral genome replication are described below.  

      VPg Uridylation by 3D Polymerase (Initiation) 

 Crystal structures of 3D polymerases from  Picornaviridae  and  Caliciviridae  are all similar and have 
the characteristic features of RNA-dependent RNA polymerases such as fi ngertips that connect the 
fi ngers domain to the thumb domain and well-defi ned template-binding and NTP channels (Thompson 
and Peersen  2004  ) . These polymerases have small thumb domains, consisting of only several heli-
ces, and thus a large template-binding channel that can accommodate an RNA template and a VPg-
linked primer (Fig.  12.6a ). Additionally, the 3D polymerases complexed with a template, NTP, and 
VPg, respectively, are very similar to the unbound polymerase, indicating that there are no 
large conformational changes or domain movements upon binding of VPg, template–primer or 
template–primer–NTP.  

 The polymerase initiation complex of VPg-uridylation could be formed by VPg, template (rA) 
10

 , 
UTP, and metal ions (Mg 2+  and Mn 2+ ). However, crystallization conditions containing this combination 
of chemicals produced a VPg-pU complex, indicating that the uridylation reaction occurred prior to 
crystallization (Ferrer-Orta et al.  2006  ) . VPg-pU binds in the template-binding channel with the N 
terminus of VPg located in the NTP entry channel and the C terminus directed toward the template-
binding channel (Fig.  12.6a, b ). The hydroxyl group of VPg Tyr3 is covalently attached to the 
 a -phosphate of UMP in VPg-pU and interacts with a divalent metal ion that binds to the catalytic Asp 
of the GDD motif (Asp338) in the active site. This arrangement of VPg-pU is similar to that of the 
primer terminus in the nucleotidyl transfer reaction, indicating that 3D polymerase catalyzes VPg 
uridylation using the same two-metal mechanism as does the nucleotidyl transfer reaction (Fig.  12.2 ). 

 The predominant forms of VPg-linked primers in infected cells are VPg-pU and VPg-pUpU, indi-
cating that VPg-pUpU dissociates from the polymerase active site after VPg uridylation and then reas-
sociates as a protein-linked primer for elongation. If VPg uridylation begins at the 3 ¢  poly(A) tail of the 
template, then the polymerase may continue nucleotidyl transfer reactions to replicate the entire genome. 
However, if uridylation begins from the CRE, positioned in the middle of the genome, it needs to dis-
sociate and be transferred to the 3 ¢ -end of the minus-strand RNA. It is not clear how 3D polymerase 
terminates RNA synthesis at VPg-pUpU, how the VPg-pUpU is transferred to the 3 ¢ -end of the genome, 
or whether the reassociated VPg-pUpU would bind the same way as in the VPg uridylation reaction.  

      Nucleotidyl Transfer Reaction 

 A general model of nucleotide incorporation is that polymerases catalyze the nucleotidyl transfer 
reaction using an ordered mechanism. Polymerase fi rst binds a template–primer (step 1), followed 
by binding of an NTP complementary to the template base (step 2). This polymerase complex is then 
converted into an activated form, which includes a conformational change from an “open” to a 
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“closed” form that is competent to undergo the chemistry step (step 3). Next, the nucleotidyl transfer 
reaction occurs (step 4), the pyrophosphate product is released, and template–primer translocates by 
one base (steps 5 and 6). The 3D polymerase structures have been captured in template–primer, open 
NTP, and closed NTP complexes (steps 1, 2, and 3) and are described below.

    1.     Template – primer binding . In a FMDV polymerase complex containing a self-complementary 
RNA, the template–primer RNA duplex binds in a right-hand A-form helix in the template-binding 
channel with the 3 ¢ -end of the template exiting the active site through the “front” of the poly-
merase (Ferrer-Orta et al.  2004  )  (Fig.  12.6c ). The template strand in the RNA duplex interacts 
predominantly with the fi ngers domain, while the primer strand interacts at the thumb and palm 
domains. The template-binding channel accommodates seven nucleotides in the template strand. 
In the active site, the 3 ¢ -hydroxyl of the primer terminus forms a hydrogen bond with the catalytic 

  Fig. 12.6    Crystal structures of 3D polymerase that use VPg-linked primers. ( a ) FMDV 3D polymerase and VPg-pU 
complex. The fi ngers, palm, and thumb domains are shown in  blue ,  green , and  red , respectively. The active site residues in 
the GDD motif are depicted as ball-and-stick models. The UMP moiety in VPg-pU is shown as an orange ball-and-stick 
model. ( b ) Active site in a VPg-pU complex. Tyr3 and the UMP moiety of VPg-pU are shown as  gray sticks . The active 
site residues are colored according to their domains as in (A), and polymerase sequence motifs are labeled. ( c ) 3D poly-
merase and template–primer complex. The template and primer strands are shown in  magenta  and  blue , respectively. 
( d ) 3D polymerase and template–primer–NTP complex (open form). Note that the incoming NTP (UTP) does not base-pair 
with the template base at the “i + 1” site, although the triphosphate moiety interacts with a metal ion in the active site       
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Asp residue in motif C (Asp338), which also binds to a metal ion. Only one metal ion, metal B in 
Fig.  12.2 , is observed in the active site.  

    2.     NTP binding  ( open conformation ). The template–primer–NTP complex in FMDV polymerase 
has been captured in an “open” conformation, in which the polymerase structure remains 
unchanged from the template–primer bound form (Ferrer-Orta et al.  2007  ) . In this conformation, 
the incoming NTP does not base-pair with the template base at the “i + 1” site although the phos-
phate group of the incoming NTP binds a metal ion near the essential Asp in motif C (Asp338) 
and the 3 ¢ -OH of the NTP forms a hydrogen bond with the essential Asp in motif A (Asp245) 
(Fig.  12.6d ). This conformation is unable to carry out catalytic nucleotidyl transfer reactions and 
thus suggests that the elongation complex assembles in a sequential order, i.e., the second metal 
ion that binds to the 3 ¢ -hydroxyl of a primer terminus would bind in the polymerase active site 
only after the incoming NTP is correctly assembled in the active site.  

    3.     NTP binding  ( closed conformation ). An elongation complex from Norwalk virus, containing 
self-complementary RNA, incoming NTP, Mg 2+ , and Mn 2+ , represents a perfectly assembled 
intermediate poised for the nucleotidyl transfer reaction (Zamyatkin et al.  2008  ) . The binding of 
the template–primer–NTP complex is accompanied by rotations of the helices in the thumb 
domain, which provides a binding groove for a primer strand, and the loop containing the motif 
B in the fi ngers domain relative to the template–primer–NTP. In this “closed” form, the incoming 
NTP forms a Watson–Crick base pair with the template base, and the triphosphate group of the 
NTP binds two Mn 2+  ions in the active site. The essential Asp residues in motif A (Asp242) and 
in the GDD motif (Asp343 and Asp344) also coordinate the divalent metal ions. The correct 
incoming NTP to be added to the primer strand also seems to be selected in this step by the inter-
action of polymerase with the 2 ¢ -hydroxyl of the rNTP. The 2 ¢ -hydroxyl of the rNTP forms 
hydrogen bonds with Ser and Asn residues in the motif B (Ser303 and Asn309) in the fi ngers 
domain. This interaction is missing in the “open” conformation where the incoming NTP is not 
correctly assembled for catalysis. Thus, this conformation represents a closed complex trapped 
immediately prior to chemical catalysis. These open and closed conformations described by poly-
merase complex structures are subtle changes in the active site and should be distinguished from 
the global domain rearrangements seen in other types of polymerases.       

    12.2.1.2    Flaviviridae  RdRps Initiate RNA Synthesis via a De Novo Mechanism 

  Flaviviridae  consists of hepacivirus (hepatitis C virus), pestivirus (bovine viral diarrhea virus, 
BVDV), and fl avivirus (dengue and West Nile viruses). These viruses have approximately 10–12-kb 
plus-sense ssRNA genomes, which consists of a 5 ¢ -NTR, a single ORF, and a 3 ¢ -NTR lacking a 
poly(A) tail. Unique to fl avivirus within  Flaviviridae , the 5 ¢ -end of the viral genome has a cap struc-
ture and thus requires additional capping enzymes to carry out genome replication. The single ORF 
is translated into a polyprotein that is cleaved into individual proteins by cellular and viral proteases. 
Viral RNA-dependent RNA polymerases are synthesized at the C terminus of the polyprotein. 
 Flaviviridae  RNA-dependent RNA polymerases vary in size. The ~60-kDa hepatitis C virus “NS5B” 
polymerase is the smallest  Flaviviridae  polymerase and contains only a polymerase domain. 
Pestivirus “NS5B” polymerase has an additional small N-terminal domain whose function is 
unknown. Flavivirus “NS5” polymerase consists of an N-terminal methyltransferase domain (resi-
dues 1–270) that is involved in RNA cap methylation, and a C-terminal polymerase domain. 

 RNA-dependent RNA polymerases of  Flaviviridae  initiate RNA synthesis via a de novo mecha-
nism, in which the second NTP is added directly to the 3 ¢ -hydroxyl of the fi rst initiation NTP without 
the need of a primer. The viral polymerases bind at the 3 ¢ -end of the plus-strand genomic RNA and 
copy an entire genome without dissociation (Fig.  12.7 ). The newly synthesized, negative-sense RNA 
then serves as a template for synthesizing multiple copies of plus-sense genomic RNA. De novo 
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 initiation has an advantage in genome replication in that no additional enzymes are required for 
synthesizing primers, and RNA synthesis can start at the very end of the genome, ideal for copying 
the entire length of the genome without loss of information (van Dijk et al.  2004  ) . However, formation of 
a stable de novo initiation complex is challenging. Polymerases must selectively accommodate tem-
plate, an initiation NTP, an incoming NTP, and two metal ions with precise positioning, which might 
require additional cofactors. Flavivirus polymerases require a high concentration of GTP as a cofactor 
for de novo initiation (Kao et al.  1999 ; Luo et al.  2000  ) . Although de novo initiation is the likely 
mechanism of genome replication in infected cells, recombinant viral polymerases are capable of 
RNA synthesis via both de novo and primer-dependent initiation mechanisms.  

      De Novo Initiation by Flavivirus Polymerases 

 Structures of the polymerase domains from all three members of the  Flaviviridae  family have been 
determined (Ago et al.  1999 ; Bressanelli et al.  1999 ; Lesburg et al.  1999 ; Choi et al.  2004 ; Malet et al. 
 2007 ; Yap et al.  2007  ) . Compared to the RNA-dependent RNA polymerases from  Picornaviridae  or 
 Caliciviridae , all three polymerases possess a large thumb domain and a C-terminal motif within 
the same domain that encircles the active site (Fig.  12.8a ). The larger thumb domain reduces the size 
of the template-binding channel. The C-terminal motif in the thumb domain (a  b -hairpin in hepatitis 
C virus NS5B, a  b -strand and connecting loop in pestivirus NS5B, and a loop in fl avivirus NS5) 
occludes the active site and further reduces the size of the template-binding channel. This arrange-
ment of the thumb domain restricts access to the template-binding channel, thus allowing only sin-
gle-stranded RNA to access the active site during de novo initiation. When the C-terminal motif 
( b -hairpin) is replaced with a shorter turn in hepatitis C virus NS5B polymerase, the template-
binding channel widens, and the mutant polymerase is able to use a dsRNA template–primer com-
plex for a primer-dependent initiation, which wild-type polymerase is unable to use (Hong et al. 
 2001  ) . Hence, the thumb domain and the C-terminal motif play a role in discriminating between 
de novo and primer-dependent initiation mechanisms.  

 A high concentration of GTP (but not any other nucleotide) is required for de novo initiation of 
RNA synthesis in all three members of the  Flaviviridae  family, regardless of the nucleotide at the 
3 ¢ -end of the RNA template (Kao et al.  1999 ; Luo et al.  2000  ) . The role of GTP has been proposed 
to stabilize the initiation NTP in the de novo initiation complex. The BVDV polymerase, complexed 
with GTP, shows that GTP binds 6 Å away from the catalytic GDD motif inside the template-binding 
channel and interacts with residues from all three polymerase domains (Choi et al.  2004  )  (Fig.  12.8a ). 
When the GTP-binding site residues in BVDV polymerase are individually mutated to Ala, their 
ability to direct de novo RNA synthesis is almost completely abolished, whereas primer-dependent 
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  Fig. 12.7    Flavivirus genome replication. ( a ) Minus-strand RNA synthesis. The viral RdRp uses a plus-sense viral 
genome as a template to synthesize minus-strand RNA without a primer (de novo). Minus-strand RNA forms a dsRNA 
with plus-sense RNA. ( b ) Plus-strand RNA synthesis. Plus-sense RNA is synthesized using a minus-strand RNA in a 
dsRNA intermediate as a template via de novo initiation. In fl avivirus, the newly synthesized plus-strand RNA is 
capped at its 5 ¢ -end by the viral replication complex       
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RNA elongation is reduced by only two- to tenfold (Ranjith-Kumar et al.  2002  ) . This suggests that 
the GTP-binding site is essential for de novo initiation of RNA synthesis. Modeling the de novo 
initiation complex by superposition of a  f 6 polymerase–template–NTP complex with the BVDV 
polymerase–GTP complex suggests that the ribose triphosphate moiety of the GTP would be posi-
tioned as might be expected for the “i − 1” site of already synthesized RNA strand (Fig.  12.8b ). The 
3 ¢ -hydroxyl of the GTP ribose is positioned near the  a - and  b -phosphates of the initiation NTP at 
the “i” site. Thus, the GTP molecule may stabilize the initiation NTP by helping to position the 
3 ¢ -hydroxyl of the initiation NTP for nucleophilic attack on the  a -phosphate of the incoming nucle-
otide (Choi et al.  2004  ) . Once the nucleotidyl transfer reaction occurs, the GTP molecule required 
for stabilizing the initiation NTP would be released from the active site and the template RNA and 
product RNA translocated by one base (Fig.  12.8c ).  

      Elongation 

 Currently, there is no structural information available for initiation or elongation complexes that 
contain template–NTPs or template–primer–NTP. Modeling of template–primer complexes into the 
active site of  Flaviviridae  polymerases suggests that the C-terminal motif in the thumb domain and 

  Fig. 12.8    The  Flaviviridae  RNA-dependent RNA polymerases that use a de novo initiation mechanism. ( a ) Hepatitis 
C virus (HCV), Bovine viral diarrhea virus (pestivirus, BVDV), and West Nile virus (fl avivirus) are shown with their 
fi ngers, palm, and thumb domains colored in  blue ,  green , and  red , respectively. The  yellow  region of BVDV poly-
merase is a part of the N-terminal domain. The C-terminal motif in the thumb domain that occludes the active site is 
shown in purple, and active site residues are shown as  orange sticks . ( b ) Model of initiation complex illustrating the 
proposed role of the de novo GTP. The role of GTP in de novo initiation may be to stabilize the initiating NTP at the 
“i” site. ( c ) Schematic of de novo initiation in  Flaviviridae  polymerases. The initiation complex, consisting of tem-
plate ( blue ), two NTPs ( green ), and GTP ( yellow ), is assembled in the active site. The C-terminal loop is closed to 
further stabilize the initiation complex. After the nucleotidyl transfer reaction, the GTP molecule required for stabiliz-
ing the initiation NTP is released and the template–primer translocates by one base. The C-terminal loop in the thumb 
domain opens up to allow dsRNA to move out of the active site and the polymerase transitions from the initiation to 
the elongation phase (   Choi and Rossmann  2009 )       
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the enclosed active site would block the path of elongating dsRNA. Thus, as the template-product 
RNA grows following initiation, a conformational change in the thumb domain to an “open” form is 
required to allow the dsRNA product to exit the active site (Fig.  12.8c ). All  Flaviviridae  polymerases 
thus far have been crystallized in the closed form, where the template-binding channel is occluded 
by the C-terminal motif.  

      Other Functions of  Flavivirus  Polymerases 

 Pestivirus and fl avivirus polymerases have an additional domain at their N-termini. The BVDV poly-
merase is approximately 130 residues longer at its N terminus than the hepatitis C virus polymerase. 
The function of this N-terminal domain is not known, and up to 90 residues can be truncated from the 
polymerase without loss of polymerase activity. However, deletion of fi rst 106 residues causes a 90% 
loss of activity, indicating that residues 91–106 of the N-terminal domain may be involved in the 
polymerase reaction (Lai et al.  1999  ) . The effects of the deletions are similar for both de novo and 
3 ¢ -elongative RNA synthesis, and thus, the N-terminal domain may be involved in a step common to 
both modes of synthesis. The part of the N-terminal region that is ordered in the crystal structure 
(residues 92–138) folds into a separate domain (Fig.  12.8a ). This domain is positioned over the thumb 
domain, interacting with the fi ngertips and the fi ngers domain either from the same polypeptide chain 
or from the neighboring protein (Choi et al.  2004,   2006  ) . This domain-swapping of the N-terminal 
domain and its location near the entrance to the template-binding channel suggests an intrinsic move-
ment of the domain that, along with the fi ngertips, might drive translocation of the template. 

 Flavivirus NS5 polymerase has an N-terminal 5 ¢ -RNA methyltransferase domain that catalyzes 
methylations of the N7 position of guanine in the cap and the ribose 2 ¢ -OH position of the fi rst nucle-
otide of the RNA (Egloff et al.  2007  ) . Presence of a 5 ¢ -RNA methyltransferase and polymerase in a 
single polypeptide chain suggests that RNA synthesis and 5 ¢ -capping might be coupled during the 
initial stages of RNA elongation. The coupled process differs from an uncoupled one in that the 
modifi ed RNA is growing and progressively folding, rather than fi rst synthesizing a full-length RNA 
before initiating the capping reactions (Gu and Lima  2005  ) . The coupling of the two processes 
would be benefi cial for genomic replication because capping enzymes would be concentrated near 
the nascent RNA, and interactions between RNA capping enzymes and the RNA polymerase elonga-
tion complex may allosterically infl uence the activity of other proteins in the replicase complex. 
Little is known as to how 5 ¢ -RNA methyltransferase and polymerase activities are coordinated in 
genome replication.    

    12.2.2   Minus-Sense ssRNA Virus 

 Viruses that possess minus-sense ssRNA genomes include infl uenza ( Orthomyxoviridae ), measles 
and mumps viruses ( Paramyxoviridae ), hantavirus ( Bunyaviridae ), rabies virus ( Rhabdoviridae ), 
Ebola and Marburg virus ( Filoviridae ), and borna disease virus ( Bornaviridae ). Their genomes can 
be either nonsegmented or segmented. Segmented genomes are viral genomes that are divided into 
two or more segments of nucleic acid, all of which are then packaged into a single virus particle. For 
example, the infl uenza virus genome is divided into eight viral RNA segments, and the arenavirus 
genome consists of two RNA segments. The viral minus-sense RNA genome cannot be used for 
protein synthesis and needs fi rst be transcribed into a plus-sense RNA. Host polymerases cannot 
carry out RNA-dependent RNA polymerization, and thus, viral RNA-dependent RNA polymerases 
are packaged in the virion along with the genome and carry out both transcription and replication of 
the genome (Fig.  12.1 ). The plus-sense mRNA of these viruses contains a cap at 5 ¢ -end and an addi-
tional 5–15 nontemplated nucleotides, i.e., a heterogeneous sequence prior to the beginning of viral 
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transcript sequence (Plotch et al.  1981 ; Lelke et al.  2010  ) . Since the virus does not encode capping 
enzymes, it is believed that the 5 ¢ -cap and the nontemplated nucleotides are derived from cellular 
mRNA via a “cap-snatching” mechanism. During transcription, the viral polymerase binds a cellular 
mRNA cap and cleaves it 10–15 nucleotides downstream from the 5 ¢ -end via an endonuclease activ-
ity. The cleaved, capped RNA is then used as a primer for viral mRNA synthesis. This cap-snatching 
mechanism was fi rst suggested for infl uenza virus and later for bunyavirus and arenavirus as well 
(Bishop et al.  1983 ; Polyak et al.  1995 ; Morin et al.  2010  ) . 

 Functional polymerases for minus-sense RNA viruses are either multiprotein or multidomain 
complexes. Infl uenza virus polymerase is a heterotrimer consisting of PA, PB1, and PB2 proteins, 
and bunyavirus and arenavirus polymerase is the large “L” protein composed of multiple domains 
(Fig.  12.9 ). The N-terminal domain of infl uenza virus PA protein and the N-terminal domain of 
bunyavirus and arenavirus L protein have endonuclease activities that are likely to be involved in the 
cap-snatching mechanism. The polymerase sequence motifs containing the essential GDD motif are 
located in PB1 of infl uenza virus and in the central region of the L protein. The enzymatic function 
of the C terminus of L protein is unknown. The crystal structures of endonuclease domains have 
been determined from infl uenza virus, La Crosse orthobunyavirus ( Bunyaviridae ), and lymphocytic 
choriomeningitis virus ( Arenaviridae ); all possess a common type II nuclease fold, consisting of a 
mixed  b -sheet with four strands fl anked on both sides by several  a -helices (Orlowski and Bujnicki 
 2008 ; Morin et al.  2010 ; Reguera et al.  2010  ) . Structures of neither the polymerase domain nor the 
full-length polymerase are available for polymerases from minus-sense ssRNA viruses. It is likely 
that the RNA polymerase domain is similar to other RNA-dependent RNA polymerases, but the 
details of domain arrangements and mechanism of coordinated cap-snatching and RNA transcrip-
tion reaction await further structural and functional studies. For a detailed description of bunyavirus 
transcription and replication, please refer to chapter 11.   

    12.2.3   Double-Stranded RNA Virus 

 Viruses with segmented dsRNA genomes include reovirus and rotavirus ( Reoviridae ), birnavirus 
( Birnaviridae ), and bacteriophage  f 6 ( Cystoviridae ). The dsRNA virus genomes are always 
segmented. Because dsRNA cannot be used as mRNA for transcription and translation by host 
enzymes, these viruses also bring their own viral polymerases to synthesize mRNA and replicate 
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  Fig. 12.9    Domain arrangement of RNA-dependent RNA polymerases from negative-sense ssRNA viruses. Infl uenza 
virus polymerase consists of three subunits, PA, PB1, and PB2 ( top ). All RNA polymerase motifs are found in PB1. The 
N-terminal domain of PA has an endonuclease (endo) activity that is proposed to be involved in the cap-snatching 
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(endo), RNA-dependent RNA polymerase (RdRp), and C-terminal domains (CTD) are labeled. Sequence motifs common 
to all RdRps (boxed and labeled A–E) are shown with the active site Ser-Asp-Asp (GDD) motif located in box C       

 



284 K.H. Choi

their genomes. These viral polymerases are located inside the viral capsid and transcribe the pack-
aged segmented dsRNA genomes within the virion.   

    12.3   Reverse Transcriptase (RNA-Dependent DNA Polymerase) 

 Two types of viruses are known to use reverse-transcription during their life cycle: retrovirus 
( Retroviridae ) and hepatitis B virus ( Hepadnaviridae ). Although they both carry out the same 
reaction, i.e., synthesizing DNA from an RNA template, reverse transcriptases from retrovirus and 
hepatitis B virus are involved in different steps in the viral life cycle (Fig.  12.1 ). Retrovirus is a 
ssRNA virus that uses reverse transcriptase to convert its genome into a dsDNA form that can be 
integrated into the host genome. Once the retroviral genome is integrated into the host’s DNA, 
mRNA synthesis and its translation are carried out by cellular enzymes. Because cellular poly-
merases are unable to carry out reverse transcription, the retrovirus encapsidates its own reverse 
transcriptase in the virion. In contrast, hepatitis B virus is a dsDNA virus that replicates through an 
RNA intermediate rather than a DNA intermediate. Transcription and protein translation are carried 
out by cellular polymerases. Hepatitis B virus uses reverse transcriptase to synthesize DNA from the 
progeny RNA that is synthesized by the cellular polymerase. 

    12.3.1   Retrovirus Reverse Transcriptase 

 The most studied retrovirus is human immunodefi ciency virus (HIV). HIV packages two duplicate 
copies of a 9.2-kb ssRNA genome, reverse transcriptase, integrase, and protease within each viral par-
ticle. HIV uses reverse transcriptase to convert the ssRNA genome into a dsDNA that is subsequently 
incorporated into the host’s DNA genome by the integrase. HIV reverse transcriptase consists of poly-
merase and ribonuclease (RNase) H domains. RNase H is an endonuclease that hydrolyzes the RNA 
strand in an RNA–DNA hybrid and generates 5 ¢ -phosphate and 3 ¢ -hydroxyl ends (Krug and Berger 
 1989  ) . The RNase H activity is not coordinated with the polymerase activity, and the rate of cleavage is 
seven to ten times slower than the polymerase synthesis rate (DeStefano et al.  1994 ; Basu et al.  2008  ) . 

 Reverse transcriptase fi rst uses the viral genomic RNA as a template and a cellular tRNA as a 
primer and initiates minus-strand DNA synthesis at the  p rimer  b inding  s ite (PBS) near the 5 ¢ -end of 
the genome (step A in Fig.  12.10 ) (Sarafi anos et al.  2009 ;    Wendeler et al.  2009  ) . During the synthesis 
of minus-strand DNA, the RNase H cleaves the RNA strand of the resulting RNA–DNA duplex at 
multiples sites. When the reverse transcriptase reaches the 5 ¢ -end of the RNA genome, the minus-
strand DNA is transferred and annealed to the  r epeat “R” region at the 3 ¢ -end of the RNA genome; 
the RNA genome has identical R regions at each end (step B in Fig.  12.10 ). Reverse transcriptase 
continues to synthesize the minus-strand DNA resulting in a RNA–DNA hybrid, and RNase H con-
tinues to degrade the viral RNA in the RNA–DNA hybrid. RNase H is unable to cleave two short 
purine-rich RNA segments, called  p olypurine  t racks (PPT), and the PPT stay bound to the newly 
synthesized minus-strand DNA. Next, reverse transcriptase synthesizes the plus-strand DNA using 
the PPT as primers and the minus-strand DNA as a template (step C in Fig.  12.10 ). The polymerase 
stops plus-strand DNA synthesis after copying the PBS region from tRNA, and RNase H cleaves the 
3 ¢ -end of the tRNA to create a single-stranded PBS region in the plus-strand DNA. This plus-strand 
PBS is complementary to the minus strand PBS, and the newly synthesized plus-strand DNA is 
transferred and annealed to the minus strand PBS (step D in Fig.  12.10 ). Viral DNA synthesis con-
tinues via bidirectional DNA synthesis through the circular intermediate to generate a dsDNA form 
of the viral genome (step E in Fig.  12.10 ). The dsDNA is subsequently inserted into the host DNA 
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genome by an integrase in the host cell nucleus, and the viral genome (called provirus) is replicated 
and transcribed as part of the host’s DNA.  

 The complexity of the retrovirus replication strategy is due to the requirement of synthesizing a 
DNA that can produce viral RNA genome during transcription in the host. Because the cellular RNA 
polymerases require a promoter DNA sequence for initiation that is not copied into the RNA tran-
script, some information in DNA will not be copied to mRNA during transcription. To overcome this 
problem, retrovirus copies their promoter sequences and transfers them to the opposite ends during 
reverse transcription. The resulting DNA is thus longer than the RNA template and has identical 
sequences in both ends. Thus, even if the promoter sequences are lost during transcription, the newly 
synthesized RNA would be identical to the original RNA genome. 

    12.3.1.1   DNA Synthesis by Reverse Transcriptase 

 Reverse transcriptase is synthesized from the “pol” gene product as a 66-kDa protein (p66) that 
forms a homodimer. P66 is organized as an N-terminal reverse transcriptase domain, a connection 
domain, and a C-terminal RNase H domain. The viral protease subsequently cleaves the 66-kDa 
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  Fig. 12.10       Reverse transcription of the HIV-1 genome. ( a ) Minus-strand DNA synthesis. Minus-sense DNA synthe-
sis is initiated near the 5 ¢ -end of the RNA genome using a tRNA as a primer that anneals at the primer-binding site 
(PBS). During the DNA synthesis, RNase H cleaves RNA segments of RNA–DNA hybrid ( red arrows ). ( b ) Minus-
strand transfer. The single-stranded minus-strand DNA anneals with the repeat R region at the 3 ¢ -end of RNA genome 
and continues to elongate. ( c ) Plus-strand DNA synthesis. The polypurine track (PPT), which is resistant to RNase H, 
is used as a primer to initiate plus-sense DNA synthesis. The synthesis stops after copying the PBS region from tRNA, 
and RNase H cleaves tRNA. ( d ) Plus-strand transfer. The plus-strand DNA is transferred and annealed with the PBS 
region of the minus-strand DNA, and DNA synthesis continues via bidirectional DNA synthesis. ( e ) dsDNA synthesis. 
Ligation of a circular intermediate produces a linear dsDNA with terminal repeats containing R and promoter regions 
(U3 and U5) at both ends (Wendeler et al.  2009  )        
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homodimer and removes the RNase H domain from one monomer, making a heterodimer consisting 
of a 66-kDa protein (p66) and a 51-kDa protein (p51) (Kohlstaedt et al.  1992  ) . Only p66 is active as 
a polymerase and an RNase H. Structures of the p66–p51 heterodimer explain why polymerase 
activity is observed only for p66 (Fig.  12.11a ). Although the individual domains of p66 and p51 
subunits are very similar to each other, the arrangements of domains are signifi cantly different 
between the p66 and p51 subunits. P66 polymerase has the classical fi ngers, palm, and thumb domain 
confi guration where the template-binding channel is formed by internal surfaces of all three domains. 
The connection and RNase H domains of p66 are positioned away from the template-binding 
channel. In contrast, the polymerase domain of p51 does not have a template-binding channel. The 
connection domain occupies the space between the palm and thumb domains and thus blocks 
the access to the active site residues, making p51 inactive as a polymerase.  

 Several steps in the nucleotidyl transfer reaction have been captured by structural studies. Binding 
of nucleic acid or an inhibitor in the polymerase induces a large movement of the thumb domain in 
respect to the fi ngers domain (Kohlstaedt and Steitz  1992 ; Rodgers et al.  1995  ) . In unbound poly-
merase, the thumb domain contacts a portion of the fi ngers domain, which “opens” as much as 34° 
in relation to the fi ngers domain to accommodate the template–primer duplex in the polymerase 
complexes (Fig.  12.11a ). This is in contrast to RNA-dependent RNA polymerases, where the fi nger-
tips in the fi ngers domain interact extensively with the thumb domain. 

 Reverse transcriptase, complexed with dsDNA or a PPT-containing RNA–DNA hybrid, shows 
that the enzyme interacts with nucleic acid through both p66 and p51 domains (Jacobo-Molina et al. 
 1993 ; Huang et al.  1998 ; Sarafi anos et al.  2001  ) . The polymerase and the RNase H domain of the 
p66 subunit is arranged such that the p66 polymerase active site binds to the primer terminus, and 
the RNase H active site contacts the template–primer duplex 17 nucleotides downstream (Fig.  12.11b ). 
The connecting and thumb domains of p51 form a fl oor in the nucleic acid binding cleft between the 
polymerase and RNase H domains. The dsDNA and RNA–DNA hybrid have an A-form helix near 
the polymerase active site that gradually becomes B-form near the RNase H active site. The p66 
polymerase active site binds to a 3 ¢ -end of the primer mainly through a  b -hairpin in the palm domain, 
named a “primer grip.” The primer grip orients the 3 ¢ -hydroxyl of a primer terminus for nucleophilic 
attack on the  a -phosphate of the incoming NTP. Similarly, template strand binds in the polymerase 
active site through a “template grip” consisting of residues from the palm and fi ngers domains 
(Fig.  12.11b ). 

 An elongation complex of reverse transcriptase containing template, primer, and incoming NTP 
was obtained by cross-linking the polymerase and template–primer dsDNA and by incorporating 
dideoxynucleotide at the 3 ¢ -end of the primer (Huang et al.  1998  ) . Although the primer terminus 
lacks the 3 ¢ -hydroxyl group and was thus unable to attack the incoming NTP, the deoxyribose is ide-
ally positioned to attack the incoming NTP via its missing 3 ¢ -OH. The NTP forms a Watson–Crick 
base pair with the template base, and the triphosphate group of NTP binds two metal ions that are 
coordinated by the essential Asp residues in motifs A and C. Compared to the template–primer 
complex, the binding of the incoming NTP induces a movement of the fi ngers domain closer to the 
thumb domain and thus closes down on the NTP binding site.  

    12.3.1.2   RNA Degradation by RNase H 

 While minus-strand DNA is synthesized from the RNA template, RNase H degrades most of the 
RNA in the RNA–DNA hybrid nonspecifi cally. In particular, RNase H cleaves 17–18 nucleotides 
downstream from the polymerase active site (Furfi ne and Reardon  1991 ; Basu et al.  2008  ) . As 
described earlier, the distance between the polymerase and RNase active sites is ~60 Å, which cor-
responds to 17 base pairs for the duplex DNA and 18 base pairs for an RNA–DNA hybrid, consistent 
with the biochemical data. The RNase H is proposed to control the cleavage specifi city by reducing 
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the width of minor groove and interacting with the DNA primer strand near the RNase H active site. 
The RNA–DNA hybrid typically adopts a conformation close to an A-form helix, in which the minor 
groove is 9–10 Å on average. RNase H cleaves substrates with different minor groove widths much 
less effi ciently. In addition, residues near the RNase H active site, named the “RNase H primer grip,” 
bind the DNA primer strand four to nine nucleotides downstream to the scissile phosphate base pair 
(Fig.  12.11b ). Mutations of residues in the RNase H primer grip affect the specifi city of RNase H 
cleavage in vitro and in vivo, suggesting that the RNase H primer grip might control the specifi city 
of the RNase H (Julias et al.  2002 ; Rausch et al.  2002  ) . This idea is further supported by a struc-
ture of reverse transcriptase bound with PPT-containing RNA–DNA, which is resistant to RNase H 
cleavage. In this complex, the RNA–DNA hybrid has unpaired and mispaired bases in the PPT 
region [(rA) 

4
 :(dT) 

4
 ] and a signifi cantly narrower minor groove of ~7 Å, less than the typical 9–10 Å 

groove. Although it is not clear whether this conformation of adenosine-rich PPT is an intrinsic 
property of the helix, this conformation places the scissile phosphate ~3 Å away from the RNase H 
active site, thus preventing cleavage.  

    12.3.1.3   Coordination of Multiple Activities in Reverse Transcriptase 

 During genome replication, reverse transcriptase catalyzes RNA-dependent DNA synthesis, RNA 
cleavage in an RNA–DNA hybrid, DNA strand transfer, and DNA-dependent DNA synthesis. Thus, 

  Fig. 12.11    Structures of HIV reverse transcriptase. ( a ) p66 subunit ( top ) and p66–p51 heterodimer ( bottom ). The 
fi ngers ( blue ), palm ( green ), thumb ( red ), connection ( orange ), and RNase H ( yellow ) domains of p66 are in solid 
colors and domains of p51 are in transparent colors. Two aspartic residues in the YMDD motif (motif C) are shown 
as ball-and-stick models. The polymerase is in an “open” conformation due to binding of substrate, which is omitted 
in the fi gure for clarity. Note the connecting domain in p51 is inserted between the palm and the thumb domains, mak-
ing p51 inactive as a polymerase. ( b ) Structure of p66–p51 heterodimer complexed with a PPT-containing RNA–DNA 
hybrid. Only the p66 subunit is shown for clarity. The sequence of the RNA–DNA hybrid used in the crystallization 
is shown with the PPT  underlined  and the portion visible in the crystal structure shaded in  gray  ( top ). Template RNA 
and primer DNA are shown in  magenta  and  blue , respectively, and the RNase H cleavage site is indicated with a  red 
arrow . The primer grip, template grip, and RNase H primer grip are indicated       
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reverse transcriptase has to recognize and orient different primer–template pairs in the active sites of 
the polymerase and RNase H domains for appropriate activities. How does reverse transcriptase 
determine the correct orientation of the polymerase domain or RNase H domain on the template–
primer complex for its activity? Recent single-molecule fl uorescence resonance energy transfer 
(FRET) measurements suggest that the binding orientation of reverse transcriptase on the template–
primer complex determines the enzymatic activity (Abbondanzieri et al.  2008  ) . Specifi cally, interac-
tion between the primer backbone near the 5 ¢ -end of the primer, i.e., DNA versus RNA, and the 
“RNase H primer grip” determines the binding orientation of reverse transcriptase. When DNA 
primer binds to the DNA template (which would be the case for plus-sense DNA synthesis from 
minus-strand DNA), the polymerase domain binds to the 3 ¢ -end of the DNA primer, and the RNase 
H domain binds near the 5 ¢ -end of the primer. This is the correct orientation of the polymerase 
domain to initiate DNA synthesis. In contrast, when an RNA primer with a random sequence binds 
to the DNA template (which would be a case for nonspecifi c cleavage of the RNA template in a 
RNA–DNA hybrid), the polymerase domain binds to the 5 ¢ -end of the RNA primer, and RNase H 
domain is close to the 3 ¢ -end of the primer. Since the polymerase active site does not bind to the 3 ¢ -
end of a primer, the polymerase would not elongate the primer. Instead, the RNase H domain would 
cleave RNA at 18 nt from the 5 ¢ -end of template. However, when the polypurine PPT-containing 
RNA is used as a primer (which would be the case for minus-strand DNA synthesis, step C in 
Fig.  12.10 ), the reverse transcriptase slides on the template–primer complex, rapidly shuttling 
between the 3 ¢ - and 5 ¢ -ends of the primer, and thus, the polymerase can use PPT as a primer for a 
DNA synthesis.   

    12.3.2   Hepatitis B Virus Reverse Transcriptase 

 Hepatitis B virus (hepadna virus) is a dsDNA virus, but its transcription and replication mechanisms 
are distinct from those of other dsDNA viruses. The 3.2-kb genome of hepatitis B is a mostly dou-
ble-stranded circular DNA, but is not covalently closed, and is thus termed a  r elaxed  c ircular DNA 
(rcDNA). The minus-sense DNA strand is a genome-length, and the viral polymerase “P” protein is 
covalently linked at its 5 ¢ -end. The plus-sense DNA strand is variable in length but generally shorter 
than the full-length genome and has an RNA primer attached at the 5 ¢ -end (Nassal  2008 ; Sohn et al. 
 2009  ) . Upon entry into cells, the genomic DNA is transported to the nucleus and converted into a 
plasmid-like  c ovalently  c losed  c ircular DNA (cccDNA) by cellular enzymes. Subgenomic RNA is 
then synthesized from the cccDNA by cellular RNA polymerase II. One of the subgenomic RNAs, 
called the  p re g enomic RNA (pgRNA), has a full viral DNA sequence and is encapsidated into the 
viral capsid with the polymerase “P” protein. Only a single pgRNA and a single P protein are pack-
aged per particle. Inside the capsid, plus-sense pgRNA is reverse-transcribed to minus-sense DNA 
by the P polymerase. During minus-sense DNA synthesis, most pgRNA of the RNA–DNA hybrid is 
degraded by the RNase H of the P protein. The last cleavage by RNase H occurs 11–16 nt from the 
5 ¢ -end of pgRNA. The P polymerase subsequently uses the remaining ~15 RNA nucleotides as a 
primer and the minus-strand DNA as a template to synthesize plus-sense DNA and generate partially 
double-stranded rcDNA. 

 The 90-kDa polymerase P protein from hepatitis B virus consists of terminal protein, spacer, 
reverse transcriptase, and RNase H domains (Radziwill et al.  1990  ) . The terminal protein domain 
(~180 amino acids) at the N terminus of P protein acts as a protein primer, similar to VPg in polio-
virus and the terminal protein in bacteriophage  f 29. Tyr63 provides a hydroxyl group to which the 
fi rst nucleotide of the minus-sense DNA is added. Because the terminal protein is a part of reverse 
transcriptase P, the polymerase domain is also covalently linked to the 5 ¢ -end of minus-sense DNA. 
Hepatitis B virus is the only example of a viral polymerase that is covalently attached to the viral 
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genome (Nassal  2008  ) . The next ~150 amino acids of the spacer region are highly diverse among 
hepadna viruses, and the majority of the region can be deleted without loss of polymerase activity 
(Radziwill et al.  1990  ) . Thus, the function of the spacer region is suggested to tether the terminal 
protein domain at the N terminus and the C-terminal polymerase domain. Recently, a zinc fi nger 
motif has been identifi ed within the spacer region that is critical for pgRNA binding and encapsida-
tion (Kim et al.  2009  ) . The reverse transcriptase domain carries out minus-sense DNA synthesis 
using pgRNA as a template and the terminal protein as a protein primer. The C-terminal RNase H 
domain degrades pgRNA during minus-strand DNA synthesis, similar to RNase H of retrovirus 
reverse transcriptase. Currently, no structure is available for any of the hepadna virus reverse tran-
scriptases. Future structural studies of P protein will help illuminate the strategy that hepadna viruses 
use for genome transcription and replication.   

    12.4   DNA-Dependent DNA Polymerases 

 DNA viruses replicate using either host or viral DNA-dependent DNA polymerases, also called 
DNA polymerases. Viral DNA-dependent DNA polymerases are similar to host DNA polymerases, 
and some of these virus polymerases even have a proofreading activity. Most DNA viruses have 
dsDNA genomes that can be in either a linear or circular form. Viruses with linear dsDNA genomes 
include adenovirus ( Adenoviridae ), herpesvirus ( Herpesviridae ), small pox or vaccinia virus 
( Poxviridae ), and tailed bacteriophages such as  f 29 and T7 ( Podoviridae ). Viruses with circular 
dsDNA genomes include papillomavirus ( Papillomaviridae ) and polyomavirus ( Polyomaviridae ). 
Eukaryotic DNA viruses with small genomes (4–9 kb), such as papillomavirus and polyomavirus, 
use cellular enzymes in the nucleus for both genome transcription and replication and thus do not 
encode a viral polymerase (Mesters et al.  2006  ) . In contrast, cytoplasmic DNA viruses with large 
genomes, which spend most of their life cycles in the cytoplasm, are unable to access host DNA 
and RNA polymerases and thus encode their own DNA-dependent DNA and RNA polymerases. 
For example, vaccinia virus ( Poxviridae ), with an approximately 190-kb-long linear dsDNA 
genome, encodes its own DNA and RNA polymerase as well as other enzymes that are responsible 
for replication and the transcription. Since the replication and transcription machineries are needed 
immediately upon infection, they are packaged in viral capsids along with the DNA genome 
(Broyles  2003  ) . 

 All DNA-dependent DNA polymerases require a primer for nucleic acid synthesis. Thus, viruses 
with linear genomes face the challenge of copying the 5 ¢ -end of the genome during replication. If the 
end of the genome is not copied during successive rounds of replication, the genome will become 
progressively shorter. To overcome this problem, some bacteriophages release a linear genome into 
the cell that is then converted into a circular form prior to replication or is integrated into the host 
chromosome (prophage) (Weigel and Seitz  2006  ) . Cellular DNA polymerases can then elongate 
either the 3 ¢ -OH end of nicked dsDNA as a primer using the unnicked strand as a template in a roll-
ing circle mechanism. 

    12.4.1   dsDNA Bacteriophage  f 29 DNA-Dependent DNA Polymerase 

 Bacteriophages  f 29, Cp-1, PRD-1, and adenovirus have a linear dsDNA genome and use a protein-
primed initiation mechanism to copy the very end of the genome (Meijer et al.  2001  ) .  Bacillus subti-
lis  phage  f 29 has a 19.3-kb dsDNA genome with an origin of replication at each end. Both 5 ¢ -termini 
of the dsDNA genome are covalently attached to a terminal protein “gp3.” The  f 29 DNA-dependent 
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DNA polymerase “gp2” initiates DNA synthesis using the terminal protein gp3 as a protein primer 
via the sliding-back mechanism (Fig.  12.5b ). The polymerase begins DNA synthesis at the second 
T in the 3 ¢ -end of the  f 29 genome and covalently attaches dATP to the hydroxyl group of a conserved 
Ser residue of the terminal protein to form a terminal protein (TP)-dAMP link (step A in Fig.  12.12 ). 
This TP-dAMP then slides back one base and forms a base pair with the 3 ¢ -terminal T of the template. 
The polymerase then starts DNA synthesis at the +2 position and elongates the rest of the template 
(Blanco and Salas  1996 ; Meijer et al.  2001  ) . Because the gp2 polymerase can initiate DNA synthesis 
from each terminus of the dsDNA genome, there is no equivalent of lagging strand synthesis seen in 
cellular DNA polymerases (Blanco and Salas  1996  ) . Instead, the DNA replication intermediate is a 
dsDNA containing single-stranded DNAs (step B in Fig.  12.12 ). When two DNA polymerases pass 
by each other, the templates separate into two duplex DNAs containing one full-length DNA and one 
shorter DNA (step C in Fig.  12.12 ). DNA synthesis continues until the polymerase reaches the 5 ¢ -end 
of the template, resulting in a DNA duplex with terminal proteins at each 5 ¢ -end of the genome. The 
gp2 polymerase also has a DNA helicase activity to unwind duplex DNA (strand separation) and an 
exonuclease activity to correct misincorporated nucleotides during the DNA replication. In addition 
to gp2 polymerase and gp3 terminal protein, the replication of  f 29 in vitro requires ssDNA binding 
protein gp5 and dsDNA binding protein gp6. Gp5 binds and protects the single-stranded region of 
DNA from degradation during replication, and gp6 forms a nucleoprotein complex with the dsDNA 
genome and helps open the ends of the dsDNA (Blanco and Salas  1996  ) .  

    12.4.1.1   Protein-Primed Initiation by  f 29 Polymerase 

 The  f 29 gp2 polymerase belongs to the B-type superfamily of DNA-dependent DNA polymerases 
that also includes DNA polymerases of eukaryotic polymerase  a  and  E. coli  polymerase II. The gp2 
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polymerase consists of an N-terminal exonuclease domain (residues 1–189) and a C-terminal DNA 
polymerase domain (190–575). The exonuclease domain catalyzes 3 ¢  → 5 ¢  cleavage of a single-
stranded DNA and is responsible for the proofreading activity. In addition to the classical fi ngers, 
palm, and thumb domains, the  f 29 polymerase domain has two insertions in the palm domain called 
 t erminal  p rotein  r egions 1 and 2 (TPR1 and TPR2). The TPR1 and TPR2 are only present in the 
B-type family of DNA-polymerases that replicate via a protein-priming mechanism (Meijer et al. 
 2001  ) . TPR1 forms a small domain next to the palm domain and TPR2, together with the thumb 
domain, forms an arch over the template-binding channel (Fig.  12.13a ). The exonuclease domain is 
positioned between the fi ngers and thumb domains and encircles the template-binding channel 
together with the palm, thumb, TPR1, and TPR2 domains. Mutations of residues in TPR1 and TPR2 
greatly reduce protein-primed DNA synthesis and exonuclease activities, consistent with the 
observed structure (Dufour et al.  2003  ) .  

 The structure of the terminal protein-priming initiation complex consisting of  f 29 DNA 
polymerase and the terminal protein suggests how the large terminal protein is used to initiate 
DNA synthesis (Kamtekar et al.  2006  ) . The terminal protein consists of three domains, the N-terminal 
(residues 1–73), the intermediate (74–172), and the C-terminal priming domains (173–266) 
(Fig.  12.13b ). The intermediate and priming domains interact with the TPR1 and TPR2 of the poly-
merase, respectively. In particular, the priming domain of the terminal protein binds in the template-
binding channel, positioning the priming loop containing the conserved Ser required for initiation 
(Ser232) near the catalytic site of polymerase. Unfortunately, the density for Ser232 is not observed 
in the structure, suggesting that the priming loop might be fl exible without a template strand. The 
interaction between the priming domain and polymerase is mostly electrostatic, similar to the inter-
action of the template–primer complex in the polymerase active site. The priming domain occupies 
the most of the template-binding channel, and thus, only a short template could bind in the channel 
during the initiation of DNA synthesis. The fi rst addition of dATP to the terminal protein requires 
precise positioning of the template terminus, dATP, and terminal protein in the polymerase active 
site. By excluding most of the volume in the template-binding channel, the terminal protein could 
provide specifi c interaction with the template terminus to form a stable initiation complex. As the 
template and protein-linked primer extend, the priming domain of the terminal protein would move 
out of the template-binding channel to accommodate the longer template–primer duplex. 

 The terminal protein has high affi nity (80 nM) for polymerase even in the absence of nucleic acid 
but dissociates from the polymerase after synthesis of six to ten nucleotides (Lazaro et al.  1995 ; 
Mendez et al.  1997  ) . Modeling of template–primer in the polymerase active site suggests that the 
intermediate domain of terminal protein could maintain the interaction with TPR1 of the poly-
merase, while the priming domain is pushed out of the template-binding channel at each addition up 
to six or seven nucleotides (Kamtekar et al.  2006  ) . The terminal protein would dissociate from the 
polymerase after seven nucleotide synthesis steps, consistent with the biochemical data. The release 
of the terminal protein from the polymerase would trigger a transition from the initiation to the elon-
gation phase in which a stable template–primer DNA complex is formed, and DNA synthesis pro-
ceeds with high processivity.  

    12.4.1.2   Elongation 

 DNA-dependent DNA polymerases are highly processive, and the  f 29 polymerase can synthesize 
the entire 20-kb DNA genome in a single binding event without dissociation (Meijer et al.  2001  ) . 
High processivity requires a tight polymerase–DNA interaction to prevent dissociation but also 
should allow relative movements between the polymerase and template at each step of the polymer-
ization. The  f 29-type DNA polymerases accomplish this by treading the template DNA under a 
tunnel, which would prevent the dissociation of the template DNA from the polymerase during 
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  Fig. 12.13    Structures of  f 29 DNA-dependent DNA polymerase. ( a )  f 29 polymerase. The N-terminal exonuclease, 
fi ngers, palm, and thumb domains are shown in  yellow ,  blue ,  green , and  red , respectively. The TPR1 and TPR2 regions 
are shown in  purple  and  magenta . Two catalytic Asp residues (Asp249 and Asp458) in the motifs A and C are shown 
as ball-and-stick models. ( b )  f 29 polymerase-terminal protein (TP) heterodimer. The polymerase is shown as a trans-
parent surface, and the TP is in ribbons. The N-terminal, intermediate, and priming domains of TP are labeled and 
shown in  gold ,  dark orange , and  light orange , respectively. The polymerase on the  left  is in a same orientation as in 
( a ). ( c )  f 29 polymerase complexed with template–primer. The template and primer strands are shown in  magenta  and 
 blue . The sequences of template and primer strands are shown. Note that the 5 ¢ -end template is threaded under the 
downstream template-binding tunnel. ( d ) Active site in template–primer ( top ) and template–primer–NTP ( bottom ) 
complexes. The template–primer–NTP complex was trapped by incorporating a 2 ¢ ,3 ¢ -dideoxynucleotide into the 
primer terminus and thus preventing a further nucleotidyl transfer reaction. The active site residues are colored accord-
ing to their domains as in ( a )         
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translocation and nucleotide addition steps. The structure of the  f 29 polymerase complexed with a 
DNA duplex shows that the duplex region of the template–primer is encircled by the thumb domain 
and TPR2 (Fig.  12.13c ) (Berman et al.  2007  ) . The 5 ¢ -end single-stranded template is threaded under 
the “downstream template tunnel” formed from the exonuclease domain, TPR2, palm, and fi ngers 
domain. The downstream template tunnel is only large enough to accommodate single-stranded 
DNA and may play a role in strand separation. Deletion of TPR2, which forms an arch over the 
template-binding channel, reduces processivity and strand separation of the mutant enzyme, consis-
tent with the model (Rodriguez et al.  2005 ; Kamtekar et al.  2006  ) . 

 The overall polymerase structure is similar among unbound, terminal protein complex, template–
primer complex, and template–primer–NTP complexes, and there is no large movement of 
domains. However, one distinctive difference between the template–primer complex and the tem-
plate–primer–NTP complex is that the incoming NTP binding site is occupied by the side chain of a 
conserved Tyr residue (Tyr254) in the fi ngers domain in the absence of the incoming NTP (Fig.  12.13d  
top). Upon binding of incoming NTP to the template–primer, the fi ngers domain rotates 14° toward 
the polymerase active site and “closes” onto the incoming NTP. The Tyr254 which occupies the NTP 
binding site in the absence of incoming NTP now rotates to stack on the incoming dNTP (Fig.  12.13d  
bottom). The dNTP base-pairs with the template base, and the triphosphate moiety interacts with the 
conserved Lys in motif B (Lys383) and the two metal ions that are coordinated by the catalytic Asp 
residues in polymerase motif A (Asp249) and C (Asp458).  

    12.4.1.3   Proofreading by the  f 29 Polymerase 

 The  f 29 polymerase contains an exonuclease domain that provides a proofreading activity during 
DNA synthesis. The RB69 polymerase (a  f 29-like polymerase) and DNA complex shows that the 
exonuclease domain contacts only three nucleotides at the 3 ¢ -end of the ssDNA, suggesting that 
primer transfer from the polymerase to the exonuclease active site would require an opening of at 
least three to four base pairs in template–primer duplex (Hogg et al.  2004  ) . During replication, a 
primer terminus containing an error will be transferred from the polymerase to the exonuclease 
active site for cleavage and then be transferred back to the polymerase active site for elongation. The 
major determinant of this switch coordinating DNA synthesis and degradation has been proposed to 
be the strength with which the primer terminus binds to the respective active sites. Mutational stud-
ies show that a single mutation in a conserved motif (YxGG/A), located between the exonuclease 
and polymerase domains, results in polymerases that exhibit different ratios of the polymerase activ-
ity versus the exonuclease activity due to loss of DNA binding in either the polymerase or the exo-
nuclease active site. For example, the loss of DNA binding in the polymerase active site results in 
the increased activity of the exonuclease (Truniger et al.  1996,   1999  ) . Consistent with this idea, a 
single-molecule experiment showed that the mechanical tension between the polymerase and the 
mismatched DNA duplex promotes the transfer of the primer terminus to the exonuclease active site 
(Ibarra et al.  2009  ) . Mismatched dsDNA induces a long-range tension on the dsDNA helix, and 
weakens the binding of the template–primer in the polymerase active site. The polymerase subse-
quently stalls, which facilitates the transfer of the primer terminus to the exonuclease active site.   

    12.4.2   Eukaryotic ssDNA Viruses Do Not Encode a Polymerase Gene 

 A small number of eukaryotic viruses are ssDNA viruses that have either linear or circular DNA 
genomes. Smaller-sized viral genomes indicate a higher dependence of the viral life cycle on the 
host cellular proteins for transcription and replication of the viral genome. Parvovirus B19 
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( Parvoviridae ) has a small linear ssDNA genome of ~5 kb in size and does not encode a viral 
polymerase (Kasamatsu and Nakanishi  1998  ) . In the nucleus, the single-stranded genome is con-
verted into a dsDNA intermediate by host DNA polymerases. This dsDNA is used for both tran-
scription and replication of the genome. Host DNA polymerases synthesize more plus- and 
minus-sense ssDNA by a rolling-circle mechanism. Either form can be encapsidated into the 
viral capsid.   

    12.5   DNA-Dependent RNA Polymerase 

 Viral DNA-dependent RNA polymerases share similar functions and specifi cities with cellular 
RNA polymerases. Many DNA viruses rely on cellular RNA polymerases for transcription and 
therefore carry out part of their infection cycle in the nucleus. An exception is cytoplasmic dsDNA 
viruses, which carry out viral transcription in the cytoplasm, and thus encode DNA-dependent RNA 
polymerases. DNA-dependent RNA polymerases are different from DNA-dependent DNA poly-
merases in that they bind at a specifi c promoter duplex DNA sequence to initiate RNA synthesis, and 
they are able to carry out de novo synthesis without a primer. The newly synthesized RNA is gener-
ally released from the DNA template, and thus, the double-stranded DNA helix is maintained except 
for a short region called a transcription bubble within which a transient DNA–RNA hybrid is formed. 
DNA-dependent RNA polymerases also exhibit a distinct transition from initiation to elongation. 
Following the initial RNA synthesis, RNA polymerases release many short (<10) nucleotides that 
failed to be converted into a full-length transcript (abortive initiation). Only after the polymerase 
synthesizes ~10 nucleotides does the polymerase begin processive elongation. 

    12.5.1   dsDNA Bacteriophage T7 DNA-Dependent RNA Polymerase 

 Bacteriophage T7 has a linear dsDNA genome of ~40 kb in size. The T7 DNA-dependent RNA 
polymerase is related to the mitochondrial RNA polymerases. Unlike multisubunit cellular 
RNA polymerases, the T7 RNA polymerase is a single-subunit protein and performs the complete 
transcription cycle without any additional proteins. Thus, it has been used as a model system to study 
multisubunit RNA polymerases. The T7 RNA polymerase is extremely promoter-specifi c and only 
transcribes the DNA downstream of a 17 base-pair T7 promoter. The polymerase fi rst binds at a 
promoter site and separates the dsDNA into single strands (Fig.  12.14 ). The coding strand then 
serves as a template for the RNA synthesis. While bound at the promoter sequence, the T7 poly-
merase fi rst undergoes abortive initiation, where the polymerase synthesizes and releases many short 
(three to eight nucleotide-long) RNA transcripts from the polymerase–promoter complex (step A in 
Fig.  12. 14 ). When the nascent RNA transcript reaches eight to nine nucleotides, the RNA stably 
associates with the transcription complex, and the polymerase proceeds to synthesize the entire RNA 
transcript until it reaches a termination signal (step B in Fig.  12. 14 ). When the polymerase reaches 
the termination signal, it stops, and the polymerase and the RNA transcript dissociate from the 
dsDNA template (step C in Fig.  12. 14 ).  

    12.5.1.1   Promoter Recognition and Abortive Initiation 

 T7 RNA polymerase consists of an N-terminal domain (35 kDa) unique to DNA-dependent RNA 
polymerases and a C-terminal polymerase domain (60 kDa) that is homologous to the  E .  coli  DNA 
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polymerase I (pol I) family of polymerases (Jeruzalmi and Steitz  1998  ) . The N-terminal domain, 
positioned in front of the polymerase, interacts with the palm and thumb domains and partially 
occludes the polymerase active site (Fig.  12.15a ) (Sousa et al.  1993 ; Cheetham and Steitz  1999 ; 
Tahirov et al.  2002  ) . The T7 polymerase initiation complex, containing a three-nucleotide RNA 
transcript, shows the structural basis for specifi c recognition of the promoter DNA and abortive 
initiation. The T7 polymerase initiation complex was produced by addition of a 17 base-pair pro-
moter DNA duplex, which contains a single-stranded region at the 5 ¢ -end, and a three-nucleotide 
RNA that can base-pair with the ssDNA region (Cheetham and Steitz  1999  ) . In the crystal structure 
of the initiation complex, the polymerase separated the −4 to −1 region of the promoter DNA duplex 
near the RNA synthesis initiation site (+1 site) to form a transcription bubble. The +1 to +3 sites of 
the single-stranded DNA template base-pair with the RNA transcript in an A-form helix in the active 
site (Fig.  12.15a ). The promoter DNA binds mainly to the N-terminal domain and a  b -hairpin (resi-
dues 739–770) in the fi ngers domain, named the “specifi city loop”; the N-terminal domain binds the 
duplex region (−17 to −5) of the promoter sequence, while the specifi city loop interacts with the 
major groove of the promoter DNA in a sequence-specifi c manner.  

 DNA protection and cross-linking experiments suggest that the initiation complex of T7 RNA 
polymerase accommodates up to eight base pairs of the DNA–RNA hybrid in the polymerase 
active site while bound in the promoter site (Temiakov et al.  2000  ) . However, the T7 initiation 
complex shows that the template-binding channel is just large enough to accommodate three to 
four base pairs, and a DNA–RNA hybrid longer than four base pairs would clash with the N-terminal 
domain.    This apparent discrepancy suggests that the existence of additional conformations of the 
polymerase initiation complex that would accommodate longer RNA transcripts. Recent structural 
studies show one such intermediate, where the promoter binding site rotates along with the bound 
promoter DNA to incorporate a longer DNA–RNA hybrid in the active site (Durniak et al.  2008  ) . 
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  Fig. 12.14    RNA transcription by T7 DNA-dependent RNA polymerase. ( a ) Initiation of RNA synthesis. The T7 
RNA polymerase binds at the promoter site, separates the dsDNA genome, and initiates RNA transcription. The 
polymerase synthesizes short three- to eight-nucleotide long RNA oligomers de novo that are released from the poly-
merase–promoter complex. Unlike the DNA replication seen in Fig.  12.11 , only a small portion of dsDNA is separated 
to form a DNA–RNA hybrid (transcription bubble). Two DNA strands reanneal around the transcription bubble as the 
polymerase moves along the template. ( b ) RNA elongation. Once the RNA chain reaches about nine nucleotides, 
the polymerase elongates the RNA transcript with high processivity. ( c ) Termination. Once the polymerase encounters 
a termination signal, the polymerase and the RNA transcript are released from the nucleic acid       
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  Fig. 12.15    T7 RNA polymerase initiation and elongation complexes. ( a ) Initiation complex containing the promoter 
dsDNA and a three-nucleotide ssRNA transcript. The sequences of the nucleic acids are shown with the portions vis-
ible in the crystal structure shaded in  gray  ( top ). RNA synthesis starts at the +1 position. Polymerase is shown in the 
absence and presence of the bound nucleotides for clarity ( bottom ). The N-terminal domain, fi ngers, palm, and thumb 
domains are shown in  yellow ,  blue ,  green , and  red , respectively. The specifi city loop in the fi ngers domain is shown 
in  purple . The template (coding) strand, nontemplate strand, and the RNA transcript are shown in  magenta ,  orange , 
and  blue  ribbons, respectively. ( b ) Elongation complex containing dsDNA and a ten-nucleotide RNA transcript. Note 
three nucleotides at the 5 ¢ -end of the RNA transcript are separated from the template and are exiting the active site       
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Thus, transition from initiation to elongation requires successive conformational changes in the 
N-terminal domain. Many of these intermediate conformations are not faithful, leading to abortive 
initiations.  

    12.5.1.2   Processive Elongation 

 When the nascent RNA transcript reaches eight to nine nucleotides, the polymerase releases the 
promoter DNA and starts synthesizing downstream DNA sequences. T7 RNA polymerase is highly 
processive and can synthesize 200 nucleotides per second and the entire 40-kb genome within min-
utes (Golomb and Chamberline  1974 ). DNA-dependent RNA polymerases require specifi c interac-
tion with the promoter in the initiation phase but need high processivity and nonspecifi c DNA 
interactions in the elongation phase. How does the T7 RNA polymerase accomplish these seemingly 
exclusive tasks? T7 RNA polymerase undergoes structural reorganization that removes the promoter 
binding site in the N-terminal domain and encircles the RNA transcript in a tunnel that prevents dis-
sociation of DNA–RNA hybrid from the polymerase. 

 A T7 RNA polymerase elongation complex was obtained using a duplex DNA containing 11 
noncomplementary bases in the middle to mimic a transcription bubble, and a ten-nucleotide 
RNA that would base-pair with the coding DNA strand in the transcription bubble (Yin and 
Steitz  2002  ) . Among the ten-nucleotide RNA, seven nucleotides at the 3 ¢ -end RNA base-pair 
with the template DNA in the active site, and the other three nucleotides are separated from the 
template strand, exiting the polymerase active site (Fig.  12.15b ). Compared to the initiation com-
plex, the polymerase undergoes a major rearrangement of the N-terminal domain and the speci-
fi city loop in the elongation phase. The N-terminal domain, which forms a part of the promoter 
binding site in the initiation complex, now forms a part of the “RNA transcript exit tunnel” 
together with the thumb domain and the specifi city loop (Fig.  12.15b ). In particular, residues 
160–190 in the N-terminal domain move approximately 70 Å from the bottom to the top of the 
thumb domain and form a helix-turn-helix. This refolded region of the N-terminal domain, 
named “subdomain H,” or “fl ap,” creates binding sites for the 5 ¢ -end of the RNA on one side and 
the single-stranded nontemplate DNA on the other. These structural changes result in a larger 
template-binding channel that can accommodate up to fi ve to eight base pairs of DNA–RNA 
duplex. The specifi city loop, which makes sequence-specifi c interactions with the promoter DNA 
in the initiation complex, also moves away from the template-binding channel to open space in 
the RNA exit tunnel. The RNA exit tunnel would thread an RNA transcript that is longer than 
eight nucleotides, consistent with the transition to elongation at ~8 nucleotides derived by bio-
chemical studies. Similar to the TPR2 in  f 29 DNA polymerases (Fig.  12.13c ) and the sliding 
clamp of DNA replication, T7 RNA polymerase threads the RNA transcript through an RNA exit 
tunnel created in the elongation complex, making the DNA–RNA hybrid unable to dissociate 
from the polymerase.  

    12.5.1.3   Nucleotidyl Transfer Cycle in DNA-Dependent RNA Polymerases 

 The structures of the T7 polymerase have been determined in successive steps of nucleotidyl transfer 
cycle including (1) template–primer binding (posttranslocated state), (2) NTP binding in noncata-
lytic site (“open” template–primer–NTP complex), (3) NTP binding in a catalytic site (“closed” 
template–primer–NTP complex), and (4) pyrophosphate binding (pretranslocated state). After 
pyrophosphate is released and translocation occurs, the polymerases cycle back to the template–
primer binding state (Yin and Steitz  2004  ) .
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    1.     Template – primer binding  ( posttranslocated state ). Template and primer bind in the template-
binding channel, and the primer terminus near the catalytic metal binding sites (Fig.  12.16 ; (i)). 
In the absence of the incoming NTP, the side chain of a conserved Tyr in the fi ngers domain 
(Tyr639) occupies the NTP binding site and stacks with the base at the primer terminus. This 
confi guration would sterically block binding of an incoming NTP. In addition, the template nucle-
otide at the “i + 1” site (that would base-pair with incoming NTP) “fl ips out” to a position that is 
incapable of forming a base pair with the incoming NTP. It has been suggested that this template-
binding site could function as a “ratchet” to prevent a template strand slippage, until the correct 
NTP is assembled in the active site. As mentioned earlier,  f 29 DNA polymerase also has a similar 
Tyr residue occupying the incoming NTP binding site in the absence of NTP (Fig.  12.13d ).   

    2.     NTP binding in the noncatalytic site  (“ open ”  form ). The incoming NTP binds in a noncatalytic 
(“pre-insertion”) site that is incapable of participating in a nucleotidyl transfer reaction (Fig.  12.16 ; 
(ii)). This T7 polymerase complex is formed by an addition of a noncleavable  a , b -methylene 
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ATP (in which an oxygen that links  a - and  b -phosphate in ATP is replaced with a methyl group) 
to the template–primer. The template nucleotide at the “i + 1” site is still in a “fl ipped-out” position 
that is not competent to form a base pair with incoming NTP. The NTP binding site is partially 
occupied by Tyr639. Although the ATP analog does not base-pair with the template base at the 
“i + 1” site, the phosphate moiety of the ATP analog binds near the catalytic Asp residues in motif 
C and interacts with the basic residues in the  a -helix in the fi ngers domain (Arg627 and Lys631) 
that also contains Tyr639 at the distal end. This mode of binding has not been described in  f 29 
DNA polymerase.  

    3.     NTP binding in the catalytic site  (“ closed ”  form ). The incoming NTP, the template at the “i + 1” 
site, and the primer terminus are ideally positioned for nucleotidyl transfer (Fig.  12.16 ; (iii)). This 
T7 polymerase complex, also formed by addition of an  a , b -methylene ATP, shows that the tem-
plate nucleotide at the i + 1 site now binds in a position that is expected for the nucleotidyl transfer 
reaction. The adenosine moiety of  a , b -methylene ATP forms a base pair with the template 
nucleotide thymidine at the “i + 1” site, and the triphosphate moiety binds two catalytic metal ions 
that are coordinated by the catalytic Asp residues in polymerase motifs A and C (Asp537 and 
Asp811). Compared to the template–primer complex or the template–primer–ATP analog com-
plex bound in the noncatalytic site, the  a -helix in the fi ngers domain that contains Tyr639, 
Arg627, and Lys631 rotates approximately 20° to interact with correctly bound incoming NTP. In 
this “closed” form, the triphosphate of the ATP analog maintains interactions with basic residues 
Arg627 and Lys631. The correct incoming NTP to be added to the primer strand would be selected 
in this step by the interaction of polymerase with the 2 ¢ -OH of the rNTP.  

    4.     Catalysis and product release  ( pretranslocated state ). This is the conformation following chemi-
cal catalysis but prior to pyrophosphate product release (Fig.  12.16 ; (iv)). The T7 RNA poly-
merase–pyrophosphate complex is formed by addition of 3 ¢ -deoxyATP and pyrophosphate. The 
structure shows that the 3 ¢ -deoxyATP has been added to the growing RNA and that the pyrophos-
phate moiety binds where the  b - and  g -phosphate of the catalytic NTP bind. The pyrophosphate 
maintains interactions with Arg627 and Lys631 in the  a -helix of the fi ngers domain and with the 
metal ion and thus has the same conformation as in the catalytic NTP substrate complex. This 
suggests that the nucleotidyl transfer reaction does not require a conformational change in the 
polymerase and does not promote translocation prior to pyrophosphate release. Thus, it is likely 
that the dissociation of pyrophosphate leads to a conformational change in the fi ngers domain to 
“open” and allows translocation of the template–primer (Yin and Steitz  2004  ) . This would sup-
port a power-stroke model of polymerase translocation over a Brownian-ratchet model because 
the energy from nucleotide incorporation, i.e., pyrophosphate release, drives a conformational 
change that “pushes” a polymerase forward on the template.        

    12.6   Summary and Prospectus 

 Viral polymerases have evolved to utilize replication strategies that are uniquely adapted to their 
hosts. They use a variety of mechanisms to initiate nucleic acid synthesis, prevent dissociation 
from nucleic acid during processive elongation, and coordinate multiple enzymatic activities. 
Compared to multisubunit cellular polymerases, many single-unit viral polymerases have all syn-
thesizing activities and other functions necessary for genome replication. Unlike cellular host 
polymerases that require a strict regulation of transcription and replication, viral polymerases gen-
erally lack proofreading abilities and thus explore large areas of mutational space that could facili-
tate viral evolution. Although detailed knowledge of replication pathways, involvement of viral 
and cellular proteins in genome synthesis, and structural and functional characterization of viral 
polymerases is still limited to a few virus families, some common features of viral polymerases can 
be derived. 
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 Viral RNA-dependent RNA polymerases and DNA-dependent DNA polymerases use several dif-
ferent mechanisms to ensure the initiation at the template terminus. The polymerase active site can 
generally accommodate fi ve to seven nucleotides of template and primer strands; thus, it may not pro-
vide the interactions necessary to precisely position a template terminus and an NTP. Viruses over-
come this problem by reducing the effective size of the template-binding channel using either a separate 
protein or a domain within a polymerase protein. The picornaviruses and the dsDNA phage  f 29 utilize 
a terminal protein that occupies most of the template-binding channel and mimics the primer terminus 
in the active site. Alternatively, fl avivirus polymerases use a motif within the polymerase to occlude the 
active site so that only the template terminus can bind in the active site for initiation. In both cases, a 
terminal protein or the polymerase motif would need to move out of the template-binding channel after 
several cycles of nucleotide additions to accommodate the template and the growing chain. 

 The hallmark of the elongation phase is its high processivity. Although the rate and processivity 
have not been measured for many vial polymerases, it is likely that they synthesize the entire genome 
in one or a few trials. High processivity not only requires a tight polymerase–nucleic acid interaction 
to prevent dissociation, but should also allow relative movements between the polymerase and tem-
plate at each step of polymerization. DNA-dependent DNA and RNA polymerases, which exhibit 
high processivity without any accessory proteins, encircle a template and growing chain within the 
polymerase and thus prevent dissociation from the polymerase. RNA-dependent RNA or DNA 
polymerases with wide open template-binding channels do not seem to have such motifs. In picor-
naviruses, the processivity of the polymerase increases in the presence of an accessory protein 3AB. 
Thus, additional proteins in a replication complex may provide a similar function for RNA-dependent 
polymerases. 

 Since the fi rst structure of the Klenow fragment of DNA polymerase was solved, we have learned 
a great detail about the universal aspects of nucleic acid polymerase reactions. In particular, the two-
metal mechanism used to stabilize the transition state of the nucleotidyl transfer step is common to 
all nucleic acid–synthesizing polymerases. Furthermore, selection of the correct NTP and catalysis 
are linked to a conformational change in the fi ngers domain that orients the incoming NTP in the 
catalytic site. A remaining fundamental question regarding the catalytic mechanism is how the 
chemical steps are linked to actual translocation of the template and daughter strands. Another active 
area of research is to understand how viral polymerases coordinate their nucleotide synthesizing 
activity with other enzymatic activities in the overall scheme of genome synthesis. For example, 
proofreading activities in DNA polymerases, 5 ¢ -capping of mRNA in RNA-dependent RNA poly-
merases, RNase H cleavage in reverse transcriptase, and protein-priming in hepatitis B virus reverse 
transcriptase are carried out by separate domains within a single polymerase protein, and hence, the 
mechanism of coordination of these additional catalytic activities with the basic polymerase reaction 
provides another layer of complexity that will need to be addressed.      
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  Abstract   Chaperonins are universally conserved molecular machines that facilitate the proper 
 folding of nascent and partially folded polypeptides into their respective three-dimensional struc-
tures. These multimeric protein complexes utilize the energy derived from ATP hydrolysis to fuel a 
protein-folding mechanism that consists of multiple rounds of substrate binding, encapsulation, and 
eventual expulsion back into the cytosolic environment. In this portion of the chapter, the structure 
and function of group I and group II chaperonins are discussed. Furthermore, the general mechanism 
of chaperonin-mediated protein folding is addressed in addition to illustrating how viral phages such 
as Lambda, T4, and RB49 exploit the host machinery for the proper folding of viral gene products. 
Lastly, the phiEL chaperonin from phage EL is revealed to be the fi rst virally encoded chaperonin 
and is proposed to function independently of the host chaperonin machinery. The molecular archi-
tecture of the phiEL chaperonin, coupled with its unique functional abilities, renders its characteriza-
tion a challenge and further highlights its novelty as a potentially whole new class of chaperonins.   

     13.1   Introduction 

 The folding and assembly of newly synthesized polypeptides into their stable three-dimensional states 
is one of the least understood processes of protein synthesis (Booth et al.  2008 ; Carrascosa et al.  2001  ) . 
The transition of a nascent polypeptide into its respective native conformation is a complex process of 
intermolecular interactions that is largely dictated by the primary amino acid sequence (Anfi nsen 
 1973  ) . The major driving force behind the protein-folding process involves an increased entropy at the 
solvent interface by way of sequestering hydrophobic residues within a hydrophobic core (Pace et al. 
 1996  ) . Additionally, the formation of hydrogen bonds, charge–charge salt-bridge interactions, and 
disulfi de bonds each contribute to the stability of folded protein as it enters the lowest free energy 
state. In some instances the complete folding of a given protein can be thermodynamically unfavor-
able in which the relative activation energies required to reach the fully folded state are insurmount-
able. Furthermore, the in vivo folding of nascent polypeptides is often faced with adverse intracellular 
conditions such as high overall protein concentration and the potential accumulation of hydrophobic 
interactions (Xu and Sigler  1998  ) . In such cases, productive protein folding is facilitated by the dis-
tinct family of ubiquitous sequence-related proteins known as chaperonins (Nitsch et al.  1998  ) . 
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 Chaperonins are large, multi-subunit assemblies that function by mediating the ATP-dependent 
protein folding of nascent polypeptides into their native state. Chaperonins utilize the energy derived 
from ATP hydrolysis to undergo large conformational changes that guide substrate proteins along a 
refi ned folding pathway within a well-sequestered and encapsulated environment (Ellis  1994  ) . By pro-
viding kinetic assistance, chaperonins prevent or reverse protein misfolding that can lead to irrevers-
ible protein aggregation (Horwich et al.  2007  ) . The accumulation of protein aggregates is associated 
with the development of a number of neurodegenerative conditions including Alzheimer’s and 
Parkinson’s diseases (Gadad et al.  2011  ) . The importance of chaperonins is best exemplifi ed by knock-
out experiments revealing the deletion of the host chaperonin gene is lethal in both bacteria and yeast 
(Fayet et al.  1989 ; Rospert et al.  1993 ; Reading et al.  1989  ) . Furthermore, mutations in the human 
mitochondrial chaperonin Hsp60 are responsible for a number of hereditary diseases including spastic 
paraplegia (Hansen et al.  2002  ) . As a result of the omniscient role in a variety of cellular compartments 
and the prevention of numerous pathologies, the host chaperonin operates beyond the machineries of 
transcription and translation to bridge the fi nal gap between DNA and biologically active protein. 

 The general architecture of chaperonins is characterized by the back-to-back stacking of homo- 
or hetero-oligomers, each containing seven to nine individual subunits (Nitsch et al.  1998 ; 
Roseman et al.  1996 ; Waldmann et al.  1995  )  (Fig.  13.1a ). Each subunit is organized into separate 
equatorial, intermediate, and apical domains that execute distinct functions respectively (Schoehn et al. 
 2000a,   b ; Spiess et al.  2004 ; Iizuka et al.  2004  )  (Fig.  13.1b ). Of particular interest, the equatorial 
domains house the nucleotide binding pockets and are responsible for maintaining the interring 
contacts (Braig et al.  1994 ; Ditzel et al.  1998 ; Zhang et al.  2010  ) . Additionally, the intermediate 
domains tether the equatorial and apical domains together as the apical domain is responsible 
for interacting with both the unfolded substrate protein and a co-chaperonin, if required 
(McCormack et al.  2001  ) .  

 Chaperonins are characterized as molecular ATPases based on a universal requirement for ATP 
and the energy derived from its hydrolysis to drive the protein-folding mechanism (Sigler et al. 
 1998  ) . Furthermore, chaperonins are specifi cally classifi ed into two subgroups according to their 
origin and structural characteristics. Group I chaperonins are found in eubacteria, chloroplasts, and 
mitochondria, while group II chaperonins are found in archaea and eukaryotes (Frydman  2001  ) . 
Group I chaperonins occupy a homo-oligomeric quaternary assembly and employ a detachable lid-
like co-chaperone structure that binds in an ATP-dependent fashion (Roseman et al.  1996  )  
(Fig.  13.2a ). Group II chaperonins generally display a hetero-oligomeric subunit organization with 
exception to the homo-oligomeric archaeal mm-cpn chaperonin (Kusmierczyk and Martin  2003a  ) . 
Furthermore, group II chaperonins make use of a built-in structure that protrudes upward during the 
substrate-accepting state and then retracts into a closed conformation upon ATP binding, producing 

  Fig. 13.1    General chaperonin architecture. ( a ) A side view of the extensively studied GroEL chaperonin highlighted 
by the nucleotide-bound and active folding  cis  ring ( top ) and the inactive  trans  ring ( bottom ) (PDB 1PF9). ( b ) The 
apical ( pink ), intermediate ( yellow ), and equatorial ( cyan ) domain boundaries within an individual GroEL subunit       
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an active-folding, encapsulated state (Klumpp et al.  1997 ; Ditzel et al.  1998 ; Pappenberger et al. 
 2002 ; Meyer et al.  2003  )  (Fig.  13.2b ). Despite the different encapsulation mechanisms, the role that 
ATP plays in group I and II chaperonins is very similar in that ATP hydrolysis is directed by identi-
cal ATP-binding motifs within the equatorial domains (Horwich et al.  2007  ) .  

 In this portion of the chapter, members of the group I and group II chaperonin families are intro-
duced and characterized with respect to their molecular architecture and functional idiosyncrasies. 
Furthermore, the methods by which viral phages exploit infected host chaperonin machinery are 
addressed, in addition to revealing a distinct Myoviridae phage that encodes for its own unique 
chaperonin.  

    13.2   Group I Chaperonins 

    13.2.1   GroEL/ES 

 Of all chaperonins, the type I bacterial GroEL/ES has been the most extensively studied chaperonin 
system and serves as the basis from which the general mechanism of chaperonin-mediated protein 
folding was fi rst elucidated (Booth et al.  2008 ; Saibil et al.  1993 ; Langer et al.  1992a ). The three-
dimensional structure of GroEL from  Escherichia coli  is characterized as a porous cylinder of 14 
identical 57-kDa subunits that are organized into two nearly sevenfold rotationally symmetrical 
rings stacked back-to-back with dyad symmetry (Braig et al.  1994  ) . Each ring is distinguished by 
either a  cis  or  trans  conformation in which ATP, substrate, and co-chaperonin binding occur in the 
 cis  ring (Fig.  13.1a ). Each individual subunit within the rings consists of three distinct domains that 
each plays an important role in the GroEL-mediated protein-folding process (Fig.  13.1b ). The mostly 
helical equatorial domain houses the ATP-binding pocket in addition to holding the apposing rings 
together through multiple of intra- and interring contacts (Xu and Sigler  1998  ) . Together the seven 
equatorial domains provide a structural barricade obstructing interring substrate exchange across the 

  Fig. 13.2    Structural differences between type I and II chaperonins. ( a ) Type I chaperonins like the homo-oligomeric 
GroEL–GroES ( cis  and  trans  rings are represented in  blue  and  cyan , respectively) require a co-chaperonin ( red ) to 
assist a two-stroke protein-folding mechanism (Kafri et al.  2001 ; Yifrach and Horovitz  1995  )  (PDB 1PF9). ( b ) On the 
contrary, type II chaperonins like the hetero-oligomeric thermosome ( a  and  b  subunits are outlined in  yellow  and 
 green , respectively) utilize a built-in lid structure in their cooperative binding mechanism (Valpuesta et al.  2002 ; 
Bigotti and Clarke  2005  )  (PDB 1A6D)       
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equatorial plane thus restricting substrate entry and escape to the apical domains (Rye et al.  1997  ) . 
The loosely structured apical domain surrounds the opening to the central cavity and is responsible 
for the binding of substrate and the GroEL co-chaperonin (Braig et al.  1994 ; Fenton et al.  1994  ) . 
Large conformation fl exibility within the apical domains contributes to the opening and closing of 
the ring cavity allowing for substrate encapsulation (Zhang et al.  2010  ) . Lastly, the hinge-like inter-
mediate domain tethers the equatorial and apical domains together and is regarded as the central gear 
in the ATP-mediated allosteric mechanism of GroEL (Xu and Sigler  1998  ) . 

 GroEL functions in close coordination with its GroES co-chaperonin counterpart in an ATP-
dependent fashion (Tilly et al.  1981  ) . GroES monomers assemble into a dome-shaped heptameric 
quaternary structure that contributes to a bullet-like structure when bound to GroEL (Ishii et al. 
 1992 ; Langer et al.  1992 b; Saibil et al.  1991  )  (Fig.  13.3 ). GroES binds to GroEL through aliphatic 
residues within its mobile loop motif which interact with a hydrophobic patch atop the apical domain 
(Landry et al.  1993 ; Xu et al.  1997  ) . Upon forming the GroEL–GroES complex, the internal volume 
of the GroES-bound  cis  ring is more than doubled from that of the unbound  trans  ring, potentially 
accommodating a molten globule intermediate with a molecular mass greater than 70 kDa (Xu and 
Sigler  1998  ) . Once formed, the GroEL–GroES complex provides the respective substrate with an 
isolated environment in which unimpeded folding is segregated away from other folding intermedi-
ates, limiting the incidence of unwanted aggregation (Xu and Sigler  1998  ) .   

    13.2.2   Hsp60 

 The group I chaperonin Hsp60 and its respective co-chaperonin Hsp10 are structurally and function-
ally homologous to the bacterial GroEL and GroES proteins, respectively (Nielsen and Cowan 
 1998  ) . Hsp60 is abundantly scattered throughout the mitochondria where it catalyzes the folding of 
proteins destined for the mitochondrial matrix (Koll et al.  1992  ) . Hsp60 subunits organize them-
selves into heptameric single-ring structures as indicated by size-exclusion chromatography 
experiments (Picketts et al.  1989  ) . While the general ring architecture of Hsp60 is similar to that of 
GroEL, the two differ drastically in the schematics of their respective protein-folding mechanisms. 

  Fig. 13.3    The GroEL–GroES complex. ( a ) The double-ring GroEL chaperonin ( blue ). ( b ) The binding of the hepta-
meric GroES lid ( red ) to the  cis  ring of GroEL       
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Hsp60–Hsp10 complexes facilitate protein folding as a single-ring species in an ATP-dependent 
fashion (Viitanen et al.  1992  ) . This is in stark contrast to the GroEL–GroES complex that utilizes 
negatively cooperative allosteric binding between its two rings to facilitate protein folding (Rye et al. 
 1997  ) . Transient double-ring intermediates are believed to be part of the Hsp60-mediated 
protein-folding pathway; however, this remains to be fully understood (Todd et al.  1995 ; Viitanen et al. 
 1998  ) . Mutagenesis results have denounced the need for a double-ring Hsp90–Hsp10 structure, 
indicating that Hsp60 functions as an effi cient “one-stroke” engine (Nielsen and Cowan  1998  ) . 

 In GroEL–GroES, single-ring assemblies formed by the mutational disruption of the equatorial 
interface between the two rings rendered the bacterial chaperonin incapable of releasing its encap-
sulated substrate (Weissman et al.  1996  ) . Interestingly, the single-ring Hsp60–Hsp10 has the ability 
to replace GroEL–GroES as indicated by a proliferation of a GroEL–GroES-defi cient  E. coli  strain 
supplemented with the genes encoding for Hsp60 and Hsp10 (Nielsen et al.  1999  ) . Chimeric 
Hsp-GroE strains were also found to be viable, albeit to a lesser extent. These results conclude that 
the single-ring method of action used by the mammalian Hsp60–Hsp10 can replace the double-ring 
“two-stroke” mechanism of GroEL–GroES in maintaining the viability of bacterial cells (Nielsen et al. 
 1999  ) . However, Hsp60–Hsp10 cannot functionally substitute for the host chaperonin machinery in 
the proliferation of the bacteriophages lambda and T4, illustrating a level of specifi city phages have 
developed for the host GroEL–GroES (Nielsen et al.  1999  ) . In the case of the T4 phage, its inability 
to propagate in the absence of GroEL–GroES is likely due to the inability of Hsp60 to interact with 
the virally encoded gp31 co-chaperonin that is required for the successful folding of the respective 
capsid proteins (Hunt et al.  1997 ; Nielsen et al.  1999  ) .   

    13.3   Group II Chaperonins 

    13.3.1   TRiC/CCT 

 The eukaryotic chaperonin TRiC (TCP1-Ring Complex or CCT) plays an essential role in the folding 
of numerous cytosolic proteins including cytoskeletal components, cell cycle regulators, and tumor 
suppressor proteins (Frydman  2001 ; Hartl and Hayer-Hartl  2002 ; Meyer et al.  2003 ; Yam et al.  2008 ; 
Thulasiraman et al.  1999  ) . Substrates such as actin cannot be folded by other chaperonin systems, sug-
gesting that TRiC possesses unique mechanistic features that are absent in other chaperonins (Spiess et al. 
 2004 ; Douglas et al.  2011  ) . Furthermore, TRiC is believed to have a more substrate-specifi c role in 
protein folding on the basis of its unique subunit composition (Munoz et al.  2011  ) . Specialized substrate 
binding is believed to occur through hydrophobic interactions; however, the extent of these interactions 
in a structural context remains unclear (Kubota et al.  2006 ; Yam et al.  2008  ) . 

 Of the group II chaperonins, TRiC is the most structurally complex. Each of the two rings con-
tains eight individual subunits and is related by pseudo-twofold symmetry (Munoz et al.  2011  )  
(Fig.  13.4 ). ATP binding and hydrolysis drive TRiC through a conformational cycle that contains 
multiple transient states. In the absence of nucleotide, the lid-containing apical domains are extended 
in an open conformation awaiting substrate binding (Booth et al.  2008  ) . Subsequent ATP binding 
induces a closed conformation where portions of the apical domains retract to form a beta-stranded 
iris that closes over the cavity of the complex (Douglas et al.  2011 ; Pereira et al.  2010  ) . The formation 
of the lid structure confers allosteric subunit coupling within the complex and is essential for suc-
cessful substrate folding to occur (Kanzaki et al.  2008 ; Meyer et al.  2003 ; Reissmann et al.  2007  ) . 
Despite the recent unveilings of multiple conformational states within the TRiC-mediated 
protein-folding pathway, little is known about the trajectory through the conformational states or 
how substrate folding is achieved in group II chaperonins (Bigotti and Clarke  2008  ) .   
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    13.3.2   Thermosome 

 The group II chaperonin, thermosome, found in thermophilic archaea, is structurally related to TF55 
from  Sulfolobus solfataricus  and represents a functional homolog of the eukaryotic TRiC/CCT 
(Kim et al.  2002 ; Ditzel et al.  1998  )  (Fig.  13.5a, b ). The structure of thermosome consists of two 
eight-membered rings stacked together with twofold symmetry, each formed by alternating  a  and  b  
subunits (Ditzel et al.  1998  ) . The  a  and  b  subunits exhibit approximately 60% primary sequence 
identity with one another and are virtually identical in regard to their fold and domain arrangements 
(Ditzel et al.  1998  ) . Furthermore, the thermosome  a  subunit displays roughly 46% sequence identity 
with that of the bacterial GroEL monomer in which the similarity between the two is characterized 
by limited domain movements (Ditzel et al.  1998 ; Xu et al.  1997  ) . Thermosome subunits each con-
tain  b -sheet protrusions at the distal ends of the apical domains that act as a built-in lid structure that 
can open and close in an ATP-dependent manner (Gutsche et al.  1999 ; Horwich and Saibil  1998  ) . 
The presence of a built-in lid is consistent with all other group II chaperonins and alleviates the need 
for binding with an external co-chaperonin in order to successfully encapsulate the substrate.  

 Thermosome-mediated protein folding is thought to be regulated by an iterative two-step process 
driven by binding and hydrolysis of ATP. Initially, ATP binding would produce an asymmetric  complex, 

  Fig. 13.5    Thermosome from archaebacteria. ( a – c ) End, side, and center-slabbed views of the thermosome chaper-
onin from  Thermoplasma acidophilum  (PDB 1A6D). Each structure is colored using a radial gradient from the center 
out to the distal regions of the external surface ( red  to  yellow  to  green  to  cyan  to  blue )       

  Fig. 13.4    The eukaryotic TRiC/CCT chaperonin. ( a – c ) End, side, and center-slabbed views of the hetero-oligomeric 
double-ringed TRiC/CCT complex in the closed conformation (PDB 3IYG). The eight different subunits within each 
ring are colored accordingly to illustrate the intra-ring subunit heterogeneity       
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where the upper ring adopts an open conformation facilitating substrate entry, while the built-in lid 
structure closes in the bottom ring. Upon ATP hydrolysis, the apical domains of the upper ring would 
extend forming the lid structure, sequestering the substrate in a thermodynamically favorable environ-
ment (Kim et al.  2002  )  (Fig.  13.5c ). Despite previous work, the exact mechanism by which thermosome 
elicits its response to nonnative proteins remains unclear. However, the ability of the thermosome to 
hydrolyze ATP at temperatures beyond 80°C, provides an insight into the physical stability of the ther-
mosome structure that is a likely representative of chaperonin structure in general (Kim et al.  2002  ) .  

    13.3.3   mm-cpn 

 The mm-cpn chaperonin from the mesophilic archaea  Methanococcus maripaludis  is an eightfold 
double-ring structure that is unique to the group II subfamily of chaperonins (Kusmierczyk and 
Martin  2003a  ) . The homomeric subunit organization of mm-cpn suggests a similarity to GroEL–
GroES; however, structural investigations insist that mm-cpn is more closely related to TRiC/CCT 
(Zhang et al.  2010  ) . Furthermore, mm-cpn employs a characteristic group II chaperonin built-in lid 
structure and exhibits an allosteric regulation that is similar to that of eukaryotic TRiC (Reissmann et al. 
 2007 ; Kusmierczyk and Martin  2003b  ) . A lidless variant of mm-cpn maintains the ability to bind 
substrate and hydrolyze ATP, albeit in a less selective manner (Reissmann et al.  2007  ) . Consistent 
with group II chaperonins, the mm-cpn has a natural affi nity for substrates containing  b -sheet motifs 
that are generally prone to thermodynamically unfavorable folding and aggregation (Knee et al.  2011 ; 
Yam et al.  2008  ) . This affi nity of group II chaperonins for  b -sheet structure is thought to be the result 
of the subunit heterogeneity (Kubota et al.  2006  ) . Such a conjecture is not applicable to the homo-
oligomeric mm-cpn, and as a result further work is required to unveil the cause of this phenomenon. 

 During the ATPase cycle of mm-cpn, the barrel-shaped structure can adapt into different conforma-
tional states as illustrated by recent structural investigations (Reissmann et al.  2007 ; Zhang et al.  2010 ; 
Douglas et al.  2011  )  (Fig.  13.6 ). An open conformation is maintained in the absence of bound nucle-
otide whereas ATP binding triggers a closed conformational state (Zhang et al.  2010  ) . The transition between 
the open and closed states is thought to involve a rocking motion that dramatically reconfi gures the interring 
contacts as the result of tilting within the equatorial domains (Douglas et al.  2011  ) . The conforma-
tional movements surrounding the equatorial plane likely contribute to the self-closure of the encap-
sulated chamber in the absence of an external co-chaperonin (Zhang et al.  2010  ) .    

    13.4   GroEL-Mediated Protein-Folding Mechanism 

    13.4.1   ATP Binding and Hydrolysis 

 In the GroEL/ES system, there is positive cooperativity of intra-ring ATP binding within each ring 
by way of a concerted mechanism (Horwich et al.  2007  ) . Structural studies suggest that movement 
within the intermediate domains of GroEL dictates communication between the ATP binding sites 
that is crucial for the propagation of positively cooperative ATP binding (Ranson et al.  2001  ) . 
Rotation of the intermediate domain of the initial ATP-bound subunits leads to a new contact with 
the equatorial domain of a neighboring subunit near the ATP-binding site. Through this contact, 
information pertaining to the ATP-binding state of a single GroEL subunit is passed on to the ATP-
binding site of the neighboring subunit and onward around the GroEL ring, thus increasing the 
ATP-binding affi nity of successive sites (Ranson et al.  2001  ) . 
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 In conjunction with the positive cooperativity of intra-ring ATP binding, there is also negatively 
cooperative and sequential ATP binding between the two rings (Yifrach and Horovitz  1995 ; 
Rivenzon-Segal et al.  2005  ) . ATP binding within one ring appears to alter the interring contacts such 
that the interface is distorted triggering the transmission of an allosteric signal between the two rings 
(Roseman et al.  2001 ; Ranson et al.  2001  ) . Thus, the two rings function out of phase of one another, 
a phenomenon that is best exemplifi ed by the binding of the GroES lid to only one of the two rings 
in an ATP-dependent manner (Horwich et al.  2007  ) . 

 ATP binding within the equatorial domains of GroEL surrounds a well-conserved asparagine 
residue, Asp87, and is stabilized by the divalent magnesium cation (Fenton et al.  1994  ) . Upon nucle-
otide loading, the ATPase cycle begins with a nascent or misfolded protein having a high affi nity for 
the chaperonin in the ATP-bound conformation (Hayer-Hartl et al.  1996  )  (Fig.  13.7 ). In this state, the 
apical domains lining the distal end of the open conformation attract the substrate through hydropho-
bic interactions with exposed hydrophobic residues (Brinker et al.  2001 ; Saibil et al.  1993 ; Sigler et al. 
 1998  ) . ATP is believed to bind to GroEL prior to substrate binding; however, this remains to be 
observed directly. ATP binding to each of the seven equatorial domains of the  cis  ring produces an 
allosterically mediated conformational change within the apical domains that primes the nucleotide-
bound ring to accept the GroES co-chaperonin (Ranson et al.  2001  ) . GroES binding induces further 
conformational changes altering the hydrophobic polypeptide-binding sites from their internal ori-
entation to release the substrate into an encapsulated hydrophilic  cis  ring cavity where viable protein 
folding is isolated and thermodynamically favorable (Brinker et al.  2001 ; Saibil et al.  1993 ; 
Weissman et al.  1995  ) . Folding continues in the  cis  cavity for the longest phase of the mechanistic 

  Fig. 13.6    Views of the 
mm-cpn chaperonin in both 
the open and closed 
conformations. Each structure 
is colored using a radial 
gradient away from the center 
( blue  to  cyan  to  green  to 
 yellow  to  red  at the highest 
radius). In the open 
conformation, the apical 
domains are extended away 
from the center of the 
complex ( red ) (PDB 3IZI). 
Upon ATP binding and 
hydrolysis, mm-cpn adopts a 
closed conformation in which 
the previously extended 
apical domains retract toward 
the equatorial plan and 
contribute to ring closure 
(PDB 3IZH)       
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cycle, approximately 10 s, upon which ATP hydrolysis within the equatorial domains of the  cis  ring 
weakens its affi nity for GroES, concurrently allowing ATP to enter into the binding sites of the  trans  
ring (Rye et al.  1997  ) . Binding of ATP to the  trans  ring sends an allosteric signal that ejects the  cis  
ring contents (co-chaperonin, partially or fully folded protein product, and ADP), while simultane-
ously converting the once  trans  ring into the  cis  ring conformation (Todd et al.  1994 ; Weissman et al. 
 1994 ; Rye et al.  1997  ) . As a result, the rings of this “two-stroke engine” switch back and forth 
between the  cis  and  trans  conformations to employ a highly effi cient protein-folding operation that 
is tightly regulated by ATP (Todd et al.  1994 ; Yifrach and Horovitz  1995  ) .   

    13.4.2   Encapsulation and Release 

 Early gel fi ltration experiments have illustrated the ability GroEL has to bind promiscuously with a 
wide range of small and large nonnative proteins (Viitanen et al.  1992  ) . Subsequently, it was deter-
mined that GroEL has little or no affi nity for nondenatured proteins that have sequestered their 
hydrophobic residues, giving rise to the notion that GroEL–substrate interactions are likely initiated 
through hydrophobic interactions (Viitanen et al.  1992  ) . 

 The transition between the substrate-bound open conformation of GroEL through to the active 
folding state where the substrate is sequestered within the  cis  cavity and protein folding occurs is 
diffi cult to understand and is yet to be fully elucidated. For instance, it remains unclear as to how the 
substrate is encapsulated upon GroES binding instead of escaping into the bulk solution (Horwich et al. 
 2007  ) . Various biochemical analyses have shown that during a single round of ATP and GroES 

  Fig. 13.7    The ATPase cycle of the GroEL–GroES complex. The hydrolytic reaction is divided into two phases. The 
fi rst phase illustrates a pre-steady-state behavior of unbound GroEL prior to binding with ATP and the GroES co-
chaperone (PDB 3C9V). Initially, the apo-GroEL  cis  ring (ATP 

TOP
 ) fi lls cooperatively with seven molecules of ATP, 

triggering the binding of substrate protein ( yellow star ) and the GroES co-chaperonin ( red ) (Lin and Rye  2006 ; Fenton 
and Horwich  2003  ) . The capping of GroES onto the apical domain of the  cis  ring releases the bound substrate into the 
internal cavity where the folding process commences. The resulting GroEL–ATP–GroES complex hydrolyzes the 
ATP with an intrinsic turnover rate of 0.12 s −1  (Burston et al.  1995  )  (PDB 1PF9). The sequential binding of ATP to the 
open  trans  ring (ATP 

BOTTOM
 ) initiates the disassembly of the  cis  complex, leading to the release of GroES, ADP, and 

the folded protein product ( green ) (Rye et al.  1997,   1999 ; Todd et al.  1994  ) . The steady-state cycling of the ATP- and 
ADP-bound conformations between the two negatively cooperative rings constitutes the second phase of the nucle-
otide-driven mechanism. In vivo the GroEL–GroES system persists almost exclusively within the latter phase 
(Madan et al.  2008 ; Lin et al.  2008  )        
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binding, all substrate molecules can reach their native state within the  cis  chamber implying that 
substrate escape of encapsulation is a rare occurrence (Weissman et al.  1996  ) . Substrate loss is 
believed to be averted by the formation of a transient complex in which GroES and the substrate are 
simultaneously bound to the ATP-mobilized apical domains of GroEL (Miyazaki et al.  2002  ) . In this 
complex, portions of the GroEL apical domain surface would be occupied by the polypeptide 
substrate, while others are bound to the  b -hairpin mobile loops of the GroES subunits (Richardson et al. 
 2001  ) . Furthermore, fl uorescence-labeling studies measuring apical domain movement have revealed 
that substrate binding applies a load to the apical domains that resists their elevation. It was also 
found that the rate of apical movement is slower than that of GroES binding (Motojima et al.  2004  ) . 
Collectively these results indicate that GroES binds to GroEL prior to the completion of apical 
domain extension thus guiding the substrate into entering the  cis  ring chamber. 

 In an Anfi nsen cage model describing chaperonin-mediated protein folding, the substrate protein 
is encapsulated within the hydrophilic ring, separated from the outer bulk solution and protected 
from aggregation (Ellis  1994  ) . Additionally, a confi nement model exists describing how spatial con-
fi nement within the encapsulated chamber increases the entropic slope, which in turn drives the 
rapid folding process (Brinker et al.  2001 ; Baumketner et al.  2003  ) . A recent cryo-EM reconstruc-
tion of a GroEL–substrate complex corroborates both of the aforementioned models in revealing an 
encapsulated substrate being held in the center of the  cis  cavity by repulsive charge interactions 
between the interior walls of GroEL and exposed residues of the substrate (Kanno et al.  2009  ) . The 
importance of the electrostatic character within the  cis  ring cavity is further demonstrated by muta-
genesis experiments in which single and multiple substitutions altering the overall charge at the  cis  
ring cavity interface fail to rescue a GroEL-defi cient  E. coli  strain (Farr et al.  2007  ) . Additionally, 
the presence of hydrophobic residues at the  cis  cavity interface may also be important to the func-
tioning of GroEL. Simulation experiments have suggested that residual hydrophobicity at the  cis  
ring cavity interface may lower the transition states between folding intermediates, assisting in the 
folding process (Jewett et al.  2004  ) . Alteration of hydrophobic residues facing the cavity has proven 
to be lethal, impairing GroES encapsulation, ATP turnover, and GroES release (Fenton et al.  1994 ; 
Koike-Takeshita et al.  2006 ; Farr et al.  2007  ) . However, the promiscuous behavior of the GroEL 
chaperonin indicates that the internal  cis  cavity of the GroEL–GroES complex has likely been evo-
lutionarily optimized to accommodate a broad range of nonnative substrate proteins irrespective of 
specifi c biochemical interactions (Horwich et al.  2007  ) . 

 In regard to substrate release following encapsulation, the mechanism of GroEL-mediated pro-
tein folding is likely to be an iterative process. Thermodynamic analyses have indicated that time-
limited attempts at folding within the encapsulated environment are followed by the release of the 
polypeptide into the bulk solution, regardless of whether or not the substrate has reached its native 
state (Craig et al.  1994  ) . As a result, partially folded proteins likely encounter multiple rounds of 
chaperonin encapsulation, folding, and release. Of particular interest the iterative chaperonin- 
mediated protein folding is regarded as an energetically inexpensive event in that the complete fold-
ing of nascent polypeptides requires approximately 10% of the amount of ATP as is consumed in the 
translation of mRNA to polypeptide chains (Martin et al.  1991  )    .   

    13.5   Viral Protein Folding 

    13.5.1   Lambda and T5 

 Chaperonin-mediated protein folding also plays an important role in the posttranslational processing 
of viral gene products. The genes encoding for the bacterial GroEL–GroES chaperonin machine 
were fi rst established as host factors for bacteriophage morphogenesis, playing an essential role in 
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the correct assembly of  l  proheads and T5 tails (Georgopoulos et al.  1973 ; Zweig and Cummings 
 1973  ) . Normal head morphogenesis of the viral phage  l  is disrupted in selective  groE -defi cient bac-
teria as the result of the failed occurrence of required proteolytic cleavages (Georgopoulos et al. 
 1973 ; Sternberg  1973 ; Hendrix and Casjens  1975 ; Murialdo  1979  ) . Additionally, point mutations 
altering the fl exibility of the equatorial domains within GroEL block the formation of complete  l  
and T5 phage structural assemblies (van der Vies et al.  1994 ; Landry et al.  1993  ) . Both phages 
require the GroES co-chaperonin to assist in the folding of their respective structural proteins; how-
ever, the T4-encoded gp31 co-chaperonin can substitute for the host co-chaperonin, as indicated by 
mutagenesis studies (van der Vies et al.  1994  ) .  

    13.5.2   T4 and RB49 

 The bacteriophage phage T4 and the coliphage RB49 each encode for their own respectiv e co- 
chaperonin that is functionally coupled with the host chaperonin to facilitate the proper folding of 
large viral proteins (Richardson and Georgopoulos  1999 ; Ang et al.  2001  )  (Fig.  13.8a ). For example, 
the host GroEL, but not GroES, is required for T4 propagation as indicated by mutagenesis studies 
revealing  groEL  mutants that were unable to support T4 proliferation (Zeilstra-Ryalls et al.  1993  ) . 
However, phage-encoded gene product 31 (gp31) acts during the early stages of the T4 life cycle and 
is required for the proper folding of the major capsid protein, gp23 (Keppel et al.  2002  ) . Genetic and 
biochemical evidence indicate that the viral gp31 and the bacterial GroEL interact extensively where 
gp31 can compensate for the growth defect of  groES  temperature-sensitive mutations at nonpermis-
sive temperatures (van der Vies et al.  1994  ) . Additionally, gp31 can substitute for the host GroES in 
the refolding of prokaryotic rubisco and citrate synthase, irrespective of the two co-chaperonins pos-
sessing only 14% sequence identity with one another (van der Vies et al.  1994 ; Richardson and 
Georgopoulos  1999 ; Keppel et al.  1990 ; Koonin and van der Vies  1995  )  (Fig.  13.8b ). Interestingly, 
the reverse is not true in regard to viral protein folding as GroES is unable to substitute for gp31 
during T4 capsid assembly (van der Vies et al.  1994  ) . Structural investigations of gp31 and GroES 
indicate that both co-chaperonins possess a mobile loop motif that interacts with the apical domains 
of GroEL, both playing an important regulatory role in the encapsulation step of GroEL–GroES-
mediated protein folding (Landry et al.  1993 ; Richardson et al.  1999  ) . However, gp31 is more spe-
cialized to facilitate the folding of large capsid proteins as is evident by a longer, more fl exible 

  Fig. 13.8    Structural similarities between the virally encoded gp31 co-chaperonin and GroES. ( a ) The gp31 ( yellow ) 
and GroES ( red ) co-chaperonins share very little primary sequence identity with one another but are each assembled 
into structurally homologous heptameric lid formations. ( b ) gp31 can be incorporated into the GroEL system as a 
functional chimera for the folding of bacterial proteins; however, GroES is unable to substitute for gp31 during T4 
capsid assembly (van der Vies et al.  1994  )  (PDB 2CGT)       
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mobile loop when compared to that of GroES (Hunt et al.  1997  ) . As a result the gp31 heptameric lid 
structure protrudes further away from GroEL than GroES does, leading to the formation of a larger 
internal cavity.  

 The phage RB49 also encodes for a gp31-like homolog termed  c o- c haperonin  co gnate (CocO) 
(Ang et al.  2001  ) . CocO is distantly related to GroES and carries 35% primary sequence identity 
with gp31 yet can be incorporated into the folding of citrate synthase or the T4-encoded gp23 
(Ang et al.  2001 ; Richardson et al.  1999  ) . However, the reverse is not true as GroES cannot 
substitute for CocO in bacteriophage assembly and proliferation (Keppel et al.  2002  ) . Furthermore, 
partial cross-complementation between gp31 and CocO was observed to be temperature sensitive, 
indicating that the two co-chaperonins exhibit a preference in function and prefer to fold their own 
respective capsid proteins (Keppel et al.  2002  ) . 

 Collectively the dependence of the T4 and RB49 phages on their respective co-chaperonins is 
best epitomized by mutagenesis studies (Klein and Georgopoulos  2001  ) . A mutation in the region 
responsible for modulating the en bloc movements of the apical domain rendered the GroEL mutant 
incompetent of co-chaperonin binding ultimately resulting in failed phage growth (Braig et al.  1994 ; 
Xu et al.  1997 ; Klein and Georgopoulos  2001  ) .  

    13.5.3   Potato Leafroll Virus 

 The potato leafroll virus (PLRV) is a positive strand RNA virus that is transmitted to the phloem 
tissue of plants by way of the salivary glands of infected aphids,  Myzus persicae  (Harrison  1985 ; 
Gray and Gildow  2003  ) . The aphid hemolymph acts as the reservoir in which PLRV is retained in 
the insect without replication (   Eskandari et al.  1979  ) . Of particular interest, the persistent nature of 
PLRV in the aphid hemolymph is dependent upon endosymbiotic  Buchnera  sp. bacteria that are 
harbored in specialized mycetocyte cells in the abdomen of the aphid (van den Heuvel et al.  1994  ) . 
 Buchnera  spp. produce the MpB GroEL chaperonin which is highly homologous to the bacterial 
GroEL, sharing approximately 92% primary sequence similarity with the  E. coli  GroEL and other 
group I chaperonins (Clark et al.  1998 ; Hogenhout et al.  1998  ) . MpB GroEL is required to prevent 
the proteolytic breakdown of PLRV viral proteins as indicated by antibiotic treatments of  M. persicae , 
resulting in the absence of detectable MpB GroEL in the hemolymph in addition to a massive reduc-
tion in the transmission effi ciency of PLRV (Eskandari et al.  1979  ) . 

 Mutational analysis of the MpB GroEL gene revealed that the PLRV-binding sites are located in 
the equatorial domain as demonstrated by mutants lacking varying portions of the equatorial domain, 
losing the ability to bind PLRV proteins (Hogenhout et al.  1998  ) . This particular substrate-binding 
modality exhibited by the MpB GroEL chaperonin is in stark contrast to its sequence-related 
homolog, GroEL, which targets substrate binding through its apical domain (Braig et al.  1994 ; 
Fenton et al.  1994  ) . It is unclear as to why PLRV binding occurs at the equatorial domains of the 
 Buchnera  chaperonin; however, it is postulated that this form of substrate binding allows for large 
multimeric proteins, such as those of the PLRV capsid, to overcome the size limitations dictated by 
the spatial volume inside central cavity of the cylinder (Hogenhout et al.  1998  ) . 

 While MpB GroEL is abundantly produced by  Buchnera  spp. in aphids, the respective GroES 
co-chaperonin is diffi cult to detect (Kakeda and Ishikawa  1991  ) . The gene encoding for the MpB 
GroEL is located on the same operon that houses the  groES  gene; however,  Buchnera  GroEL is 
likely more stable and accumulates more readily, while the GroES co-chaperonin is rapidly degraded 
(Hogenhout et al.  1998  ) . The  Buchnera  GroES is likely to be an important cofactor in the cellular 
processing of PLRV, yet the extent of its role in extracellular protein interactions within the aphid 
hemolymph remains to be determined (Ohtaka et al.  1992  ) .  



31913 Viral Protein Folding

    13.5.4    j EL 

 The method of utilizing the host chaperonin to process nascent viral proteins is energetically favorable 
and alleviates the need for phages to carry their own protein-folding machinery. However, there is an 
exception to this phenomenon. Recently, an 860-kDa GroEL-like chaperonin complex has been iden-
tifi ed and isolated from the bacteriophage  j EL, a virus that infects the gram-negative bacterium 
 Pseudomonas aeruginosa  (Hertveldt et al.  2005  ) . Of particular interest, the predicted gene products of 
the dsDNA  j EL phage share moderate levels of primary sequence identity with that of the giant  j KZ-
like Myoviridae virus, yet the  j EL is the only known phage that encodes for its own full chaperonin 
(Burkal’tseva et al.  2002  ) . Much like the bacterial GroEL chaperonin described earlier, the  j EL chap-
eronin is a protein assembly characterized by the back-to-back stacking of two heptameric rings com-
prised of identical subunits. In the ATP-bound open conformation, the  j EL chaperonin occupies an 
overall cylindrical shape with two conspicuous openings at the distal portions of the apical domains 
that allow for unfolded protein substrate to enter either of the internal cavities (Fig.  13.9a ). Substrate 
binding and ATP hydrolysis trigger encapsulation resulting in the partition of the chaperonin into two 
rings each occupying a closed conformation (Fig.  13.9b ). In this state, the intermediate and equatorial 
domains of the single-ring structure extend away from the center, giving rise to a larger internal cavity 
that is likely designed to accommodate the spatial occupancy of particularly large  j EL proteins. The 
mechanism through which the two rings reunite following the disposal of folded protein and bound 
nucleotide remains mysterious however, it likely involves the formation and a transient complex.  

 Of particular interest, the  j EL chaperonin does not require a co-chaperonin to facilitate success-
ful protein folding. Chaperonin function independent of a co-chaperonin is characteristic of a group 
II chaperonins; however, the  j EL chaperonin is structurally related to the group I chaperonin GroEL. 
Furthermore, the functioning of the  j EL chaperonin in the absence of a co-chaperonin starkly con-
trasts chaperonin-mediated protein folding observed in the T4 and RB49 phages, which utilize the 
host GroEL while encoding for their own co-chaperonin (van der Vies et al.  1994 ; Ang et al.  2001  ) . 
The unique conformations of the  j EL chaperonin in addition to its ability to function in the absence 
of an external co-chaperonin make its classifi cation as a group I chaperonin diffi cult. Additionally, 
the homo-oligomeric subunit organization of the  j EL chaperonin and its ability to partition itself 
into single-ring structures makes it equally diffi cult to distinguish as a group II chaperonin. Primary 
sequence-based phylogenetic analyses indicate that the  j EL chaperonin is evolutionary independent 
of all other known chaperonins, further illustrating the potential emergence of a new distinctive 
group of protein-folding molecular machines.   

  Fig. 13.9    The virally encoded  j EL chaperonin. ( a ) In the ATP-bound conformation, the  j EL chaperonin exhibits a 
double-ring structure with each ring occupying an open state. ( b ) ATP hydrolysis triggers the separation of the two 
rings, resulting in a single-ring structure with an enlarged internal cavity that is likely required to accommodate large 
viral proteins       
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    13.6   Summary and Future Directions 

 It is understood that the information regarding the intermolecular interactions involved in a protein 
reaching its native state is maintained within the respectively primary amino acid sequence (Anfi nsen 
 1973  ) . However, the exact mechanism by which freshly translated polypeptides fold to reach their 
respective native conformations remains to be determined and requires further elucidation. The dis-
covery of the chaperonin family of proteins has revealed a unique class of molecular machines that 
function to provide kinetic assistance for the proper folding of nascent or misfolded polypeptides 
within an isolated and thermodynamically favorable environment. Chaperonins have been identifi ed 
in all three life kingdoms where they have been found to function as single- and double-ring 
structures, with and without the use of an external co-chaperonin (Ellis and Hartl  1996 ; Fenton and 
Horwich  1997 ; Hartl  1996  ) . Additionally, a chaperonin has also been found to be encoded by the 
nonliving phage  j EL, the structures of which provide insight into the folding mechanism of large 
viral gene products. Further work is required to greater understand the chaperonin-mediated protein-
folding process as it pertains to the prevention of protein aggregation, the development of neurode-
generative diseases and the proliferation of viral phages. It is necessary that future efforts be spent 
unveiling the innate biophysical and biochemical interactions that take place within the encapsulated 
“chamber of secrets” (Spiess et al.  2004  ) , to complete our understanding of the transition from DNA 
to functional protein.      
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  Abstract   For a machine to function, it must fi rst be assembled. The morphogenesis of the simplest 
icosahedral virus would require only 60 copies of a single capsid protein to coalesce. If the capsid 
protein’s structure could be entirely dedicated to this endeavor, the morphogenetic mechanism would 
be relatively uncomplicated. However, capsid proteins have had to evolve other functions, such as 
receptor recognition, immune system evasion, and the incorporation of other structure proteins, which 
can detract from effi cient assembly. Moreover, evolution has mandated that viruses obtain additional 
proteins that allow them to adapt to their hosts or to more effectively compete in their respective 
niches. Consequently, genomes have increased in size, which has required capsids to do likewise. 
This, in turn, has lead to more complex icosahedral geometries. These challenges have driven the 
evolution of scaffolding proteins, which mediate, catalyze, and promote proper virus assembly. The 
mechanisms by which these proteins perform their functions are discussed in this review.   

     14.1   Introduction 

 The so-called spherical viral capsids have underlying icosahedral symmetry. While a true icosahedron 
is composed of 60 strictly equivalent subunits, viral capsids with true icosahedral or  T  = 1 symmetry 
are relatively rare, presumably because the internal volume of  T  = 1 particles is constrained. Instead, 
most “spherical” viruses are subtriangulated icosahedra with triangulation ( T  ) numbers correspond-
ing to a mathematical progression put forth by Caspar and Klug (Caspar and Klug  1962  ) . For capsids 
with  T  numbers greater than 1, the subunits do not occupy identical positions within the lattice. This, 
in turn, leads to pathway-dependent self-assembly (Rossmann  1984  ) . For many smaller viruses, all 
the information required for high fi delity assembly can be encoded, or self-contained, entirely in the 
coat protein subunits. However, larger viruses or small viruses upon which unique evolutionary 
constraints have been imposed frequently require additional proteins to insure robust assembly. 
Among those proteins are the “scaffolding” proteins, a class of auxiliary proteins that are present 
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transiently during assembly and are not part of the fi nal structure. Although common, scaffolding 
proteins are not ubiquitous. Most plant viruses and small, enveloped animal viruses do not require 
them. In general, these coat proteins have not been constrained by the evolution of a receptor-bind-
ing domain or domains that recruit or interact with other structural proteins. As coat proteins evolved 
to perform additional functions, effi cient assembly may have become compromised. Thus, addi-
tional adaptations may have become required. Scaffolding proteins constitute only one of these 
adaptations; coat proteins have evolved as well. In some systems, best represented by the parvovi-
ruses, maximal infectivity and/or fi tness most likely requires constructing capsids with two or three 
coat protein variants (Hernando et al.  2000  ) . The  P  = 3 picornavirus capsids represent a more com-
plex example: capsids contain three unique coat proteins, which share similar structures and a com-
mon evolutionary origin (Hogle et al.  1985 ; Verlinden et al.  2000  ) . And fi nally, the nodaviruses and 
caliciviruses coat proteins have evolved large exterior domains that may function in receptor binding 
and immune evasion (Chen et al.  2006 ; Tang et al.  2006  ) . 

 Several factors may have driven the evolution of scaffolding proteins. These include increases in 
genome size and the need to interact with minor capsid components. As genomes enlarged, capsids 
enlarged as well, creating virions with larger  T  numbers and/or prolate morphologies. However, the 
coat proteins of large icosahedral viruses can still form capsids of smaller T numbers. Similarly, 
those found in prolate heads can form icosahedral structures. Moreover, most coat proteins will form 
aberrant capsid-like structures if left to their own devices. Therefore, a mechanism to ensure mor-
phogenetic fi delity, vis-à-vis proper capsid size and shape formation, had to evolve, and this mecha-
nism most often included scaffolding proteins. The need to rapidly assemble capsids before cell 
death and/or programmed cell lysis may also have contributed to their evolution. This contribution 
of this factor is most apparent with the microviruses, ostensibly simple viruses that accomplish an 
almost unimaginable fast replication cycle by employing two-scaffolding proteins.  

    14.2   Bacteriophage P22 

    14.2.1   The Assembly Pathway of Bacteriophage P22 

 The assembly pathway of the  Salmonella typhimurium  bacteriophage P22 is typical of the double-
stranded (ds) DNA bacteriophages (Fig.  14.1 ). The fi rst identifi able structural intermediate is a “pro-
capsid” (King et al.  1973  )  composed of an outer shell of 415 molecules of the 47-kDa coat protein 
(the product of gene 5), arranged with  T  = 7 symmetry. The procapsid does not contain nucleic acid. 
Instead, it contains a core composed of ~300 molecules of the 33-kDa scaffolding protein (encoded 
by gene 8). Biochemical and genetic studies demonstrated that in addition to scaffolding protein, the 
procapsid contains approximately 12 copies of the portal protein (the product of gene 1) and 12–20 
copies of each of the pilot and ejection proteins (the products of genes 7, 16, and 20). All of these 
proteins are required for productive infection (Casjens and King  1974  ) . In addition to promoting the 
fi delity of coat protein assembly, the results of genetic studies implicate the P22 scaffolding protein 
in the incorporation of these minor capsid proteins (Weigele et al.  2005  ) . Scaffolding-dependent 
minor capsid protein incorporation is observed in many assembly systems, suggesting a common 
force driving their evolution.  

 One fi vefold symmetrical vertex of the icosahedron is differentiated from the other 11 by the 
presence of a dodecameric portal protein complex. Structural studies indicate that the core of the 
portal protein is conserved among phages P22, Phi29, and SPP1 (Kang et al.  2008 ; Lander et al. 
 2009 ; Lebedev et al.  2007 ; Simpson et al.  2000  ) . This conservation appears to extend even to the 
herpesviruses (Baker et al.  2005  ) . DNA is packaged through this portal vertex. A terminase complex 
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composed of multiple copies of two proteins is responsible for recognizing a “pac” sequence on the 
DNA, delivering the DNA to the portal vertex, and driving chemomechanical translocation through 
ATP hydrolysis (Rao and Feiss  2008  ) . DNA packaging results in an approximately 10% expansion 
of the  T  = 7 lattice, a pronounced increase in stability, and the egress of the scaffolding protein 
(Jiang et al.  2003 ; Kang and Prevelige  2005  ) . In P22 and the  Bacillus subtilis  phage Phi29, the 
scaffolding protein exits intact and can be recycled in further rounds of assembly (Bjornsti et al. 
 1983 ; King and Casjens  1974  ) . In most other dsDNA-containing bacteriophage and in herpesvi-
ruses, cleavage of the scaffolding protein by a virally encoded protease facilitates its removal.  

    14.2.2   The Role of the P22 Scaffolding Protein 

 In wild-type P22 infections, approximately 30 min postinfection, the cells burst and typically release 
approximately 500 newly formed virus particles. In cells infected with mutants that block DNA 
packaging, such as those with defective terminase proteins, the cells accumulate large numbers of 
procapsids within this time frame without evidence of partially formed shells (Lenk et al.  1975  ) . In 
contrast, when cells are infected with mutants that prevent the synthesis of functional scaffolding 
protein, very few particles are produced. If infections are allowed to proceed long past the normal 
lysis time, aberrant particles, including small shells and spirals, accumulate (Earnshaw and King 
 1978  ) . The morphology of the spirals, which constitute ~45% of the population by mass, suggests 
that they have an incorrect radius of curvature, which may be due to the improper positioning of the 
pentameric vertices. From these simple observations, two of the key functions of scaffolding protein 
can be discerned. Scaffolding protein promotes assembly, somehow lowering the concentration of 
coat protein required for polymerization, as evinced by the slower in vivo kinetics of aberrant par-
ticle formation, and ensures the fi delity of form determination.  

Scaffold

Coat

Portal

Minor
Procapsid

gp3

gp2

gp4, 10, 26

Mature Virus

Tailspike

  Fig. 14.1    The assembly pathway of bacteriophage P22. The initial structure formed, the procapsid, is assembled by 
the copolymerization of 415 molecules of the coat protein with approximately 300 molecules of the scaffolding pro-
tein. The portal and minor proteins are incorporated at this stage. The DNA is replicated as a concatemer. The termi-
nase proteins (gp2 and gp3) bind to the DNA to deliver it to the portal vertex. The DNA is packaged by a headful 
mechanism in an ATP-dependent process. DNA packaging results in scaffolding protein exit. The released scaffolding 
protein can function in additional rounds of assembly. Packaging results in an expansion of the capsid and an increase 
in angularity. The portal vertex is closed by the binding of the products of gene 4, 10, and 26. Finally, attachment of 
the tailspike trimers renders the phage infectious       
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    14.2.3   Structural Studies of P22 Scaffolding Function 

 Biochemical and structural investigations have focused on two general phenomena: (1) the mecha-
nism by which the P22 scaffolding protein imparts form determining information and (2) the 
mechanism by which it catalyzes assembly. The results of small angle X-ray diffraction (SAXS) 
experiments with procapsids indicated that the scaffolding protein density can be modeled as a thick 
shell or solid ball contained within the procapsid (Earnshaw et al.  1976  ) . However, the results of 
subsequent biochemical experiments demonstrated that this core was formed during assembly and 
did not act as a template onto which the coat protein polymerized (Prevelige et al.  1988  ) . Three-
dimensional cryo-electron image reconstructions of P22 proheads elucidated the structure of these 
cores, revealing that the scaffolding protein was not packed with overall icosahedral symmetry 
(Thuman-Commike et al.  1996  ) . Rather scaffolding protein interacts with the coat protein in a 
defi ned way only at the inside edge of the coat protein shell and the regions of ordered density falls 
off rapidly, presumably due to scaffolding fl exibility. A similar situation is seen in herpesviruses 
where the scaffolding appears to be icosahedrally ordered only at the points of contact with the coat 
protein shell (Zhou et al.  1998  ) . Thus, scaffolding proteins may impart form determining informa-
tion through local interactions, for it is diffi cult to imagine how icosahedral information can pass 
through randomly oriented molecules, and indeed, a “local rules”-based model of how scaffolding 
protein can direct assembly has been proposed (Berger et al.  1994  ) .  

    14.2.4   Kinetic Studies of P22 Scaffolding Function 

 Dissecting the assembly pathway demands a kinetic approach. Toward this end substantial progress 
has been made with a P22 in vitro assembly system in which purifi ed coat and scaffolding protein 
subunits form procapsid-like particles with high yield and fi delity (Prevelige et al.  1988  ) . The results 
of in vitro assembly experiments have demonstrated that (1) procapsid morphogenesis is a nucle-
ation-limited process (Prevelige et al.  1993  )  and (2) that the pathway of assembly is well directed 
(Prevelige et al.  1993  ) . Approximately 120 molecules of scaffolding protein are required for pro-
capsid assembly (Prevelige et al.  1988  ) . Scaffolding protein dimers are the dominant active form in 
assembly (Parker et al.  1997  ) . However, monomers are required for completion of assembly 
(Tuma et al.  2008  ) . Thus, scaffolding is required not just to nucleate assembly but throughout the 
assembly process. In the absence of monomeric scaffolding protein, assembly appears to become 
kinetically trapped leading to the production of partially formed shells. Full elongation can 
be achieved by the subsequent addition of monomeric scaffolding protein. Kinetic trapping can 
also be achieved by decreasing the ionic strength which favors the electrostatic coat/scaffolding 
interaction (Parent et al.  2005  )    . In this case, completion can be achieved by increasing the salt con-
centration (Parent et al.  2005  ) . Collectively, these experimental results fi t nicely with the observation 
that the scaffolding protein is a weak monomer–dimer–tetramer association system (Parker et al. 
 1997  )  and suggest that the proper balance between nucleation and growth is maintained through the 
distribution of scaffolding oligomers.  

    14.2.5   The Structure of the P22 Scaffolding Protein 

 Although attempts to crystallize the P22 scaffolding protein have not been fruitful, other biophysical 
characterizations have provided some structural insights. The results of hydrodynamic studies indi-
cate it is an extended, rod-like molecule (Fuller and King  1980  ) , and the results of circular dichroism 
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studies indicate that it is highly  a -helical (Tuma et al.  1998  ) . Analytical ultracentrifuge analyses 
under assembly conditions have demonstrated that it is a monomer–dimer–tetramer self-associating 
system in solution (Parker et al.  1997  ) . The Phi29 and SPP1 internal scaffolding proteins also 
dimerize (Morais et al.  2003 ; Poh et al.  2008  )  as do the øX174 and P4 external scaffolding proteins 
(Marvik et al.  1995 ; Morais et al.  2004  ) . Evidence for a physiological role for oligomerization comes 
from in vitro assembly experiments. Kinetic analysis of the rate of assembly as a function of scaf-
folding protein concentration suggested that assembly displayed a kinetic order of between 1.7 and 
3.5 with regard to scaffolding protein (Prevelige et al.  1993  )  and the isolation of a naturally occurring 
mutant (R74C/L177I) that spontaneously formed disulfi de cross-linked dimers allowed for the direct 
testing of dimers in assembly reactions (Parker et al.  1997  ) . The rate of assembly with covalently 
dimeric scaffolding protein was signifi cantly faster than with an equivalent concentration of 
wild-type scaffolding protein suggesting an active role for dimers in assembly. While the regions of 
the scaffolding protein responsible for oligomerization remain undefi ned, there is some mutational 
data that bears on this question. The fact that the R74C mutation leads to the spontaneous formation 
of disulfi de cross-linked dimers suggests that the dimers are likely symmetrical with amino acid 74 
located near the dimer interface. A scaffolding protein mutant in which the N-terminal 140 amino 
acids were deleted was capable of promoting assembly. Analytical ultracentrifugation experiments 
indicated that this protein was capable of dimerization but not tetramerization, suggesting that 
tetramerization may not be critical during assembly (Tuma et al.  1998 ; Weigele et al.  2005  ) . 

 Protein dissection experiments indicated that the C-terminus of P22 scaffolding protein was 
responsible for coat protein binding (Tuma et al.  1998  ) . An NMR structure of the C-terminal peptide 
revealed that a relatively fl exible region spanning 27 amino acids between residues 240–267 was fol-
lowed by a well-defi ned helix-loop-helix motif spanning residues 268–303 (Fig.  14.2 ) (Sun et al. 
 2000  ) . The two helices (helix I – residues 268–283; helix II – residues 289–303) were amphipathic in 
nature. Hydrophobic residues on each helix are packed together to form a hydrophobic core. The con-
necting loop consists of fi ve residues (284–288) of which the fi rst four form a type I  b -turn. The fi fth 
residue extends the loop allowing the necessary freedom for the helices to associate along their lengths. 
One striking feature of the structure is the high density of charged residues on the outside of the coat 
protein-binding domain. Five basic residues (R293, K294, K296, K298, and K300) are located on one 
side of the outer face of the 12-residue C-terminal helix. The highly charged nature of this surface may 
form the basis of the observed salt sensitivity of the scaffolding/coat protein interaction.  

 Directly measuring the strength of the interaction between coat and scaffolding is challenging 
because rapid assembly complicates the analysis. However, the scaffolding protein can be reversibly 
removed from and reenter the procapsid. Thus, the binding strength can be measured. Isothermal 
titration calorimetry provided direct evidence for two classes of scaffolding protein within the pro-
capsid, a tightly bound class and a weakly bound class (Parker et al.  2001  ) . These two classes roughly 

  Fig. 14.2    The structure of 
the coat protein-binding 
domain of the P22 
scaffolding protein. 
The NMR structure of the 
C-terminal coat protein-
binding domain of P22 
scaffolding protein (residues 
264–303) is shown as a 
 ribbon diagram  (PDB 1gp8). 
The lysine and arginine side 
chains are shown in stick 
representation       
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correlated with the two rates of scaffolding reentry seen in turbidity-based kinetic assays. The appar-
ent Kd for binding to the high affi nity sites was 100–300 nM and was almost entirely enthalpy driven 
between 10 and 37°C. A more negative than expected  D  C p suggests a conformational change upon 
binding or that bridging water molecules may be involved.  

    14.2.6   Auxiliary Functions of P22 Scaffolding Protein 

 Evidence that the P22 scaffolding protein may facilitate the incorporation of the pilot and portal pro-
teins was fi rst provided by the results of early biochemical characterizations of mutant infections. 
Procapsid-like particles assembled in the absence of scaffolding protein contained neither of these 
minor capsid proteins (Earnshaw and King  1978  ) . The isolation of a temperature-sensitive scaffolding 
protein (S242F), which could drive the assembly of procapsids lacking both portal and pilot proteins, 
and the isolation of a Y214W mutant, which incorporated pilot proteins but not the portal protein, 
suggested the central region of the scaffolding protein was involved in these functions. Further 
support for the role of the central region in minor protein incorporation came from studies utilizing 
scaffolding protein fragments. Fragments missing the N-terminal 228 amino acids can incorporate 
portal protein, but the deletion of nine additional residues ablates incorporation (Weigele et al.  2005  ) . 
Deletion analyses have also defi ned portal recruitment domains in the HSV-1 (Singer et al.  2005  )  and 
Phi29 (Fu et al.  2010  )  scaffolding proteins suggesting that this may be a general function of scaffold-
ing proteins. Although these fi ndings suggest that the P22 scaffolding protein directly interacts with 
the portal and minor proteins, no such interactions have been demonstrated biochemically.  

    14.2.7   The Mechanism of Scaffolding-Assisted Assembly 

 Any mechanistic model for scaffolding assisted assembly has to accommodate both its role in 
promoting assembly and ensuring proper form determination. In the assembly of the multishelled 
bluetongue virus, it has been suggested that the inner core forms a template upon which the outer 
shell polymerizes (Grimes et al.  1998  ) . While such a mechanism is attractive, it most likely does not 
operate in the P22 system: no preformed cores of scaffolding protein could be identifi ed under 
assembly conditions. Initiation of assembly is a critical control point, and it is possible that scaffold-
ing protein might play a role in proper initiation, but it may not be required for further polymeriza-
tion. However, in vitro experiments with limiting scaffolding protein demonstrated that a minimum 
of approximately 120 scaffolding proteins is required for assembly, suggesting that it is required 
throughout the assembly reaction. 

 Given that scaffolding protein is required for continued polymerization, there are two mechanisms 
by which it might promote assembly. Scaffolding binding might switch the coat protein subunit from 
an inactive, unassociable state to one competent for assembly. Alternatively, scaffolding protein might 
act as an entropy sink. In this model, each of the two coat-binding domains of a scaffolding protein 
dimer binds one coat protein molecule resulting in the formation of a heterotetramer (two each of 
scaffolding and coat subunits). Consequently, the effective concentration of coat protein is greatly 
increased. Thus, the binding energy for scaffolding dimerization is being used to increase the effective 
concentration of the coat protein. Of course, both mechanisms could be operative at the same time. 

 The fact that truncated scaffolding protein molecules such as the C-terminal 38 amino acid helix-
loop-helix can activate the coat protein for assembly (Tuma et al.  2008  )  yet do not dimerize suggests 
that scaffolding binding can activate the coat protein for assembly. However, the breakdown of fi del-
ity observed, with predominately aberrant particles being formed, suggests that the information 
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required for form determination is not locally transmitted. Based upon a series of N-terminal dele-
tion mutants (WT,  D 1-140,  D 1-237), which show a decreased ability to dimerize, fi delity seems to 
correlate with dimerization potential though the molecular details of this phenomenon remain 
obscure (Parker et al.  1998  ) .  

    14.2.8   Scaffolding Exit from Procapsids 

 Although scaffolding-containing procapsids are stable structures in which the scaffolding pro-
tein can remain bound for prolonged periods of time, they are programmed to release the 
scaffolding protein intact during DNA packaging. Exit presumably occurs through ~25 Å holes 
present at the center of the hexameric capsomeres. Whether it is necessary to package some frac-
tion of the DNA to drive egress – as is the case for bacteriophages T4 (Jardine et al.  1998  ) , 
lambda (Hohn  1983  ) , T3 (Shibata et al.  1987a,   b  ) , and T7 (Masker and Serwer  1982  )  – or whether 
only DNA/terminase complex docking at the portal vertex is required is unknown. However, 
circumstantial evidence suggests the former (Poteete et al.  1979  )    . In the case of bacteriophage 
lambda, there appear to be specifi c DNA interaction sites within the capsid. Although similar 
sites have not been identifi ed in P22, their existence seems likely. Parker and Prevelige proposed 
that scaffolding protein was bound through charge/charge interactions. In this model, the positive 
charges on the scaffolding proteins’ basic C-terminal domain would interact with negatively 
charged patches on the coat protein subunits (Parker and Prevelige  1998  ) . During DNA packag-
ing, the negative charged DNA would drive the charged patches away from each other, thus 
promoting capsid expansion and destroying the scaffolding protein binding site. Based on high-
resolution structural data, a similar model has recently been proposed for bacteriophage HK97 
(Conway et al.  2001  ) . 

 The NMR structure of the P22 scaffolding protein represented the unbound state, and it is also 
possible that a conformational change in the scaffolding protein itself contributes to its release. In 
accord with the suggestion of an active role for scaffolding protein in release, mutational studies 
have identifi ed regions involved in this function. A deletion of the N-terminal 58 amino acids 
allows for the production of infectious virions; however, a deletion of an additional fi ve residues 
halts assembly at the procapsid step. This suggests that residues 58–63 are involved in scaffolding 
exit. Characterization of the R74C mutant, which confers a temperature-sensitive phenotype, pro-
vides further support for an active role in scaffolding egress. At nonpermissive temperatures, the 
mutant protein halts assembly at the procapsid stage due to the inability of the scaffolding protein to 
exit. Mutations in herpesvirus scaffolding protein which block scaffolding exit also prevent DNA 
packaging and maturation (Newcomb et al.  2000  ) .   

    14.3   The Bacteriophage Phi29 System 

 The Phi29 system is analogous to the P22 system: its overall life cycle involves prohead assembly, 
DNA packaging, and scaffolding exit without proteolysis. However, there are two signifi cant dif-
ferences: (1) fi ve copies of a small RNA molecule (pRNA) must associate with the portal protein 
for DNA packaging (Guo et al.  1987  )  and (2) the capsid is elongated or prolate rather than icosa-
hedral procapsid. In the case of Phi29, crystallography has been fruitful, and crystal structures of 
an assembly naive and released (postassembly) form of the scaffolding protein have been obtained 
(Morais et al.  2003  ) . The 11-KDa predominately  a -helical scaffolding protein forms parallel dim-
ers. The N terminus is folded as a helix-loop-helix, strikingly similar to that seen at the C terminus 
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of the P22 scaffolding protein (Fig.  14.3 ). The helix-loop-helix motifs interact to form an arrow-
head-like structure. The shaft of the arrow is formed by a coiled-coil region, and the C-terminal 
15 residues are disordered. Despite the structural similarity of the N-terminal region of Phi29 to 
the C-terminal coat protein binding region of P22, protein dissection experiments indicate that it 
is the unstructured C terminus of the scaffolding protein that interacts with the coat protein 
(Fu et al.  2007  ) . Three-dimensional reconstructions of electron micrographs of the procapsid sug-
gest that the scaffolding protein is arranged as a series of four concentric shells that have different 
symmetries when viewed down the long axis of the prolate icosahedron (Morais et al.  2003  ) . 
Merging the EM density with the crystal structure suggests that scaffolding protein in the outer-
most shell selectively interacts with the equatorial coat protein hexamers, which are responsible 
for the prolate morphology of the procapsid. Evidence for multiple classes of scaffolding protein 
interactions within the procapsid comes from the observation that the hydrogen/deuterium 
exchange kinetics are perturbed for some but not all scaffolding protein molecules (Fu and 
Prevelige  2006  ) . The crystal structure of the released form of the scaffolding protein is very simi-
lar to that of the bound form except for a change in the orientation of the last helix relative to the 
arrowhead (Morais et al.  2003  ) . It is possible that this reorientation of the tail is coupled to scaf-
folding release.  

 An in vitro assembly system has also been developed for Phi29. Purifi ed coat and scaffolding 
subunits can assemble into procapsids (Fu et al.  2007  ) . Strikingly, when portal is included in the 
reactions, it is also incorporated (Fu and Prevelige  2009  ) . Protein dissection, chemical cross-
linking, and mutagenesis experiments have demonstrated that the region of scaffolding protein 
between amino acids 70–74, which resides adjacent to the unstructured coat-binding region 
(amino acids 75–98), is responsible for interacting with the portal protein (Fu et al.  2010  ) . 
Noncovalent mass spectrometry experiments indicate that the scaffolding protein binds to the 
portal as a dimer and that a maximum of six dimers binds noncooperatively with a Kd of approxi-
mately 50 mM (Fu et al.  2010  ) . This complex appears to be capable of nucleating assembly, sug-
gesting a mechanism by which a single portal vertex can be defi ned during assembly (Fu and 
Prevelige  2009  ) .  

  Fig. 14.3    The crystal 
structure of the Phi29 
scaffolding protein dimer. 
The crystal structure of the 
preassembly form of the 
Phi29 scaffolding protein 
dimer (1NO4) is shown as a 
 ribbon diagram . Note the 
structural similarity of the 
N terminus of the Phi29 
scaffolding protein to the 
C terminus of the P22 
scaffolding protein. The last 
15 residues of the Phi29 
protein are not seen in the 
crystal structure       

 



33314 Building the Machines: Scaffolding Protein Functions…

    14.4   Scaffolding/Coat Protein Fusions 

 In contrast to the phages discussed above, some phages encode a scaffolding function located at the 
N terminus of the coat protein. This domain, known as a delta domain, is required for procapsid 
assembly but is cleaved by a virus-encoded protease during the transformation to the mature, 
DNA-containing phage. 

    14.4.1   HK79 

 HK97 is a double-stranded DNA-containing bacteriophage whose host is  Escherichia coli  and 
related bacteria. The structure of the phage capsid was fi rst determined for a tailed bacteriophage 
(Wikoff et al.  2000  ) , and the subunit fold, which has become known as the HK97 fold, has been 
found repeatedly in a wide variety of viruses suggesting an evolutionary relationship (Bamford et al. 
 2005  ) . A remarkable feature of the HK97 capsid is the staged formation of stabilizing isopeptide 
bonds that covalently cross-link the coat protein subunits into protein chainmail (Wikoff et al.  2000  ) . 
Similar to P22, the procapsid and capsid are  T  = 7 levo structures composed of 415 coat protein 
subunits and a dodecamer of portal protein at one of the vertices. HK97 does not have a distinct scaf-
folding protein; instead a 103-amino-acid residue delta domain, located at the N-terminus of the coat 
protein, fulfi lls this function (Hendrix and Duda  1998  ) . The delta domain is proteolytically removed 
following procapsid assembly but prior to DNA packaging. The delta domain itself is highly  a -helical 
in solution. In contrast to many other scaffolding proteins, it does not have a tendency to oligomerize 
(Nemecek et al.  2009  ) . In the procapsid, the delta domains form inward-projecting clusters, a single 
cluster can be visualized under the pentamers, while a doublet can be seen under the hexamers 
(Conway et al.  2007  ) .  

    14.4.2   T5 

 The  Siphoviridae  coliphage T5 is distinguished by the large size of its genome and  T  = 13 capsid. 
Like HK97 the genome does not encode a discrete scaffolding protein but rather a delta domain of 
159 residues is fused to the N terminus of the coat protein. The delta domain is predicted to be highly 
 a -helical and predominately coiled coil (Effantin et al.  2006  ) . The intact fusion protein, known as 
pb8p, can assemble in vitro into  T  = 13 particles (Huet et al.  2010  ) . Similar to the case with HK97, 
these particles display inward projecting bundles whose length corresponds to the predicted length 
of the delta domain. The delta domain occupies most of the internal volume of the procapsid and 
may act in that manner to fi x the size during assembly (Huet et al.  2010  ) .   

    14.5   The  Microviridae  

    14.5.1   The Evolutionary Context of a Dual Scaffolding Protein System 

 Dual scaffolding protein systems with internal and external species have evolved in both satellite 
and nonsatellite assembly systems. In satellite systems, typifi ed by bacteriophages P2 and P4 
(see below), the external scaffolding protein plays a parasitic role. Encoded by the satellite virus, it 
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directs helper virus’s coat and internal scaffolding proteins into smaller T number capsids, which 
can only accommodate the smaller satellite virus genome. However, the external scaffolding does 
not confer new properties to the helper virus coat protein. Most coat proteins that form capsids larger 
than  T  = 3 have retained the ability to form capsids of smaller T numbers (Earnshaw and King  1978 ; 
Katsura and Kobayashi  1990 ; Kellenberger  1990 ; Newcomb et al.  2001 ; Stonehouse and Stockley 
 1993  ) . Thus, the external scaffolding protein alters the thermodynamic barriers that govern the prob-
ability of two possible events. 

 The  T  = 1 microviruses, which comprise a subfamily of the  Microviridae , are nonsatellite viruses 
that evolved a dual scaffolding protein system. As discussed in the introduction, the necessity of 
recruiting minor structural proteins to growing capsids may have helped drive the evolution of 
scaffolding proteins. While this may explain the need for the internal scaffolding protein, which 
facilitates the incorporation of the minor vertex or DNA pilot protein H, an examination of the niche 
microviruses occupy is required to understand the evolution of the external scaffolding protein. 
Microviruses comprise only a small fraction, approximately 3%, of the phages infecting free-living 
bacteria. They must compete with a vast pool of large dsDNA viruses. The results of evolutionary 
analyses indicate that the external scaffolding gene, or its most current incarnation, is the most 
recently acquired microvirus gene (Rokyta et al.  2006  ) . As discussed in greater detail below, the 
two-scaffolding proteins facilitate a very rapid life cycle (Chen et al.  2007  ) . New progeny appears 
5 min postinfection, a time when many dsDNA phages are still in middle gene expression. In con-
trast, members of the other  Microviridae  subfamily, the one-scaffolding protein gokushoviruses 
(Clarke et al.  2004  ) , infect obligate intracellular parasitic bacteria. The only known viruses of 
Chlamydia, these coelacanths take 48 h to replicate (Salim et al.  2008  ) , an affordable luxury when 
there is no competition.  

    14.5.2   The Early Stages of øX174 Morphogenesis: Internal Scaffolding 
Protein-Mediated Reactions 

 The internal scaffolding protein B mediates the early stages of øX174 morphogenesis. It performs 
functions reminiscent of other scaffolding proteins, such as ensuring fi delity and minor vertex pro-
tein recruitment. As observed in other systems (Desai et al.  1994 ; Matusick-Kumar et al.  1994, 
  1995  ) , internal scaffolding–coat protein interactions prevent the aggregation of viral coat proteins 
into aberrant structures (Siden and Hayashi  1974 ; Tonegawa and Hayashi  1970  ) . Thus, it confers 
fi delity to a thermodynamically favorable reaction: the inherent ability of coat proteins to self- 
associate into curve-surfaced structures. 

 After coat protein pentamer (9S) formation (Fig.  14.4 ), fi ve copies of protein B bind to the pen-
tamer’s underside and facilitate the incorporation of one copy of the DNA pilot protein H, producing 
the 9S* particle (Cherwa et al.  2008  ) . As evinced by cryo-EM and crystal models in three rather 
diverse procapsids, HSV, P22, and øX174, interactions with coat proteins are mostly mediated by the 
C-termini, which tend to be very ordered and/or exhibit local icosahedral symmetry (Dokland et al. 
 1997,   1999 ; Thuman-Commike et al.  1999 ; Trus et al.  1996 ; Zhou et al.  1998  ) . Scaffolding protein 
densities become more diffuse toward the N-termini, suggesting that N-terminal-mediated interac-
tions are much more fl exible and variable. Genetic and biochemical data also underscores the critical 
nature of the C-termini interactions and the fl exible nature of the N-termini. Cross-functional analy-
ses have been conducted with scaffolding proteins in both the herpesviruses (BHV-1 and HSV-1) 
and microviruses (øX174, G4, and  a 3), and scaffolding proteins can cross-function despite sequence 
identities as low as 30% (Burch et al.  1999 ; Haanes et al.  1995  ) . The activity of chimeric scaffolding 
proteins has also been characterized in both families. For the microviruses, optimal fi tness is observed 
when the C-terminus of the scaffolding protein is of the same origin as the viral coat protein (Burch 
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  Fig. 14.4    Wild-type, mutant, and B-free øX174 assembly. ( a ) Wild-type assembly pathway. The fi rst identifi able 
assembly intermediates are pentamers of the viral coat F and major spike G proteins: the respective 9S and 6S parti-
cles, which form independently of both scaffolding proteins (Tonegawa and Hayashi  1970  ) . Five internal scaffolding 
B proteins bind to the underside of the 9S particle, yielding the 9S* intermediate (Cherwa et al.  2008  ) . As  am ( G ) 
infections yield particles containing one copy of the DNA pilot protein associated with fi ve copies each of the major 
capsids F and internal scaffolding B proteins, the DNA pilot protein H may be incorporated at this stage. Protein F–B 
interactions induce conformational changes on the top of the particle that allows 9S*-6S particle associations, forming 
the 12S* intermediate (Siden and Hayashi  1974  ) . Twenty external scaffolding D proteins, most likely in the form of 
fi ve tetramers or ten asymmetric dimers (Morais et al.  2004  ) , interact with the 12S* particle. D–D contacts mediate 
the construction of the procapsid (108S), an immature virus particle, presumably by allowing pentamers to interact 
across twofold axes of symmetry (Bernal et al.  2003 ; Dokland et al.  1997,   1999  ) . ( b ) Particles isolated in cells infected 
with various  B   −  mutants. In cells infected with mutants that either do not produce B protein or produce a B protein that 
cannot bind to coat protein pentamers, 9S* intermediates accumulate. Two phenotypically different classes of  B   −  con-
formational switch mutants have been characterized: mutants of one class arrest assembly after the formation of the 
9S* particle (early), mutants in the other class after the formation of the 12S* particle. Finally, one mutation has been 
isolated that produces defective procapsids that cannot be fi lled. ( c ) The B-free assembly pathway. A sextuple mutant 
strain of øX174 that can produce particles in the absence of protein B has been isolated (Chen et al.  2007  ) . The 12S* 
intermediate is circumvented. Procapsid assembly requires the overexpression of a mutant external scaffolding pro-
tein. Mutations in protein A and H are also required to produce an infectious virion       
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and Fane  2000b  ) . Similar results were obtained with chimeric VZV–HSV-1 and CMV–HSV-1 pro-
teins (Oien et al.  1997 ; Preston et al.  1997  ) . And lastly, procapsid-like structures can be assembled 
with only C-terminal fragments of the øX174, P22, and P2 scaffolding proteins (Chang et al.  2009 ; 
Chen et al.  2007 ; Tuma et al.  1998 ; Weigele et al.  2005  ) .  

 In the absence of the internal scaffolding B protein, coat protein pentamers do not interact with 
spike protein pentamers (6S particles). Thus, B protein binding to the underside of a 9S particle 
induces a conformational switch, which alters the pentamer’s upper surface. The results of several 
genetic analyses have identifi ed distinct regions of the coat protein that may participate in these 
switches. The fi rst analyses, which were conducted before the atomic structure of the procapsid was 
solved, made use of extant N-terminal missense mutations. These substitutions conferred only weak 
 cs  (cold sensitive) phenotypes. Their second-site suppressors were located on the coat protein’s 
outer surface and defi ned fi ve distinct regions, which were characterized by two different primary 
structure motifs (Fane and Hayashi  1991  ) . One of the motifs was characterized by a Thr-X-Tyr-X-
X-His sequence, the other by adjacent proline residues (Fig.  14.5 ). These sequences may play a key 
role, perhaps as hinges, in mediating pentamer conformational switches. Mutations in the adjacent 

  Fig. 14.5    The location of suppressors of mutant external D and internal scaffolding B proteins within the coat protein 
atomic structure. The suppressors of  B   −  mutants and mutations that allow the productive utilization of foreign internal 
scaffolding proteins are indicated with  yellow dots  (Burch et al.  1999 ; Fane and Hayashi  1991 ; Gordon, Knuff, Chen, 
and Fane, unpublished results). All of the parental mutants confer early morphogenetic defects, before the formation 
of the 12S* particle. The suppressors of  D   −  mutants and mutations that allow the productive utilization of N-terminal 
chimeric and deletion scaffolding proteins are indicated with  orange dots  (Fane et al.  1993 ; Uchiyama and Fane  2005 ; 
Uchiyama et al.  2007,   2009  ) . All of the parental mutants confer late morphogenetic defects, post-12S* formation. The 
 orange – yellow dot  marks the location of the suppressor of a unique  B   −  protein that produces kinetically trapped pro-
capsids. The location of adjacent proline residues and Thr-X-Tyr-X-X-His motifs is depicted with the letters P and 
TYH, respectively. Inset: The atomic structures of the coat ( blue ) and internal scaffolding ( yellow ) proteins       
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proline residues were also recovered as suppressors that allowed bacteriophage G4 to productively 
utilize the øX174 scaffolding (Burch et al.  1999  )  and the øX174 major spike protein (Li and Fane, 
unpublished results). This latter fi nding indicates that the ability of coat and spike protein pentamers 
to associate across species lines and considerable sequence variation during morphogenesis is a 
function of coat–scaffolding protein interactions.  

 The inability to isolate missense mutations with nonwild-type phenotypes has hindered investiga-
tions of early øX174 morphogenesis. The scarcity of nonwild-type phenotypes most likely refl ects 
the proteins fl exible nature, as evinced by the ability of related scaffolding protein to cross-function. 
“Foreign” scaffolding proteins can be regarded as “multiple mutants.” Having diverged as much as 
70% on the amino acid level, the dearth of single amino acid substitutions that obliterate function 
becomes apparent. However, the atomic structure revealed that the vast majority of coat–scaffolding 
interactions were mediated by just six aromatic amino acids, tyrosines and phenylalanines, in the C 
terminus of the protein (Dokland et al.  1997,   1999  ) . Using the atomic structure as a guide, a more 
targeted genetic analysis has begun (Gordon, Knuff, and Fane, unpublished results). Amber mutations 
were placed at all these sites and four additional sites that do not encode aromatic amino acids. 
Mutants are then plated on  sup  +  hosts that insert serine, glutamine, or tyrosine during protein 
synthesis. Thus, the ability to form plaque formation on the various hosts can serve as an indicator 
of the properties required at a specifi c site in the protein. 

 Substitutions of nonaromatic amino acids at the aromatic sites are not tolerated, conferring abso-
lute lethal phenotypes. However, phenotypes differ on the molecular level and affect three distinct 
stages of early assembly, 9S → 9S* transition, 9S* → 12S* transition, and the 12S* → procapsid 
transition, suggesting defects in coat protein binding or complex stability   . The latter two stages can 
be regarded as defects in conformational switching. The one mutant that is unable to support the 
12S* → procapsid transition is rescued by the exogenous overexpression of the external scaffolding 
protein, indicating that a higher critical concentration of the external scaffolding protein is required 
to nucleate procapsids assembly. Second-site suppressors have been isolated for the remaining fi ve 
of the “missense-suppressed” amber mutations. These suppressors defi ne two hot spots in the coat 
protein atomic structure (Fig.  14.5 ), one residing in or adjacent to  b -strands C and E and the second 
throughout  a -helix #9, which is adjacent to the B protein binding cleft. In general, most substitutions 
are tolerated at nonaromatic amino acids. However, the introduction of a tyrosine residue at one of 
them leads the assembly of kinetically trapped procapsids, which cannot be fi lled. Unlike the 
suppressors of other B-mutants, which map to the upper half of the coat protein (Fig.  14.5 ), its sup-
pressors map to a region of the coat protein rich in mutant external scaffolding protein suppressors 
(orange–yellow dot in Fig.  14.5 ).  

    14.5.3   Functional Redundancy in a Two-Scaffolding Protein System 

 A more evolutionary approach has been used to elucidate the functions of the internal scaffolding 
protein. Several lines of evidence suggest that the internal scaffolding protein may be less critical 
than the external scaffolding protein during morphogenesis. Unlike the internal scaffolding protein, 
the external scaffolding proteins are highly conserved between microvirus species, more highly 
ordered in atomic structures, and extremely sensitive to mutation (Dokland et al.  1997,   1999  )  (Burch 
and Fane  2000a,   2003 ; Cherwa et al.  2008  ) . In the two-scaffolding protein P2/P4 satellite system, P4 
procapsid-like structures can be generated in vitro from purifi ed external scaffolding and coat pro-
teins (Wang et al.  2000  ) , circumventing the requirement for the internal scaffolding protein, which 
is required in vivo (Christie and Calendar  1990 ; Lengyel et al.  1973  ) . However, morphogenesis is 
not effi cient and the reaction is strongly dependent on PEG (Wang et al.  2000  ) , which would effec-
tively raise reactant concentrations via molecular crowding. 
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 After the acquirement of the external scaffolding protein, which appears to be the newest of the 
microvirus genes (Rokyta et al.  2006  ) , the internal scaffolding protein may have evolved into an 
“effi ciency protein,” aiding morphogenetic processes but not strictly required for any one reaction. 
While its gene was retained in microvirus genomes in an overlapping reading frame (Rokyta et al. 
 2006  ) , it no longer had a genomic region solely dedicated to its coding as is seen in the gokushovirus 
genomes (Brentlinger et al.  2002 ; Liu et al.  2000  ) . Thus, an inherent plasticity would allow 
other proteins to compensate for reduced or absent B protein function. To test this hypothesis, 
sequential-targeted selections were performed to reduce the requirement of B protein until it could 
be completely circumvented (Chen et al.  2007 ; Novak and Fane  2004  ) . A series of N-terminal 
deletion B proteins was generated from cloned 5 ¢  deletion genes and used to complement a  nullB  
mutant (a nonsense mutation in codon 3). Since the C-terminus is known to mediate most of the 
known contacts with the viral coat protein (Dokland et al.  1997,   1999  ) , the N-terminus was progres-
sively removed. Proteins with progressively large N-terminal deletions were assayed for comple-
mentation on the level of plaque formation, which indicates that the strain could complete the viral 
life cyle. As the deletions increased in length, complementation became less effi cient until it ceased. 
The deletion protein that failed to complement was then used to select a mutant strain capable of 
utilizing it. This utilizer mutant was then used for complementation assays with more truncated B 
proteins, and so forth. Thus, strains have acquired mutations in a sequential manner. 

 Internal scaffolding proteins lacking the fi rst 53 ( D 53B) of its 120 amino acids can support mor-
phogenesis. The ability to tolerate such a large deletion in a relatively small protein is further evi-
dence that N-terminal functions are moderately expendable and mediate variable interactions with 
the viral coat protein. However, assembly is very cold sensitive and, most particles produced at 
permissive temperatures display a lower specifi c infectivity than wild-type particles due to the inef-
fi cient incorporation of the DNA pilot protein H. The recruitment of minor vertex proteins may be 
a general property of internal scaffolding proteins as similar observations have been made in the 
P22 system (Weigele et al.  2005  ) . At low temperatures, no procapsids are produced. Substitutions 
in the external scaffolding protein D suppress the cold-sensitive assembly defect, but do not appear 
to increase the effi ciency of DNA pilot protein H incorporation, which can be overcome by muta-
tions in gene H. The procapsids produced by the  D 58B protein are altered and unable to be fi lled 
due to the inability to interact with the DNA-packaging complex. A substitution in the DNA-
packaging protein A alleviates this defect. The overexpression of the mutant external scaffolding 
protein, via a promoter-up mutation, allows procapsids to be assembled with a  D 67B protein. The 
addition of a coat protein mutation that strengthens coat–external scaffolding proteins is both nec-
essary and suffi cient to allow assembly with a  D 97B protein. And fi nally, the creation of another 
promoter-up mutation allows plaque formation in the complete absence of protein B, the B-free 
phenotype. Due to the promoter mutations, viral protein expressions differ greatly in B-free infected 
cells from that typically observed in wild-type infections. The external scaffolding protein is vastly 
overproduced relative to the other four structural proteins, which appear to be downregulated. Thus, 
the ratio between interacting components is dramatically altered to drive procapsid assembly in the 
absence of the B protein. A summary of B-independent morphogenesis is given in Fig.  14.4 . 

 The B-free phenotype was defi ned as the ability to form plaques, not the ability to produce prog-
eny, which must occur before programmed cell lysis. It is possible to uncouple plaque formation from 
virion production by examining progeny production as a function of time in lysis-resistant cells. As 
can be seen in Fig.  14.6 , only the fi rst four of the six mutations found in the B-free mutant are required 
for progeny production. However, the lag phase before progeny production in vivo was 50 min, long 
after programmed cell lysis would occur in a lysis-sensitive cell. With the addition of the subsequent 
mutations, which included more promoter mutations, lag phases became progressively shorter. Thus, 
one of the primary functions of the internal scaffolding protein is to lower the critical concentration 
of the external scaffolding protein required to nucleate procapsid  morphogenesis. A separate question 
involves the number of mutations that is required to form an assembled particle, regardless of 
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 infectivity. This may be as low as two. Two of the four mutations in the progeny producing the gen-
eration 3 mutant (Fig.  14.6 ) do not directly involve procapsid proteins. The mutation in protein A is 
not required to form procapsids, but to package the genome into an altered one. The other mutation 
is in the D gene promoter. Thus, it is likely that B-independent procapsid assembly only requires a 
mutation in the DNA pilot protein and the overexpression of a mutant external scaffolding protein.   

    14.5.4   The External Scaffolding Protein 

    14.5.4.1   Structure of the Assembled and Unassembled Protein 

 After 12S* particle formation, 240 copies of the external scaffolding protein D organize 12 12S* 
particles into a procapsid. The 240 D proteins form an exterior lattice, which bears no resemblance 
to a  T  = 4 capsid. There are four structurally distinct external scaffolding proteins (Dokland et al. 
 1997,   1999  )  per asymmetric unit (Fig.  14.7 ). The four D proteins form dimers of asymmetric dimers 
(D 

1
 D 

2
 , D 

3
 D 

4
 ). Although each subunit has a unique structure, which is partly determined by its unique 

interactions with the underlying coat protein and neighboring D proteins within and across asym-
metric units, there are structurally similarities. The structures of D 

1
  and D 

3
  are more similar to each 

other than to either D 
2
  or D 

4
 , and the converse is true with the D 

2
  and D 

4
  proteins. D 

4
  has the most 

unique structure, especially in the arrangement of the N- and C-termini, which appear to be critical 
for assembly and coat protein recognition (see below). The atomic structure of assembly naive 
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  Fig. 14.6    Growth kinetics of B-free lineage strains in lysis-resistant cells. The strains used in these experiments were 
generated in targeted selections designed to produce a multiple mutant that does not require the internal scaffolding 
protein. Phenotypes and genotypes are given in the fi gure. Only the generation 5 mutant is viable in plaque assays with 
lysis-sensitive cells. However, the generation 3 and 4 mutants can produce viable progeny in lysis-resistant cells       

 



340 P.E. Prevelige and B.A. Fane

 external scaffolding protein dimer (D 
 A 
 D 

 B 
 ) has also been solved (Morais et al.  2004  ) . While the D 

 A 
 D 

 B 
  

dimer structure is unique, it bears a resemblance to the procapsid D 
1
 D 

3
  and D 

2
 D 

4
  dimers (Fig.  14.7 ). 

The D 
 A 
  is structurally most similar to D 

1
  and D 

3
 , while D 

 B 
  shares a fold closely related to D 

2
  and D 

4
 . 

Moreover, the relationship between neighboring asymmetric units in the D 
 A 
 D 

 B 
  crystal is similar to 

that found between the two asymmetric D 
1
 D 

2
  and D 

3
 D 

4
  dimers. Thus, the assembly naive subunits 

are poised to assume the D 
1
 D 

2
 D 

3
 D 

4
  confi guration found in the procapsid.  

 To achieve the unique dimer and tetramer arrangements found in the naive and assembled 
states, one monomer in each asymmetric dimer (D 

1
 , D 

3
 , or D 

 A 
 ) must be bent. If there were no 

conformational switch between the monomers, the intra- and interdimer interfaces would be identi-
cal. Consequently, the subunits would form a never-ending helix. The conformational switch occurs 
at glycine residue 61 in  a -helix #3, which is bent by 30° in the D 

1
  and D 

3
  subunits (Fig.  14.8 ). Only 

a glycine residue can accommodate the torsional angle necessary for the D protein to properly adopt 
one of these two conformations, as the other amino acid side chains occupy forbidden regions of the 
Ramachandran plot. The organization of the genome further emphasizes the evolutionary impor-
tance of maintaining the G61 residue in the external scaffolding protein. Gene E, which encodes the 
lysis protein, resides entirely within the gene D sequence. Both proteins are translated from the same 
mRNA, and the G61 and gene E start codons overlap in all known microvirus sequences (Godson et al. 
 1978 ; Kodaira et al.  1992 ; Rokyta et al.  2006 ; Sanger et al.  1978  ) .   

    14.5.4.2   Conformational Switching of the External Scaffolding 
Protein During Assembly 

 Extensive genetic analyses have been conducted with mutant proteins with substitutions of A, S, T, 
V, D, K, and P for glycine 61 (Cherwa et al.  2008,   2009 ; Cherwa and Fane  2009  ) . Mutant genes were 
constructed on plasmids and assayed for the ability to complement a  nullD  mutant and to inhibit 
wild-type progeny production. As expected none of the mutant proteins could replace wild-type D 
protein function in  nullD  infections. In wild-type infections, the mutant proteins inhibit virion mor-
phogenesis, with severity being a function of the substituted amino acid size. 

 The assembly intermediates made in wild-type and  nullD  infected cells expressing the strongly 
inhibitory G61D, G61V, and G61P external scaffolding proteins were characterized. In  nullD  
infected cells, only the mutant D protein was present and 12S* particles readily accumulated. As the 
12S* particle is the last intermediate before the fi rst D protein mediated step in the assembly  pathway 

  Fig. 14.7    The structure of the øX174 external scaffolding protein D. ( a ) Isosurface tracing of the procapsid illustrating 
the position of the D 

1
 , D 

2
 , D 

3
 , and D 

4
  subunits. ( b ) The atomic structure of the D 

1
 , D 

2
 , D 

3
 , and D 

4
  subunits. The color 

scheme is identical to that given in part ( a ). ( c ) The atomic structure of the assembly naive D protein dimer, D 
 A 
 D 

 B 
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(Fig.  14.4 ), the inhibitory proteins behave as if they have no activity vis-à-vis the ability to interact 
with other assembly intermediates. In wild-type infected cells, both the wild-type and inhibitory 
proteins would be present. In those infections, 12S* particles do not accumulate but appear to be 
channeled into off-pathway abominations (Fig.  14.4 ). As the inhibitory proteins require the wild-
type protein to enter into the assembly pathway, the actual inhibitor is most likely a heterodimer. 

 Mutants resistant to the inhibitory external scaffolding proteins were isolated via direct genetic 
selections. The resistance mutations conferred amino acid substitution in the coat and internal 
scaffolding proteins. The affected amino acids cluster beneath or surround the D 

3
  subunit in the 

asymmetric unit (Fig.  14.8 ). The graphics in Fig.  14.8  depict atomic structure of the closed 
procapsid, which most likely represents an off-pathway product. During crystallization, the coat 
protein underwent a limited maturation event. In the cryo-electron microscopy reconstruction, 
which most likely represents the native species, large pores are present at the threefold axes of sym-
metry (Bernal et al.  2003 ; Ilag et al.  1995  ) . Thus, the two  a -helices that transverse the twofold axis 
of symmetry would be shifted upward, moving the resistance mutations at amino acids 212, 214, 
and 227 toward the center of the asymmetric unit. The clustering of the resistance mutations sug-
gests models in which they operate to exclude or accommodate a heterodimer in the D 

3
 D 

4
  position. 

  Fig. 14.8    Conformational 
switch mutants in the external 
scaffolding protein. ( a ) The 
location of G61 and D34 
residues within the atomic 
structure of the procapsid. 
The coat protein is depicted 
in  gray , the internal 
scaffolding protein in peach, 
and the D 

1
 , D 

2
 , D 

3
 , and D 

4
  

subunits in  magenta ,  blue , 
 brown , and  chartreuse , 
respectively.  a -helix #3, in 
which G61 resides ( orange 
dot ), is colored  yellow . The 
helix assumes a straight (D 

2
  

and D 
4
 ) or kinked 

conformation (D 
1
  and D 

3
 ). 

The location of residue D34 
is indicated with a  blue dot . 
( b ) The location of resistance 
and utilizer mutations in the 
coat protein. Resistance and 
utilizer mutations are 
depicted with  light  and  dark 
blue dots , respectively. ( c ) 
The location of resistance and 
utilizer mutations in the 
internal scaffolding protein. 
All structures are rendered to 
the same scale and 
orientation       
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In a structure-based accommodation model, the resistance mutants would be expected to exhibit 
allele specifi city, only accommodating the inhibitory protein for which they were selected. However, 
they do not exhibit strict allele specifi city and even confer resistance against the G61P protein. The 
G → P substitution would affect the structure of  a -helix #3 in a fundamentally different manner than 
the other substitutions. While the other substitutions would inhibit helix kinking, the proline substi-
tution would lock the helix into a bent position. 

 While the expression of proteins with more conservative substitutions for G61 (serine and 
alanine) did not lower wild-type plating effi ciencies, wild-type plaque morphologies and burst sizes 
were reduced. Morphogenesis in  nullD- infected cells expressing these proteins was examined. 
Unlike assembly in the absence of D protein, which leads to a pronounced accumulation of 12S* 
assembly intermediates, particle recovery was skewed toward the recovery of the 9S* intermediate 
(Cherwa and Fane  2009  ) . This observation may indicate that the G61A and S proteins do not need 
wild-type subunits to interact with other viral components, as was observed with the G61P, G61V, 
and G61D proteins. While these data are suggestive, a more compelling argument for G61A and 
G61S homodimer activity could be made if full complementation could be achieved. Thus, 
 nullD / utilizer  mutants were isolated. The seven  utilizer  mutations resided in the same regions of the 
coat and internal scaffolding proteins defi ned by the resistance mutations (Fig.  14.8 ). Some muta-
tions were identical.  utilizer / nullD  virion production was investigated in cells expressing the wild-
type and G61S proteins. G61S protein complementation resulted in a longer lag phase. As øX174 
has no temporal gene expression, the longer lag phase may indicate that a higher critical concentra-
tion of the G61S protein is required to nucleate procapsid morphogenesis. Lower yields and slower 
rates may refl ect secondary defects in the capsid elongation.  

    14.5.4.3   Inhibitory Proteins and the Evolution of a Three-Scaffolding 
Protein System 

 As targeted genetic selections with deletions of the internal scaffolding protein converted øX174 
from a two- to a one-scaffolding protein system, the results of experimental evolution studies indi-
cate that it may be possible to evolve a three-scaffolding protein system: one that requires the inter-
nal protein and two species of the external protein. The resistance phenotypes conferred by the 
mutations isolated in one-step genetic selections with the lethal dominant external scaffolding pro-
teins were weak. To isolate a more robust phenotype, which may be predictive of resistant pheno-
types that could be selected by prolonged exposure to antiviral agents that specifi cally target capsid 
assembly, wild-type øX174 was continually cultured through exponential phase cells expressing an 
inhibitory D protein (Cherwa et al.  2009  ) . Initially the induction of the inhibitory gene was low, to 
allow low levels of virus replication. As the viral population began to exhibit increased fi tness, 
indicative of the accumulation of mutant strains, induction levels were steadily increased. After 
approximately 180 life cycles, a quintuple-mutant resistant strain was isolated from the population. 
The recovered mutations were very similar to those isolated in one-step genetic selections with the 
exception of one mutation, which conferred a D → G substitution at amino 34 in  a -helix #2 of the 
external scaffolding protein. As this particular helix mediates no contacts with other structural or 
scaffolding proteins, the substitution may provide an alternative locus for conformational fl exibility, 
which compensates for the steric hindrance introduced into  a -helix #3. 

 As can be seen in Table  14.1 , acquiring resistance to an antiviral agent lowered strain fi tness vis-
à-vis the uninhibited wild-type levels, a phenomenon that has been observed in other studies 
(Collins et al.  2004 ; Paredes et al.  2009 ; Zhou et al.  2008  ) . Moreover, the resistance strain’s replication 
capacity is higher in the presence of inhibitor. Thus, as observed with other antiviral agents (Baldwin 
and Berkhout  2007 ; Salvati et al.  2004  ) , the selection for resistance co-selected for a level of depen-
dence. However, the virus appears to have evolved a mechanism to productively utilize the once 
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inhibitory protein to stimulate its fi tness substantially higher than the uninhibited wild-type level, 
which is a novel phenomenon. Thus, optimal fi tness now requires three scaffolding proteins.  

 The resistant strain was exhaustively characterized to determine the molecular basis of this effect. 
Although no signifi cant differences in either attachment or eclipse kinetics were observed when 
compared to the ancestral wild-type strain, the inhibitory protein led to a dramatically shortened lag 
phase and increase in resistant strain progeny production. The most dramatic effect was observed 
when the inhibitory protein was present at a 1:3 ratio with the wild-type species. Under these condi-
tions, progeny appears 8 min postinfection, as opposed to 14 min postinfection in the absence of the 
inhibitor, and progeny production is increased by approximately tenfold. These observations are best 
explained by the prudent particle – promiscuous protein hypothesis. The inhibitory proteins are 
known to promiscuously promote off-pathway reactions (Cherwa et al.  2008 ; Cherwa and Fane 
 2009  ) ; the resistance mutations may produce 12S* intermediates that are less prone to associate with 
both the inhibitory and wild-type external scaffolding protein. As the dependency phenomenon 
appears to operate on the level of capsid nucleation, effi cient nucleation may now depend on a small 
concentration of the more promiscuous inhibitory protein.  

    14.5.4.4   Coat Protein Substrate Specifi city Domains 
in the External Scaffolding Protein 

 The full extent of coat–external scaffolding protein interactions is not apparent in the atomic struc-
ture of the closed procapsid. During crystallization, the particles underwent a limited maturation 
event, which included a reorganization of the coat protein at the threefold axes of symmetry to gen-
erate a closed structure – the native particle contains 30 Å pores in these locations   . Moreover, the 
coat protein pentamers moved inward in a radial manner, forming two- and threefold interactions 
similar to those observed in the virion, and contacts with the external scaffolding protein are mini-
mal. In contrast, there are very few, if any, cross-pentamer contacts in the cryo-EM model of the 
native structure, and coat–external scaffolding protein interactions are much more extensive 
(Bernal et al.  2003 ; Dokland et al.  1997,   1999 ; Ilag et al.  1995  ) . However, the results of genetic 
experiments conducted with chimeric scaffolding proteins have helped elucidate external scaffold-
ing protein domains that confer coat protein specifi city (Burch and Fane  2000a,   2003 ; Uchiyama and 
Fane  2005 ; Uchiyama et al.  2007,   2009  ) . 

 Although most of the primary sequences of microvirus external scaffolding proteins are highly 
conserved (Godson et al.  1978 ; Kodaira et al.  1992 ; Rokyta et al.  2006 ; Sanger et al.  1978  ) , a con-
siderable degree of sequence divergence is localized to the N- and C-termini of the proteins, which 
constitute  a -helices #1, #7, and loop #6 in the atomic structure. External scaffolding proteins do not 
cross-function between the related G4,  a 3, and øX174 species, nor does the expression of a foreign 
scaffolding protein dramatically interfere with cross-species assembly. However, chimeric øX174/ a 3 
scaffolding proteins with interchanged fi rst  a -helices inhibit virion formation in a species-specifi c 
manner. Inhibition is observed when the fi rst helix is of the same origin as the viral coat protein 
(Burch and Fane  2000a  ) . Thus, the incorporation of the inhibitory chimera was a function of the fi rst 

 Strain 

 Inhibitory protein expression as percentage of total cellular 
D protein 

 0%  20%  50% 

 Fitness  Yield  Fitness  Yield  Fitness  Yield 

 Wild type  9.4 ± 0.3  675   7.4 ± 0.2  170  2.0 ± 0.1  4 
 Evolved  6.4 ± 0.1  85  12.4 ± 0.1  5,400  5.6 ± 0.5  50 

  Experiments conducted in replicates of fi ve  

   Table 14.1    Fitness 
(doublings/h) and virion yield 
(progeny/h/input phage) in 
continuous culture   
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 a -helix. The results of further biochemical and genetic analyses indicate that the actual inhibitory 
effects were conferred by the foreign  a -helix #7, which resulted in the generation of procapsids that 
could not be fi lled (Burch and Fane  2003  ) . 

 Although the results of the above analysis suggested that  a -helix #1 was required for the initial 
coat–external scaffolding protein recognition, sequence divergence between the øX174 and  a 3 
proteins was too great to obtain mutants that could productively use the chimeric scaffolding 
proteins. Thus, chimeras between the more closely related G4 and øX174 phages were generated. 
While the G4/øX174 chimeric scaffolding proteins could not support øX174  nullD  plaque formation, 
progeny was produced in lysis-resistant cell after an extended lag phase (Uchiyama and Fane 
 2005  ) . However, once progeny production initiates, virions appear to be produced at a wild-type rate. 
Similar results were obtained when the chimeric gene was constructed directly into the viral genome 
(Uchiyama et al.  2007  ) . These observations suggest that a higher critical concentration of the chime-
ric protein is required to nucleate virion morphogenesis. Plaque-forming mutants of the chimeric 
strains were isolated. The mutations shorten the lag phase, allowing progeny production before pro-
grammed cell lysis in lysis-sensitive cell. The mutations, along with previous suppressors of cold-
sensitive  a -helix-1 mutations (Fane et al.  1993  ) , map to two coat protein  a -helices that directly 
surround the threefold axes of symmetry (Figs.  14.5  and  14.9a ). Strains with small deletions within 
the fi rst helix also delay the timing of progeny production. These mutants were also suppressed by 
substitutions in the external scaffolding as well as by regulatory mutations that elevate the expression 
level of the N-terminal deleted D proteins (Uchiyama et al.  2009  ) . Again, these results suggest a con-
nection between the lag phase length and the critical concentration needed to nucleate assembly.  

 While the clustering of the suppressor mutations suggests that interactions between  a -helix #1 of 
the external scaffolding protein and the coat protein helices near the threefold axes of symmetry 
(Fig.  14.9a ) nucleate coat–external scaffolding protein interactions, it is not possible to ascertain 
which D subunit is involved in this interaction. However, two key structural features suggest the D 

4
  

subunit. It is located at threefold axis of symmetry, and it is the only subunit in which the helix is 
pointed inward, toward the coat protein. These observations and the atomic structure of the assembly 
naive D protein dimer suggest a model in which a D 

 B 
  subunit makes the initial contact with the 12S* 

particle, interacting with a coat protein in an adjacent fi vefold-related asymmetric unit, and becomes 

  Fig. 14.9    The location of suppressors of chimeric and N-terminal deleted external scaffolding proteins. ( a ) The 
threefold axis of symmetry in the atomic structure of the closed procapsid. Coat protein sequences are depicted in  dark 
blue ,  pink , and  purple . The external scaffolding protein D 

4
  subunit is depicted in  light blue .  Black dots  mark the location 

of suppressors in the coat protein.  Red dots  indicate the location of the suppressors within the external scaffolding pro-
tein. ( b ) Interactions between the external scaffolding protein D 

1
  subunit and the major spike protein G       
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the D 
4
  protein, as visualized in the procapsid structure. The associated D 

 A 
  subunit would then sit 

in the D 
3
  position. The next D 

 A 
 D 

 B 
  dimer to attach would then occupy the D 

1
 D 

2
  location. However, a 

secondary site for nucleation may exist. The second-site genetic analyses also identifi ed mutations 
in the major spike and external scaffolding proteins. The suppressing D protein residues cluster in a 
loop in the D 

1
  subunit that extends toward the major spike protein (Fig.  14.9b ). The suppressing 

residue in the major spike protein is in close proximity to  a -helix 1 of the D 
1
  subunit. These suppres-

sors may act by creating an alternate site for initial 12S*–D 
 A 
 D 

 B 
  dimer interactions.    

    14.6   Viruses with Satellites: Reprogramming Size Determination 
and Molecular Piracy 

    14.6.1   Bacteriophages P2 and P4 

 The P2/P4 bacteriophage system represents an example of size determination by the satellite virus 
P4 encoded external scaffolding protein gpSid ( si ze  d etermination). Like many dsDNA viruses, the 
assembly of the  T  = 7 P2 coat protein (gpN) is mediated by its internal scaffolding proteins (gpO) 
(Christie and Calendar  1990  ) . GpO shares many features with other internal scaffolding proteins. 
For example, C-terminal fragments are both necessary and suffi cient to promote capsid assembly 
(Chang et al.  2009  ) . However, a small proteolytic fragment of gpO, called O*, remains in the virion 
(Lengyel et al.  1973 ; Rishovd and Lindqvist  1992  ) . Like the øX174 internal scaffolding protein 
(Bernal et al.  2003  ) , gpO is an autoprotease, and the region of the protein responsible for enzymatic 
activity has been identifi ed (Chang et al.  2009 ; Wang et al.  2006  ) . It is also likely that gpO is respon-
sible for proteolytic processing of the coat protein (Wang et al.  2006  ) . The satellite bacteriophage 
encodes the external scaffolding protein sid ( si ze  d etermination). In P2/P4 co-infected cells, sid 
protein alters the curvature of the elongating capsids, which results in a  T  = 4 particles. The smaller 
procapsids cannot accommodate the P2 genome. Thus, they are only fi lled with the P4 genome. 

 Structural and genetic studies have somewhat defi ned the molecular basis of the P4 piracy. The 
sid–coat protein interactions lead to the formation of a size-restricting cage by infl uencing the bend 
of the capsid protein at a fl exible hinge region, which was genetically identifi ed by  sir  mutations ( si d 
 r esponsiveness). Sir mutations render the capsid protein resistant to sid protein action (Six et al. 
 1991  ) . In the cryo-EM model, the sid protein forms a lattice of 12 open pentagons, surrounding the 
vertices and bifurcating the surrounding hexameric capsomers (Dokland et al.  2002 ; Marvik et al. 
 1995  )  (Wang et al.  2000  ) . The C-termini of sid proteins form trimeric structures at junctions containing 
three hexamers. Structurally distinct sid dimers interconnect the C-terminal trimer formations. 
Dimer–dimer and dimer–trimer interactions are most likely mediated via N-termini sid–sid interac-
tions. Extragenic second-site suppressors of  sir  mutations ( nms ), which restore sid sensitivity to  sir  
capsid proteins, are located in the C-terminus of the sid protein (Kim et al.  2001  ) . These super-sid 
proteins most likely form stronger sid trimers, producing a more rigid external lattice that overrides 
the less fl exible hinge regions created by the  sir  mutations. If P4 capsid assembly nucleates with a sid 
trimer at the junction of three hexamers, the concurrent elongation of the P2 capsid protein with the less 
fl exible and size constraining sid lattice would direct assembly into the smaller  T  = 4 capsid.  

    14.6.2   Phage 80a and Its Parasite SaPI1 

 In a manner analogous to the P2/P4 system, the  Staphylococcus aureus  pathogenicity island SaPI1, 
which carries the gene for the toxic shock syndrome toxin, is capable of redirecting the assembly of 
the phage 80a from a  T  = 7 to a smaller  T  = 4 procapsids (Spilman et al.  2011 ; T. Dokland, personal 
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communication). Mass spectroscopic analysis of the protein composition of the SaPI1 procapsids 
detected the presence of two SaPI1 proteins, gp6 and gp7 (Poliakov et al.  2008  ) , both of which had 
previously been implicated in form determination (Ubeda et al.  2008  ) . Both gp6 and gp7 are absent 
from the mature phage. The NMR structure of purifi ed gp6 indicates that it is structurally similar to 
the scaffolding protein of Phi29 in that it is highly  a -helical, contains an N-terminal helix-loop-helix 
motif, and is dimeric in solution (T. Dokland, personal communication).   

    14.7   Concluding Remarks 

 All scaffolding proteins perform the same basic function: catalyzing and directing capsid assembly, 
a process that becomes more complicated as icosahedral geometries become more complex. 
However, as is clearly evident from the case of the  T  = 1 microviruses, their performance is fi nely 
tuned and optimized by the competitive arena of natural selection. Moreover, many scaffolding pro-
teins have extended their functional repertoire to include controlling the incorporation of other 
structural proteins, such as portal and pilot proteins, necessary for productive virus infection. 
Presumably, encoding additional functionality into an existing protein is a cost-effective way to 
expand function with a minimal increase in genetic load. 

 Although scaffolding proteins are found in both eukaryotic and prokaryotic viral assembly sys-
tems, most mechanistic insights have come from the study of bacteriophages, which are more read-
ily adaptable to laboratory settings. The number of tailed bacteriophages on earth has been estimated 
to be 10 31 , and there are an estimated 10 23  bacterial infections per second (Hendrix  2003  ) . To date we 
have sampled a small fraction of the continually evolving viruses in the biosphere. It is almost cer-
tain that as we sample more deeply, we will fi nd additional and unexpected mechanisms and func-
tions of scaffolding proteins.      
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  Abstract   The  Escherichia coli  phage HK97 has provided a productive experimental system for 
investigating how virus capsids are assembled from their protein components and how the assembled 
capsids mature to their fi nal form. Aspects of the process for which the HK97 system has been par-
ticularly informative include assembly of the icosahedral capsid shell from the component proteins, 
structure of the capsid subunits and of the entire capsid as it progresses through its maturation, and 
the mechanism of the covalent cross-linking that links the subunits together into viral chain mail. 
The structural dynamics of the maturation as well as the energetics that drives maturation forward 
are beginning to be understood.   

     15.1   Introduction 

 There are at any one time an estimated 10 31  tailed bacteriophages on Earth (Hendrix  2002 ; Suttle 
 2007  ) , probably more than all other organisms combined. Recent evidence from both structural and 
genomic studies of capsid proteins argues that viruses resembling many of the contemporary viruses, 
including the tailed phages, were already present when the three domains of cellular life diverged 
approximately three billion years ago and must have been evolving for some time before that 
(Bamford et al.  2005 ; Hendrix  1999  ) . The apparently ancient origin of tailed phage capsids implies 
that they have had as much opportunity as almost any other biological structure to evolve sophisti-
cated and intricately coordinated mechanisms of assembly leading to mature structures fi nely adapted 
to their biological roles. In doing so, the virion proteins have diverged in sequence to an extreme 
degree, and we might wonder whether the mechanisms and pathways of capsid assembly have 
diverged to a similar extent, making the assembly process of each phage chosen for investigation a 
special case. Happily, studies of tailed phage capsid assembly extending over most of the past 
50 years have amply demonstrated that all the tailed phages use fundamentally the same process to 
accomplish that assembly, even in the face of sequence divergence that erases any detectable trace 
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of similarity, and that that same common assembly process extends even to the tailed phages’ distant 
cousins the herpesviruses (Baker et al.  2005 ; Duda et al.  2006 ; Johnson  2010  ) . This means that new 
insights into capsid assembly that come from study of one phage typically illuminate the corre-
sponding process in the other phages (and herpesviruses) under study. At the same time, each 
different phage that has been subjected to investigation shows its own variations, sometimes quite 
fl amboyant, on the basic assembly process. As a result, work on understanding capsid assembly in 
several different tailed phage systems not only provides a multifaceted view of the basic assembly 
process they share but also gives a richly detailed picture of how a group of biological organisms can 
invent variations to ornament that basic process. 

 Bacteriophage HK97, the subject of this article, has provided signifi cant contributions to 
understanding both aspects of capsid assembly. For example, the determination of the high-
  resolution structure of the capsid protein and the elucidation of the structural, dynamic, and energetic 
dimensions of the dramatic dance the protein goes through during capsid maturation are directly 
applicable to the corresponding processes in other tailed phages, while HK97’s use of autocatalytic 
covalent bonds among the capsid subunits to stabilize the mature capsid is unique among the phages 
whose assembly mechanisms have been well studied. We describe these features and more below. 

 HK97 is an  Escherichia coli  phage that was isolated in about 1977, from a pigsty in Hong Kong 
(Dhillon et al.  1980  ) . It originally came to the attention of one of us because of its long, elegant tail, 
which played a minor role in establishing that tail length in long-tailed phages is determined through 
the agency of what is now known as the tape measure protein (Katsura and Hendrix  1984  ) . A sur-
prising side observation from the tail length experiments was that there appeared to be no band on a 
sodium dodecyl sulfate (SDS) polyacrylamide gel corresponding to the major capsid protein. 
However, there was a large amount of protein that failed to enter even the stacking gel (Popa et al. 
 1991  ) . Attempts to solve this conundrum led to the studies reported here.  

    15.2   The Assembly Pathway 

 The outlines of the HK97 head assembly pathway were established through a series of genetic and 
biochemical experiments (Duda et al.  1995a,   b,   c  )  together with some initial cryo-EM structures 
(Conway et al.  1995  )  (Fig.  15.1 ). Two of a collection of amber (conditional lethal) mutants of the 
phage failed to make heads but produced two different varieties of spherical structures that appeared 
similar to the proheads that had been identifi ed in phages like  l  and P22 (Duda et al.  1995c  ) . 
Subsequent sequencing of the HK97 genome and biochemical and structural characterization of the 
heads and proheads led to the understanding that one of the proheads, named Prohead I (PH I), is 
made primarily of a full-length version of the major capsid protein (also known as gp5 = “ g ene  p rod-
uct [of gene]  5 ”) (Duda et al.  1995b ; Juhala et al.  2000  ) . The other prohead, Prohead II (PH II), has 
a version of gp5 that is missing 102 aa from the N terminus of the 384 aa protein (Duda et al.  1995b  ) , 
and this form of the protein is called gp5*. The mature head, called Head II (H II), has the same 
processed form of the protein as PH II, but it is in addition covalently cross-linked into the high-
molecular-weight material that fails to enter the SDS gel. All three of these capsid-related forms 
made during phage infection also contain a small amount of the portal protein, gp3.  

 The cryo-EM structures show that the heads and proheads have icosahedral symmetry and a tri-
angulation number ( T ) of 7 (Conway et al.  1995  ) , which implies that there are 420 copies of the 
major capsid protein per shell, or 415 copies if one pentamer is replaced by the dodecameric portal 
ring. The H II shell has an angular, icosahedron-like shape, with a thin shell of uniform thickness. 
The hexamers appear to have nearly perfect sixfold symmetry, and the structure as a whole is a faith-
ful example of quasi-equivalent packing of the subunits, as predicted in the 1962 Caspar and Klug 
paper (Caspar and Klug  1962  ) . In contrast, the proheads have a more spherical shape, a smaller 
diameter, and a more corrugated surface with prominent protrusions on the outer surface, corre-
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  Fig. 15.1    The HK97 virus-like particle assembly and maturation pathway that is followed when only the coat protein 
and protease are co-expressed in  E. coli . At the  top  are all the intermediates that have been characterized by crystal-
lography and/or cryo-EM. Below is shown the processing that occurs to the capsid protein, gp5, and the residues that 
form the autocatalytic cross-link. At  right  is an enlargement of the fi nal mature particle indicating that the cross-linked 
gp5 proteins mechanically chain-link the particle together. Each ring of the same color corresponds to fi ve or six 
subunits chain-linked together by the isopeptide bond formed by the side chains of Asn356 and Lys169. Assembly and 
maturation: The capsid protein (gp5) immediately assembles into skewed hexamers and pentamers (generically called 
capsomers) shown in  blue . The protease (gp4) is shown in  red . The capsomers (60 hexamers and 12 pentamers) and 
approximately 60 copies of the protease co-assemble to form Prohead I, a roughly spherical particle, 51 nm in 
diameter. The hexamers in this particle are not symmetric, but “skewed,” and correspond roughly to two shifted trap-
ezoids (each composed of three subunits) related by twofold symmetry (see Fig.  15.3 ). Under normal circumstances, 
Prohead I is transient. The protease becomes active upon assembly and cleaves residues 2–103 (the delta domain) 
from all the gp5 subunits, creating gp5* as shown. The protease autodigests and all of the fragments diffuse from 
openings in the capsid. This creates Prohead II (51 nm) which is morphologically closely similar to Prohead I 
(including the skewed hexamers and virtually the same diameter); however, the mass of this particle is 13 MDa, com-
pared to 17 MDa for Prohead I. Prohead I can be stabilized for study by not expressing the protease, or by co-expressing 
a mutant, inactive, protease. Either of these PH I particles can be disassembled and reassembled under mild conditions 
as indicated by the arrow from capsomers to Prohead I. Prohead II is a metastable particle that can only transition to 
EI-I. Conditions    that disassemble Prohead I either cause nothing to happen to Prohead II or cause the transition to EI-I. 
There are many conditions that cause the transition, but dropping the pH from 7 to 4.0 was used for most of the in vitro 
studies of maturation. The transition to EI-I (56.0 nm), triggered by the pH drop, has a half-life of ~3 min and is 
stochastic, without populated intermediates. EI-I hexamers are sixfold symmetric, and the particle is cross-link 
competent, with cross-link initiation commencing virtually immediately after this particle is formed. Approximately 
60% of the cross-links form before the morphology of EI-I changes (EI-II,III have essentially the same morphology 
as EI-I with increasing numbers of cross-links) to EI-IV. The process resembles a Brownian ratchet (a process by 
which thermal energy is captured by driving a process in only one direction) in which the loop containing Lys169 
fl uctuates until the covalent bond with Asn356 forms, locking it down and incrementally raising the energy of the 
particle. When a suffi cient number form (~60%), the particle crosses the energy barrier and transitions to EI-IV, again 
without populated intermediates, a round (~62.5 nm), thin-shelled particle eventually forming all but 60 cross-links. 
This particle is the end point at pH 4.0 and was studied by crystallography and cryo-EM. These studies showed that 
subunits in the pentamers had not formed their fi nal cross-link and that they were dynamic, fl uctuating by 1.4 nm 
along the fi vefold particle axes. Neutralizing EI-IV completes the cross-links with pentamer subunits, forming the 
fully mature, ~65 nm, faceted particle shown in the  lower right        
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sponding to the hexameric and pentameric capsomers. Their most striking feature is a marked two-
fold skew to the hexamers, implying that the subunits of the hexamers are located in three different 
nonequivalent environments (Conway et al.  1995  ) . The dramatic morphological difference between 
PH II and H II bespeaks a cataclysmic conformational rearrangement of the subunits within the 
structure; this morphological change is called “expansion” because it results in a ~20% increase in 
diameter and a roughly twofold increase in the interior volume of the shell (Conway et al.  1995  ) . 

 The two prohead forms, PH I and PH II, are indistinguishable on their outer surfaces at low resolu-
tion, but they differ at the inner surface of the shell, where PH I has densities extending a short distance 
toward the center of the shell that are missing in PH II (Conway et al.  2007 ; Huang et al.  2011  ) . These 
extra densities in PH I correspond to the 102 aa that have been removed from each subunit by proteoly-
sis in PH II. This 102 aa proteolyzed segment of the protein is called the “delta domain,” and it is 
becoming increasingly clear that the delta domain has crucial roles in assembly of the shell and, most 
likely, in driving the subsequent maturation of the shell. Exactly how it accomplishes these things is not 
yet entirely clear, and this is a topic of ongoing research (Gertsman et al.  2009 ; Johnson  2010  ) . 

 The major capsid protein, gp5, can be produced in copious amounts from an overexpression plas-
mid, driven by a phage T7 promoter (Duda et al.  1995b  ) , and this has greatly facilitated both produc-
tion of structures from different parts of the assembly pathway for structural and biochemical studies 
as well as genetic analysis of the protein and the pathway. Remarkably, overexpression of gp5 alone 
leads to abundant production of correctly assembled  T  = 7 PH I (Conway et al.  1995  ) . Although 
 correct folding of gp5 requires the host GroEL/S chaperonin (Ding et al.  1995 ; Popa et al.  1991 ; also 
see Chap. 13 ) , this result demonstrates that no other phage-encoded proteins beyond gp5 are needed 
for effi cient and accurate assembly of PH I. The next gene upstream from gene  5  encodes the matu-
ration protease, gp4. If both genes  4  and  5  are included in the expression plasmid, PH II, with the 
delta domain removed from each subunit, is produced. In a HK97 infection, PH II is thought to be 
the capsid form that packages DNA, and by analogy with what is known for phage  l , we believe that 
it is the act of DNA packaging that triggers the shell expansion reaction in the infected cell. Purifi ed 
PH II in Tris buffer can be triggered to go through the expansion reaction (in the absence of DNA) 
by a number of different manipulations of the solvent conditions, including addition of small amounts 
of organic solvents such as chloroform or butanol, or most conveniently, lowering the pH to about 4 
(Duda et al.  1995a  ) . Cross-linking occurs during the course of capsid expansion as catalytic sites 
form at the interfaces among subunits as a result of the conformational rearrangements of the sub-
units (Duda et al.  1995a  ) .  

    15.3   Assembly of the Shell 

 PH I disassembles effi ciently to capsomers (hexamers and pentamers) in high salt. The two 
capsomer forms are produced in the ratio expected for a  T  = 7 structure (a 6:1 mass ratio, 
hexamers:pentamers). Remarkably, the two forms can be interconverted in vitro by adjusting solvent 
polarity in the presence of a small amount of denaturant (Xie and Hendrix  1995  ) . The mechanism of 
this interconversion is unexplored, but it has allowed an experiment described below that asks what 
effect the hexamer:pentamer ratio has on shell assembly. 

 Capsomers dissociated in vitro from purifi ed PH I can be reassembled in vitro by concentrating 
the protein by what is essentially a PEG precipitation (phase partition), with the assembly taking 
place in the “solid” phase (Xie and Hendrix  1995  ) . This assembly is reasonably effi cient (>50%), 
and strikingly accurate, with virtually all of the structures made being apparently complete, isomet-
ric,  T  = 7 shells, indistinguishable from PH I made from plasmid expression of the same protein in 
the cell. Because these assembly reactions contain no protein other than gp5, we conclude that no 
other proteins, either phage- or host-encoded, are required for accurate assembly of  T  = 7 PH I. 
However, this leaves open the question of whether the form (conformational or oligomeric) of gp5 



35515 Bacteriophage HK97 Capsid Assembly and Maturation

is important for assembly. In particular, it could be imagined that the hexamer to pentamer ratio of 
the input protein could infl uence the T number of the assembled structure, inasmuch as icosahedral 
capsids of any T number have the same number of pentamers (one for each of the 12 vertices) but a 
variable number of hexamers depending on the T number. To test this question, we took advantage 
of the ability, mentioned above, to interconvert hexamers and pentamers and set up a series of in vitro 
capsid assembly reactions, all containing the same total mass of gp5 but differing in how that gp5 
was partitioned between hexamers and pentamers. All of the structures produced were  T  = 7 proheads, 
arguing that gp5 can accurately assemble into the correct size capsid regardless of the hexamer to 
pentamer ratio. On the other hand, there was a dramatic effect of this ratio on the effi ciency with 
which the  T  = 7 shells were made, with pure hexamers and pure pentamers both failing to make any 
detectable structures and the effi ciency of assembly increasing from either extreme to a maximum at 
the ratio corresponding to a  T  = 7 shell (Xie and Hendrix  1995  ) . These results argue that hexamers 
and pentamers are the true precursors to shells in this assembly reaction, because if they were able, 
for example, to disassemble into monomers in the reaction conditions and then assemble directly 
into shells, all the different hexamer to pentamer ratios examined would have been expected to 
assemble with the same effi ciency. The experiment also implies that neither pentamers nor hexamers 
can assemble into larger structures without the presence of the other fl avor of capsomer. 

 The situation becomes both more complex and more interesting when we consider the properties 
of a point mutant of the major capsid protein, E219K (Li et al.  2005  ) . This mutant protein is defective 
in a genetic complementation assay, but only slightly so. When the E219K protein is expressed from 
a plasmid, PH I is produced that is morphologically indistinguishable from the wild-type structure. 
However, the only unassembled capsomers detected in the lysate are hexamers, in contrast to the 
mixture of hexamers and pentamers found in a comparable wild-type lysate. Similarly, when the 
E219K PH I is dissociated in high salt, the only capsomers observed are hexamers, this despite the 
fact that the PH I had a normal complement of pentamers before dissociation. We speculate that for 
this mutant protein the equilibrium in the conversion between hexamers and pentamers is shifted in 
the direction to favor hexamers. Suffi cient pentamers must be made in the host cytoplasm to support 
an abundant crop of PH I, but free E219K pentamers are evidently unstable in Tris buffer, possibly 
converting into hexamers. In any case, the real surprise from the E219K mutant comes when the hex-
amers produced by dissociation of mutant PH I are put under reassembly conditions, where they 
assemble into “Whiffl eballs,” structures that are indistinguishable from PH I except that they have 
holes where there should be pentamers (Fig.  15.2 ) (Li et al.  2005  ) . On the face of it, this result appears 
to contradict the results from the earlier experiment described above, which indicated that hexamers 
could not assemble into shells in the absence of pentamers. We reconcile these results by postulating 

  Fig. 15.2    Cryo-EM images 
of Whiffl eballs. The  upper  
structure is Prohead I 
produced in the cell by the 
Whiffl eball mutant of gp5 
(E219K). The  lower  structure 
is produced by disassembly 
and reassembly of the 
Prohead I in vitro. The 
pentamers are calculated as 
the difference between the 
two structures and are 
colored  blue . The images are 
stereo pairs       
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two conformational forms of hexamers, an “assembly competent” form and an “assembly naïve” 
form. We suggest that hexamers initially acquire their assembly competent form by an interaction 
with pentamers and that the assembly competent form is retained upon high-salt dissociation of PH I, 
as in the experiment with the E219K Whiffl eball mutant. However, if the dissociated capsomers are 
subjected to interconversion between hexamers and pentamers prior to reassembly, as in the earlier 
experiment, we suggest the hexamers revert to the assembly naïve conformation and are unable to 
reassemble into shells until they have once again interacted with a pentamer. The most obvious can-
didate for the physical identity of the assembly competent form of the hexamer is the strongly twofold 
skewed hexamer that is seen in proheads but not in the mature capsid. It has not yet been possible to 
confi rm this identifi cation directly, but some of the results described below lend it support.  

 Genetic and biochemical experiments have identifi ed a particular salt bridge between capsomers 
as having an essential role in assembly of capsomers into PH I (D. Tso, R. Duda & R. Hendrix, 
unpublished). The salt bridge forms between an aspartic acid (D) on one subunit and a lysine (K) on 
the subunit lying on the other side of the capsomer–capsomer interface. Each subunit contributes a D 
to one salt bridge and a K to a second salt bridge; this means there are 12 half salt bridges arrayed 
around the periphery of each hexamer and ten around each pentamer, each aligned precisely in the 
prohead structure with its partner on the adjacent capsomer. Although these KD salt bridges are 
unequivocal in both the PH I and PH II structures, the alignment of partners is completely lost in the 
mature H II structure, with former salt bridge partners separated by as much as 2.0 nm. In other words, 
if hexamers in the symmetrical (nonskewed) form that is found in H II had attempted to assemble into 
shells, they would have been unable to obtain a functional alignment of the crucial KD salt bridge 
partners. This argues that the skewed form of the hexamers is indeed the assembly competent form. 

 The role of the delta domain – the N-terminal 102 amino acids of each subunit that is removed by 
proteolysis in the transition from PH I to PH II – is still largely obscure but seems to be coming 
gradually into focus. The delta domain can be visualized in PH I structures as a poorly defi ned blob 
of density fl oating above the inner face of each capsomer and connected to it by thin threadlike den-
sities. The delta domain is less well ordered than the main part of the subunit, and it has not been 
possible to trace the path of the polypeptide backbone of the delta domain. However, the amino acid 
sequence predicts that the delta domain should be almost entirely  a -helix, with signifi cant portions 
of coiled-coil structure (Conway et al.  1995  ) , and the  a -helical nature of the delta domain has been 
confi rmed by Raman spectroscopy (Benevides et al.  2004 ; Nemecek et al.  2009  ) . From the cryo-EM 
and X-ray structures of PH I, it appears that interactions between delta domains occur exclusively, 
or nearly so, between the delta domains of subunits of the same hexamer or pentamer and not across 
the boundary between capsomers (Conway et al.  2007 ; Huang et al.  2011  ) . 

 We believe that the interactions among the delta domains of a hexamer have a role in allowing the 
hexamer to assume the skewed, assembly competent conformation. The most compelling evidence 
for this view comes from experiments combining differential scanning calorimetry with cryo-EM. 
Calorimetric experiments showed that PH I undergoes a reversible thermal transition at 53°C 
(Conway et al.  2007  ) , and to determine the nature of the transition, grids with PH I being held at 
60°C were directly plunge-frozen for examination in the microscope (Conway et al.  2007  ) . A frac-
tion of the proheads had reversed the thermal transition during freezing, and these were structurally 
indistinguishable from the PH I that had not been heated. On the other hand, reconstruction of the 
proheads that retained the high-temperature confi guration differed from the low-temperature form in 
two regards: fi rst, the delta domains were no longer visible, arguing that they were disordered and 
presumably not interacting with each other; second, the hexamers had lost their skew. Thus, in this 
experiment, there is a correlation between the interactions among the delta domains and the skewed 
conformation of the hexamers. The arrows of causation that relate these conformational states have 
not yet been determined experimentally, but a current working model (Gertsman et al.  2009 ; Johnson 
 2010  )  is as follows: (1) Energetically favorable interactions among the delta domains force energeti-
cally unfavorable changes in the main body of the subunit. These changes are manifested as the 
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overall skewing of the hexamer and also as a twisting of each individual subunit (discussed in more 
detail below). (2) As a result of these changes, the hexamer is now in its assembly competent form, 
and capsid assembly can take place. (3) Once PH I is assembled, the delta domains are removed by 
proteolysis, but the skewed and twisted forms of the hexamers are maintained by quaternary 
interactions within the particle. (4) The conformational energy in the delta-less hexamer subunits is 
now available to drive the initial stages of capsid maturation in an exothermic process similar to that 
proposed for bacteriophage P22 (Galisteo and King  1993  ) . 

 The different particle forms characterized both structurally and biochemically are described 
below. We start with the mature Head II because it was the fi rst determined by crystallography and 
is the highest resolution structure. We then discuss each of the maturation intermediate structures 
and the details of the transitions.  

    15.4   Mature HK97 Virus-Like Particle Crystal Structure 

 The structure of the mature HK97 VLP capsid (H II) was determined at 3.5 Å resolution (Wikoff et al. 
 2000  )  (Fig.  15.1 ). This was the fi rst dsDNA bacteriophage capsid structure determined, and it 
revealed the anticipated  T  = 7 quasi-equivalent surface lattice composed of 12 pentamers and 60 
hexamers of the single subunit type corresponding to gp5*, the proteolytically processed form of 
gp5 containing residues 104–385. The fold of gp5* was visualized in seven different subunits within 
the icosahedral asymmetric unit, assisting in the chain tracing and model building at the moderate 
resolution of the crystal structure. The independent subunits were closely similar when superim-
posed. The fold was unique when compared with other protein tertiary structures available at the 
time (Fig.  15.3 ). It was described in terms of an A (axial) domain, consisting of an  a / b  structure, that 
formed interactions near fi ve and quasi-sixfold symmetry axes and a P (peripheral) domain, 
consisting of an extended two strand (E) loop at one end a tight (P) loop connecting two strands at 
the other. The two ends of the P domain participated in threefold and quasi-threefold interactions. 
A 4.3-nm “spine” helix supports the association of the A and P domains.  

 Since the HK97 structure was solved, subunit structures of six different bacteriophage capsids 
and the shell-forming domain of the herpes simplex virus subunit have been solved by either crystal-
lography or cryo-EM at suffi cient resolution to discern their tertiary structure organization. All of 
these tertiary structures appear to be related to the HK97 fold. This suggests that this tertiary struc-
ture is the canonical fold of dsDNA, tailed bacteriophages and, given their extraordinary abundance, 
may be the most common protein fold on the planet. 

 Previous studies showed that the subunits were covalently linked together. Mass spectrometry 
studies of protease digests revealed that the chemical cross-link occurred between Asn356 and Lys169 
(Duda et al.  1995a  ) . It was proposed that the side chains of these residues reacted to form an isopep-
tide bond with the loss of ammonia. This reaction has now been inferred in other cross-linked proteins 
(Kang et al.  2007  ) , but at the time it was a novel observation. Further studies indicated that it was not 
a simple cross-link between subunits, but that the subunits were joined into catamers in which all the 
subunits associated in a fashion that could not be disrupted by treatment with strong denaturants such 
as SDS (Duda  1998  ) . As described above, when run on an SDS gel, mature HK97 would not enter the 
gel, indicating an enormous molecular weight. Pretreatment with a protease, however, would release 
linear chains of hexamers and pentamers that did enter the gel. A proposal that explained this behavior 
invoked a chain-mail model similar to the armor worn by medieval knights (   Duda  1998  ) . The crystal 
structure proved this paradigm and showed that the chemical cross-link resulted in the formation of 
covalently joined pentameric and hexameric rings that were chain-linked together to form an inte-
grated fabric that maintained continuity over the entire capsid shell (Fig.  15.1 ). A remarkable feature 
of the cross-linking reaction is that it is autocatalytic. The catalytic mechanism is discussed below.  
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    15.5   Implication of the Mature Crystal Structure 

 The capsid structures of viruses determined prior to HK97 showed a packing of subunits that was 
rather typical of any protein oligomer. With the exception of short extensions at the N and C termini, 
the individual polypeptide chains remained within a discrete envelope that did not overlap signifi -
cantly with neighboring subunits. For the most part subunits joined at continuous surfaces, defi ned by 
discrete protein envelopes that created the interactions that stabilized the particle. This is in fact a 
reasonable description of the HK97  prohead , as shown by the observation that if pentamers of wild-
type protein are added to Whiffl eballs (essentially PH I without the pentamers), the pentamers will 
join the Whiffl eballs effi ciently and close the holes (Li et al.  2005  ) , into which the structure predicts 
they should fi t exactly with no need for any conformational rearrangements (Huang et al.  2011  ) . The 
quaternary association of  mature  HK97 is signifi cantly different, as illustrated in Fig.  15.3 . Each sub-
unit contacts between fi ve and nine neighbors, with the polypeptide chains extending great distances 
from the individual protein’s center of gravity, overlapping in different layers with adjacent subunits. 

 The structure of the mature particle explains one aspect of why complex maturation pathways are 
required for dsDNA bacteriophages. The subunits in the fi nal structure are so integrated that it is 
impossible to picture an assembly process that could reach that level of complexity in a single step. 
A logical sequence of assembly is envisioned in which an initial particle would have the protein 
composition and quasi-symmetry of the fi nal product and the appearance of previously studied 
capsids with conventional protein–protein interactions that are relatively weak, bordering on 
reversible, in which subunits can anneal and self-correct their positions in the shell to form the 
“prohead.” Encoded within the prohead is a maturation program that guides the protein quaternary 

  Fig. 15.3    Comparison of the Prohead II and Head II structures of HK97. ( a ) An isolated subunit from the 3.65 Å 
capsid structure of PH II showing the distortions of the tertiary structure proposed to generate the PH II metastability   . 
The distortion is most apparent in the long “spine helix” ( green ) that is bent and partially unwound when compared to 
the same helix in panel ( b ). ( b ) An isolated subunit from the 3.4 Å structure of the fully mature H II capsid where the 
“spine helix” is straight and there are no unusually strained features of the tertiary structure. ( c ) Comparison of 
the PH II and H II capsids and hexamer and pentamer capsomers. The PH II particle is 51 nm in diameter, is composed 
of skewed hexamers, best described as twofold related trapezoids, has a shell thickness of ~3.5 nm, and is metastable. 
The mature H II particle is 65 nm in diameter with sixfold symmetric hexamer capsomers and a shell thickness of 
1.8 nm. ( d ) A side view of hexamer capsomers in PH II ( top ) and H II ( bottom ). Subunits in PH II are in a more radial 
orientation relative to the particle center, increasing the thickness of the shell, while the subunits are more tangential 
in the H II particle, thinning the shell and increasing the diameter          
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structure through one or more intermediate structures that lead to the robust fabric observed in the 
mature particle. Deciphering the code of this program and its execution at the chemical level is a 
focus of effort that has produced some insights into the maturation process.  

    15.6   Prohead I 

 Normally PH I is transient and not detected. The PH I to PH II transition occurs with the proteolytic 
removal of the delta domain, accomplished by the phage-encoded protease, gp4. A homology model 
of gp4 has been proposed (Huang et al.  2011  ) , based on the crystal structures of herpesvirus protease 
(reviewed in Tong  2002  ) , which plays a similar role in herpesvirus maturation. Gp4 is a serine 
protease homolog as confi rmed by mutating one of the predicted active site residues (His65) that 
resulted in loss of activity without affecting its folding and incorporation into the PH I particles. 
Prohead I particles can also be made without the protease if it is not co-expressed with the capsid 
protein. These particles have the characteristic skewed hexamers seen in PH II by cryo-EM. As 
described above, PH I can be disassembled into hexamers and pentamers and reassembled under 
mild conditions. Prohead I, containing an inactive mutant protease, can also be prepared by co-
expressing mutant gp4 and gp5. These particles are designated Prohead I +P  and are more diffi cult to 
disassemble than PH I; however, they clearly distort under disassembly conditions, but the protease–
protein complex largely maintains its integrity. A crystal structure at 5.2 Å resolution of Prohead I +P  
was determined (Huang et al.  2011  ) , and while the resolution was insuffi cient to observe side chains, 
it was possible to follow the main chain when guided by the subunit fold previously determined in 
the H II (Wikoff et al.  2003  )  and PH II (Gertsman et al.  2009  )  crystal structures. Figure  15.3  shows 
the distribution of subunits in the HK97 proheads. An interior view showed that the protease is asso-
ciated with the delta domains of gp5 indicating molecular recognition between delta and gp4 
(Huang et al.  2011  ) . Wild-type gp4 effi ciently proteolyses the delta domain and then autodigests into 
small peptides that diffuse from the particle (Conway et al.  1995  ) . It is not known what the recogni-
tion elements are between the delta domain and protease, but it is likely that this localization is 
critical to the proper maturation of the particle.  

    15.7   Prohead II 

 Prohead II is the particle purifi ed from the expression system when the wild-type gp4 is co-expressed 
with gp5. It has a mass of 13 MDa, a diameter of 56.0 nm, displays the skewed hexamers, and has 
no trace of the delta domain or protease when analyzed by SDS gel electrophoresis. It is a metastable 
particle poised for maturation (Li et al.  2005  ) . The 3.65 Å resolution crystal structure of PH II was 
recently reported and revealed a distortion of the tertiary structures of the subunits when compared 
with the H II subunit structures (Gertsman et al.  2009,   2010  ) . While the seven subunits in the icosa-
hedral asymmetric unit of H II are virtually superimposable except for the N-terminal tails and the 
E-loops, each subunit of PH II has a different structure that depends on its location in the skewed 
hexamer. Striking differences in tertiary structure, when compared with the H II subunits, are 
observed in the long “spine” helix that is bent and unfolded to various degrees in different subunits. 
The “sixfold axis” in the skewed hexamers is closer to a twofold axis relating two trapezoids. This 
leads to differences in the distance of the subunits from the symmetry axis. As shown in Fig.  15.3 , 
subunits B, C, and D are related to E, F, and A, respectively, with B and E furthest from the symmetry 
axis, D and A closest, and C and F intermediate. The further the subunit is from the symmetry axis, 
the more distorted the helix. The helix distortion is accompanied by a comparable degree of twist 
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of the subunit tertiary structure about 3  b  strands, as shown in Fig.  15.3 . The subunit at the pentamer 
has a degree of distortion comparable to the D and A subunits at the hexamer. The entire particle 
appears to be poised for a transition that would place the subunit tertiary structures into their canoni-
cal folds observed in H II.  

    15.8   Expansion Intermediate I 

 When the transition is initiated by lowering the pH, expansion intermediate I (EI-I) is formed. The 
transition at pH 4.1 has a half-life of 1.6 min and is essentially a binary event, with no populated 
intermediates between PH II and EI-I, consistent with the strained appearance of PH II (Lee et al. 
 2005  ) . This particle is 61.0 nm in diameter (~9% larger than PH II), has symmetric hexamers, and is 
cross-link competent (Lata et al.  2000 ; Lee et al.  2005,   2008  ) . When EI-I forms, the end of the 
E-loop of the subunits moves approximately 4.0 nm, bringing Lys169 and Asn356 on neighboring 
subunits into proximity (Conway et al.  2001 ; Gertsman et al.  2009  ) . As soon as EI-I forms, cross-
links can be detected by SDS gel analysis. Cross-links form progressively into hexamers and pen-
tamers. The quaternary structure of this particle remains the same until ~60% of the subunits are 
cross-linked. At that point, another binary transition occurs to the so-called balloon particle (Gan et al. 
 2004 ; Li et al.  2005  ) . This suggested that the cross-links were driving the structural change from EI-I 
to the balloon, and this was further supported by the reduced rate of the transition when the cross-
linking lysine residue was mutated to a tyrosine, inhibiting the covalent bond formation. A further 
mutation in which six residues were removed from the E-loop underwent no change beyond EI-I 
after lowering the pH, indicating that EI-I was at the energy minimum of the maturation landscape 
and that the balloon was generated through the action of a “Brownian ratchet” in which thermal 
energy was captured by the cross-links when the reactive residues were brought into proximity by 
Brownian fl uctuations, a conclusion also inferred by a different route from calorimetric experiments 
(Ross et al.  2005  ) . The fact that the Lys156 → Tyr mutation could progress to the balloon, albeit at a 
much slower rate, without cross-link formation indicates that the noncovalent interactions of the 
loop were suffi cient to drive further maturation.  

    15.9   Balloon 

 The penultimate intermediate in HK97 has an average diameter of 66 nm, the same as the mature 
H II. Its morphology, however, is spherical and not faceted like the mature H II. This intermediate is 
stable indefi nitely at low pH and was purifi ed and analyzed biochemically (Gan et al.  2004  )  and by 
crystallography and cryo-EM (Conway et al.  2007 ; Gan et al.  2006  ) . The particle lacks a category of 
cross-links contributed by the pentamer subunits. The study demonstrated that balloon is a dynamic 
particle with the pentamers sampling a 1.4-nm trajectory in a pistonlike motion. When the pH is 
changed to 7 the fi nal transition to H II occurs with the pentamers at their maximal radial position 
and fully cross-linked.  

    15.10   Cross-Linking Reaction 

 Just as there are seven different quasi-equivalent positions occupied by capsid subunits in a  T  = 7 
capsid, there are seven different quasi-equivalent sites of cross-linking in HK97’s  T  = 7 capsid. As 
stated above, cross-linking takes place throughout most of the course of expansion, starting when the 
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EI-I structure is reached. The cross-links can form only after the reacting side chains have moved 
into the correct positions adjacent to each other, and it is perhaps no surprise that this would happen 
with different kinetics at the different quasi-equivalent sites. Current data derived from biochemical 
and cryo-EM experiments (Lee et al.  2008  )  show that two of the cross-link classes (joining subunits 
A → A and E → D) form early and one (G → F) forms last.    These results increase the precision with 
which we can describe the “dance” of the subunits during capsid maturation. 

 The cross-linking lysine (K169) is near the outer end of the E-loop, which in the prohead is 
oriented away from the surface of the capsid and disordered over the outer end. A prerequisite for 
the cross-linking reaction to occur is for the E-loop to descend and bring K169 next to the cross-
linking asparagine (N356) on the adjacent subunit. It was apparent from the H II crystal structure 
that a glutamate (E363) from a third subunit is positioned ~ 0.2 nm from the cross-link bond, 
suggesting that it has a catalytic role, and this has been confi rmed experimentally (Dierkes et al. 
 2009  ) . Another important feature of the reaction site is that the three residues enumerated above are 
surrounded by three hydrophobic residues, a leucine, a methionine, and a valine (Helgstrand et al. 
 2003  ) , the last of which is located in the E-loop near the cross-linking lysine, K169. When the 
E-loop descends and inserts K169 into the reaction center, it must simultaneously place the valine 
in position to complete the hydrophobic environment enclosing the reaction center. These consid-
erations lead to a proposed reaction mechanism: (1) the positively charged cross-linking lysine 
(K169) and the negatively charged catalytic glutamate (E363) are enclosed together in a hydropho-
bic environment as a result of conformational changes in the capsid structure; (2) a proton moves 
from the lysine to the glutamate, neutralizing both buried charges (or in other words, the glutamate 
acts as a general base); and (3) the de-protonated amino group of the lysine, now a good nucleo-
phile, attacks the amide carbon of the cross-linking asparagine (N356), forming the cross-link and 
releasing ammonia. 

 If an aspartate is substituted for the catalytic glutamate, the cross-linking reaction can still take 
place, and the cross-linking of a capsid can go to completion, but the rate of cross-linking is roughly 
100-fold slower for the mutant protein than for wild type (Dierkes et al.  2009  ) . This mutant protein 
does not support production of viable phages, arguing not only that cross-linking is essential for 
viability, but that it must happen rapidly to be effective. An important biological function of the 
cross-linking appears to be to stabilize the capsid, as implied by calorimetric experiments that show 
that almost all of the excess stability of the mature H II structure over PH II is due to the cross-links 
(Ross et al.  2005  ) . By analogy with what is known for the role of phage lambda’s capsid-stabilizing 
decoration protein, gpD (Sternberg and Weisberg  1977 ), we hypothesize that HK97 cross-linking is 
essential for allowing the capsid to resist the tightly packed genomic DNA and, therefore, that cross-
linking must be completed before packaging is completed   .  

    15.11   Conclusions and Prospects 

 We describe here the outlines of the developmental biology of phage HK97 heads – the assembly of 
several hundred protein subunits into a precisely specifi ed icosahedrally symmetric protein shell and 
the maturation of that shell into the tough, highly cross-linked capsid that protects the phage’s 
genomic DNA from environmental insult before delivering it to the next host. The HK97 system has 
proved to be particularly well suited to elucidating particular aspects of this developmental process. 
Among these is the initial assembly of the capsid shell from its subunits. Although many details 
remain to be worked out, we are able to present a scenario in which the proteins join together with 
suffi cient precision to uniquely specify capsid size for this rather simple  T  = 7 structure, and they do 
so in a way that stores energy in the structure to drive the initial stages of capsid maturation. The 
maturation of the assembled shell has also yielded up a gratifying amount of useful information, 
largely due to the fact that it has been possible to produce several different structures from along the 
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maturation pathway and to obtain structures of them at resolutions that have increased over the 
 history of the project and continue to do so. We have made a movie of the maturation process, based 
on those structures, which is not only entertaining but is also a rich source of suggestions for experi-
ments to test hypotheses about details of the maturation process. It has also begun to reveal in 
increasing detail dynamical aspects of the process, both at the level of individual protein subunits 
and of the whole capsid shell, and how the dynamics correlates with energetic changes in the pro-
teins that drive maturation forward. 

 Progress on understanding the assembly and maturation of HK97 capsids has benefi tted 
immeasurably from our being able to apply several complementary experimental approaches 
(genetics, biochemistry, structural biology, and other biophysical techniques) to the problem. For 
example, structural work suggested how the catalytic site for cross-linking forms and what the 
chemical mechanism might be, and we were able to test these with genetic and biochemical experi-
ments. Our understanding of the detailed aspects of the protein dynamics and of the energetics is still 
at an early stage, and we anticipate that these will be areas of continuing progress for the HK97 
system. Finally, we note that the delta domain, which is certainly the most enigmatic component of 
the whole pathway, appears to be central to almost every part of the process, particularly the dynam-
ics and the energetics. Clarifying how this curious bit of protein carries out its roles will be a signifi -
cant advance in understanding HK97 assembly and maturation, and may well be more generally 
informative about the different ways proteins can accomplish their jobs.      
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  Abstract   PRD1 is a tailless icosahedrally symmetric virus containing an internal lipid membrane 
beneath the protein capsid. Its linear dsDNA genome and covalently attached terminal proteins are 
delivered into the cell where replication occurs via a protein-primed mechanism. Extensive studies 
have been carried out to decipher the roles of the 37 viral proteins in PRD1 assembly, their associa-
tion in virus particles and lately, especially the functioning of the unique packaging machinery that 
translocates the genome into the procapsid. These issues will be addressed in this chapter especially 
in the context of the structure of PRD1. We will also discuss the major challenges still to be addressed 
in PRD1 assembly.   

     16.1   Introduction 

 The archetypal member of the Tectiviridae family is PRD1, shown schematically in Fig.  16.1 . 
It infects Gram-negative bacteria that contain a conjugative IncP, IncN or IncW plasmid which codes 
for the receptor. Viruses of this family typically have a spike-decorated, tailless, icosahedrally sym-
metric capsid approximately 65 nm in diameter, surrounding a lipid membrane which in turn 
encapsulates the linear, double-stranded DNA genome (Bamford and Ackermann  2000 ; Saren et al. 
 2005  ) . There are four major reasons why PRD1 is interesting: First, the genome is replicated using 
a protein-primed, sliding-back mechanism utilising inverted terminal repeats on the genome and a 
covalently bound terminal protein at the 5 ¢  ends (Bamford et al.  1983 ; Caldentey et al.  1992 ; Salas 
 1991 ; Savilahti and Bamford  1986 ; Savilahti et al.  1989,   1991  ) . Second, it can be used to study viral 
membrane biogenesis in a well-characterised genetic background as it grows, for example, in 
 Escherichia coli  (Laurinavicius et al.  2004,   2007  ) . Third, structure-based phylogeny of viruses has 
been shaken out of its slumber by the observation that the major capsid protein fold of PRD1 resem-
bles that found in certain viruses infecting archaea and eukaryotes, possibly signifying descent from 
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a common ancestor. This idea was originally formulated when the fi rst picornavirus structures were 
determined and has recently been expanded to other capsid folds (Abad-Zapatero et al.  1980 ; 
Abrescia et al.  2010 ; Bamford  2000,   2003 ; Bamford et al.  2002a,   2005 ; Benson et al.  1999 ; Hogle 
et al.  1985 ; Nandhagopal et al.  2002 ; Rice et al.  2004 ; Rossmann et al.  1985 ; Rossmann and Johnson 
 1989 ; Simpson et al.  2003  ) . Finally, and of most relevance to this work, the structure of the virion is 
known to atomic resolution; extensive genetic and biochemical analyses have been carried out on the 
system and an in vitro packaging system is available for PRD1, thus many of the steps in virus 
assembly have been characterised (Abrescia et al.  2004 ; Bamford et al.  1995 ; Caldentey et al.  1990 ; 
Cockburn et al.  2004 ; Huiskonen et al.  2007 ; Karhu et al.  2007 ; Merckel et al.  2005 ; Mindich et al. 
 1982b ; Strömsten et al.  2005 ; Xu et al.  2003 ; Ziedaite et al.  2009  ) .   

    16.2   Virion Structure and Properties 

 Extensive genetic and structural studies have been carried out on the virion and subviral particles 
of PRD1, using, for example, Raman spectroscopy, electron microscopy and X-ray crystallogra-
phy. The constituents of the virion are approximately 70% protein, 15% lipid and 15% DNA, with 
a total mass of about 66 MDa. The virion contains about 18 protein species split roughly evenly 
between the capsid and the membrane (Fig.  16.1  and Table  16.1 ). Some of the structural proteins 
have been characterised individually, some in the context of the capsid or subviral complexes. 
X-ray crystallography of the major capsid protein, P3, showed that it consists of two eight-stranded 
 b -barrels or jelly rolls (Fig.  16.2 ). The topology in both barrels is similar even though there is little 
sequence conservation. Each jelly roll contains a short  a -helix inserted between the F and G strands. 
The fi rst helix (FG1- a ) locks the two jelly rolls together, the “trimerisation” loop (the FG1 loop) 
following FG1- a  forms interactions with two other subunits to make a stable trimer. The barrels 
thus give the trimer pseudo-hexagonal symmetry that is well suited to packing on a spherical sur-
face (Benson et al.  1999  ) .   

  Fig. 16.1    Schematic 
representation of the PRD1 
virion including a model for 
the unique vertex 
organisation       
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 Three-dimensional electron microscopy and X-ray crystallography of virions, and P2-defi cient 
particles, respectively, have shown that the capsid is organised on a pseudo  T  = 25 surface lattice. The 
major capsid protein is arranged in 240 trimers forming the facets, with pentamers of P31 at the 
vertices. There is an underlying framework of dimers of the minor coat protein P30 adjacent to the 
membrane, and the transmembrane protein P16 is found under the vertices as illustrated in Fig.  16.2  
(Abrescia et al.  2004 ; Butcher et al.  1995 ; Cockburn et al.  2004  ) . In the capsid, the termini of P3 face 
the membrane and have different conformations depending on the location in the surface lattice. In 
half of the P3 subunits, the fi rst fi ve amino-terminal residues are embedded in the outer leafl et of the 

   Table 16.1    PRD1 genes, open reading frames (ORF) and corresponding proteins   

 Gene a   ORF a  
 Coordinates in PRD1 
genome b   Protein  Mass kDa c   Description 

  VIII   233–1012  P8  29.5  Genome terminal protein 
  I   1,016–2,677  P1  63.3  DNA polymerase 

 (ORF a)  2,415–2,495  3.1 
  XV   2,679–3,128  P15  17.3  Muramidase 
  II   3,128–4,903  P2  63.7  Receptor binding 

 (ORF b)  3,453–3,587  5.1 
  XXXI   (ORF c)  4,907–5,287  P31  13.7  Pentameric base of spike 

 (ORF d)  5,103–5,294  7.2 
  V   5,287–6,309  P5  34.2  Trimeric spike protein 
  XVII   6,328–6,588  P17  9.5  Assembly 
  XXXIII   (ORF f)  6,578–6,784  P33  7.5  Assembly 
  VI   6,784–7,284  P6  17.6  Minor capsid protein. 

DNA packaging 
  X   7,029–7,640  P10  20.6  Assembly 
  IX   7,637–8,320  P9  25.8  Minor capsid protein. DNA 

packaging ATPase 
 (ORF i)  8,332–8,460  4.5 

  XX   (ORF j)  8,460–8,588  P20  4.7  DNA packaging 
  III   8,595–9,782  P3  43.1  Major capsid protein 

 (ORF h)  9,427–9,681  9.2 
  XXII   (ORF k)  9,801–9,944  P22  5.5  DNA packaging 

 (ORF l)  10,044–10,166  4.4 
  XVIII   (ORF m)  10168–10440  P18  9.8  DNA delivery 
  XXXII   (ORF n)  10,440–10,604  P32  5.4  DNA delivery 
  XXXIV   (ORF o)  10,617–10,823  P34  6.7 
  XXX   (ORF p)  10,833–11,087  P30  9.0  Minor capsid protein 

 (ORF q)  11,090–11,200  4.2 
  XI   11,202–11,825  P11  22.2  DNA delivery 
  XVI   (ORF s)  11,836–12,189  P16  12.6  Infectivity 
  VII   12,190–12,987  P7  27.1  DNA delivery, transglycosylase 
  XIV   12,535–12,987  P14  15.0  DNA delivery 
 XXXV  (ORF t)  12,984–13,337  P35  12.8  Holin 
 XXXVI  (ORF u)  13,330–13,692  P36  12.7  Lysis protein, Rz1-like 
 XXXVII  (ORF v)  13,616–13,888  P37  10.2  Lysis protein, Rz-like 
  XIX   14,132–13,848 d   P19  10.5  ssDNA-binding protein 
  XII   14,687–14,205 d   P12  16.6  ssDNA-binding protein 

   a ORF shown to code for functional proteins are classifi ed as genes and are given Roman numerals 
  b GenBank accession AY848689 
  c The mass does only include the initial methionine if present in the mature protein 
  d Gene transcription in the opposite direction to that of the rest of the genes  
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membrane, making P3 a peripheral membrane protein. These are the P3 subunits arranged along the 
edge of the facet, and may help to stabilise the membrane curvature at these points. The other termini 
switch the subunit conformation depending on the position in the lattice (Abrescia et al.  2004 ; 
Cockburn et al.  2004  ) . 

 P31 is a single eight-stranded  b -barrel which also shares the same topology as the P3  b -barrels 
(Abrescia et al.  2004  ) . P31 pentamers are stabilised by  b -strand A interacting with  b -strand B of the 
adjacent P31 monomer and by side-to-side interactions between the BIDG sheet of one subunit and 
the neighbour’s strands G and F. P31 pentamers are intricately linked to the peripentonal P3 trimers, 
to the C terminus of P30 and to the minor integral membrane protein, P16. P30 is an intrinsically 
disordered protein in solution, but in the capsid it plays an essential role in a very extended, yet dis-
tinct conformation, forming dimers along the facet edges, stabilising the junction of the facets and 
anchoring the vertices in place through interaction with the integral membrane protein P16 (Abrescia 
et al.  2004 ; Cockburn et al.  2004 ; Jaatinen et al.  2004 ; Rydman et al.  2001  ) . The P30 dimers are 

  Fig. 16.2    Structure of PRD1. ( a ) Ribbon model of the asymmetric unit: P3 sheet in  yellow , helices in  red , loops in 
 grey . P16 in  cyan , P30 in  blue  and P31 in  green , from the top, side and bottom. The polarity of the structure is very 
obvious, the helices control the interaction with the membrane, both in P3 and in P16, with the majority interacting 
with the phospholipid head groups, and only one transmembrane helix in P16 locking the membrane in place, at the 
position of greatest curvature of the membrane (Abrescia et al.  2004  ) . ( b ) Isosurface representation of an icosahedral 
reconstruction of the particle ( grey ) with a segment cut away to reveal the underlying outer leafl et of the membrane 
( yellow ), the inner leafl et and the organised DNA. Several copies of the atomic models of P3 ( blue ribbon ), P30 ( red 
ribbon ) and P31 ( navy blue ribbon ), are shown superposed on top of the outer leafl et showing how P30 stretches along 
the facet edges (San Martín et al.  2002 ; Abrescia et al.  2004  ) . ( c ) Ribbon model of P5, rainbow coloured from the N 
terminus in  blue  to the C terminus in  red  (Merckel et al.  2005  ) . ( d ) Ribbon model of P2, rainbow coloured from the N 
terminus in  blue  to the C terminus in  red  (Xu et al.  2003  )        
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formed by amino-terminal hooks. Together, 30 such dimers form a P30 network over the membrane 
(Fig.  16.2 ). The structures of the other membrane proteins are unresolved in the atomic model. 
Raman spectroscopy has shown that the lipids are in a liquid crystalline state, with the head groups 
tightly interacting with the DNA (Cockburn et al.  2004 ; Tuma et al.  1996b  ) . The effective DNA 
concentration has been estimated to be about 515 mg/ml and the apparent pressure of the DNA within 
the capsid has been estimated to be around 45 atm. The spacing between the outermost DNA layer 
and the inner leafl et is about 2 nm, the spacing between the second, third and fourth layers is about 
2.2 nm. However, the spacing between the fi rst and second layers is about 2.6 nm (Cockburn 
et al.  2004  ) . 

 Two types of spike proteins, the adsorption protein, P2, and a second trimeric spike protein, P5, 
are attached to P31 as shown at low resolution by averaging vertices from electron micrographs of 
virions, P2-defi cient and P5-defi cient particles (Grahn et al.  1999 ; Huiskonen et al.  2007 ; Rydman 
et al.  1999  ) . The exact interaction is averaged out in the electron density of the P2-defi cient virus 
particle and thus it is still not clear how the symmetry mismatches between P31, P5 and P2 are 
accommodated in the particle (Abrescia et al.  2004  ) . P2 is an extended monomer with a pseudo 
 b -propeller at the distal end to the capsid which most likely contains the receptor-binding site (Xu 
et al.  2003  ) . P5 is a trimeric protein with the N terminus apparently inserted into the P31 pentamer 
(Caldentey et al.  2000 ; Huiskonen et al.  2007 ; Sokolova et al.  2001  ) . The P5 stalk resembles the fold 
of the adenovirus fi bre (Merckel et al.  2005 ; van Raaij et al.  1999  )  and the head is a ten-stranded 
 b -barrel with a TNF-like fold (Huiskonen et al.  2007 ; Merckel et al.  2005  )  (Fig.  16.2 ).  

    16.3   Assembly 

 After the viral genome has entered the cell, transcription begins (Fig.  16.3 ). The genome of 14,927 bp 
with 37 identifi ed genes (GenBank accession number AY848689) is organised into fi ve operons as 
illustrated in Fig.  16.4 . (Bamford et al.  1991,   2002b ; Grahn et al.  1994 ; Saren et al.  2005  ) . The prop-
erties of the identifi ed ORFs in the genome are summarised in Table  16.1 . The early operons, OE1 
and OE2, express the terminal protein, the DNA polymerase and the two single-stranded DNA-
binding proteins that take part in the replication reaction that is illustrated in the overall life cycle of 
PRD1 in Fig.  16.3 . The three late operons mainly contain the genes for the structural components of 
the virion as shown in Fig.  16.4 . PRD1 uses protein-primed replication to initiate DNA synthesis. 
Replication starts with the recognition of the terminal protein by the PRD1 DNA polymerase and 
free terminal protein. The covalently-linked terminal protein on each 5 ¢  end of the linear dsDNA 
molecule serves as a primer for initiation instead of the more usual RNA priming mechanism. The 
polymerase then catalyses covalent phosphodiester bond formation between the 5 ¢ -terminal nucle-
otide (dGMP) and Tyr190 in the terminal protein (Savilahti et al.  1991  ) .    DNA polymerisation is then 
initiated in the inverted terminal repeats from the complementary base to the fourth nucleotide in the 
3 ¢ -terminal end of the genome (Caldentey et al.  1993  ) . The polymerase’s “sliding-back” mechanism 
maintains the 5 ¢  end of the sequence. Replication from both DNA ends is coupled to strand displace-
ment, resulting in duplication of the parental strands (Salas  1999 ; Yoo and Ito  1989  ) . Early on in this 
replication process, the terminal protein recruits the viral polymerase to the bacterial nucleoid, thus 
helping to organise the DNA replication machinery (Munoz-Espin et al.  2010  ) . The single-stranded 
DNA-binding proteins P12 and P19 (Table  16.1 ) stimulate replication in a model system (Pakula 
et al.  1990,   1993  ) .   

 The fi rst DNA-containing viral particles are seen about 40 min in to the infection, and cell lysis 
occurs after 60 min. Late protein synthesis starts about 15 min post infection in EM, the fi rst precur-
sors produced in the cytoplasm are a number of soluble capsid proteins including P3 trimers, P5 
trimers and P31 pentamers, refl ecting their fi nal state in the assembled capsid. Phage-encoded 
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 membrane proteins such as P18, P7, P11 and P14 are found in the cytoplasmic membrane of the host 
(Mindich et al.  1982b ; Rydman et al.  1999  ) . The next observed intermediate is the procapsid which 
lacks the viral DNA. No other assembly intermediates have been directly observed. The procapsids 
are subsequently packaged with the linear dsDNA before the host cell is lysed. The cellular chaper-
ones, GroEL and GroES, are required for the folding of the major capsid protein, although the viral 

  Fig. 16.4    Genome organisation of PRD1. ORFs have a roman numeral if they have been shown to encode a protein. 
The two early (OE) and the three late (OL) operons of PRD1 are shown at the  bottom        

  Fig. 16.3    Schematic representation of the life cycle of PRD1       
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chaperone P33 can substitute for GroES (Bamford et al.  2002b ; Hänninen et al.  1997  ) . The 
 membrane-bound P10 is also a viral chaperone aiding the formation of the procapsid, potentially by 
budding off phage-specifi c membrane patches from the cytoplasmic membrane (Rydman et al.  2001  ) . 
This process could involve the interaction with the essential major and minor capsid proteins P3, P31 
and P30, and the integral membrane proteins of the virion, like P16. Budding is probably thus driven 
by multivalent interactions and by the extensive lateral interactions of P3 (Butcher et al.  1995 ; 
Mindich et al.  1982b ; Rydman et al.  2001  ) . The soluble chaperone P17 is also known to play an 
essential role in particle assembly and can interact with positively charged lipids (Holopainen et al. 
 2000 ; Mindich et al.  1982b  ) . Particle assembly coincides with additional folding of the P3 N- and 
C-termini from random coil into short  a -helices and  b -sheets, detected by Raman spectroscopy 
(Tuma et al.  1996a  ) . This agrees with the comparison of the atomic models of the major capsid 
protein in solution (disordered termini) and in the assembled capsid where folding of the termini into 
different conformational states dictates the quasi-equivalent interactions in the capsid and interaction 
with proteins P30, P31, P16 and the membrane (Abrescia et al.  2004 ; Benson et al.  1999 ; Cockburn 
et al.  2004 ; San Martín et al.  2002  ) . Curvature is induced into what otherwise might be a planar P3 
lattice by the introduction of the vertex protein P31 and the membrane curvature is maintained at this 
point by the integral membrane protein P16 (Abrescia et al.  2004 ; Cockburn et al.  2004 ; Jaatinen et al. 
 2004  ) . It is thought that the length of each facet is dictated by the length of the essential P30 dimer 
that runs down the edges of the facets, organising the P3 trimers (Abrescia et al.  2004  ) . 

 What role(s) does the membrane have in assembly? One could consider it initially as an assembly 
platform, where the viral membrane proteins can congregate prior to capsid formation. Once the ves-
icle has formed, it can affect both the DNA packaging and the assembly of additional capsid proteins. 
Careful characterisation of the lipid content of both the host and the phage has shown that the virus 
membranes contain signifi cantly more phosphatidylglycerol and less phosphatidylethanolamine than 
the host membranes. The distribution within the membrane leafl ets is skewed as phosphatidylglycerol and 
cardiolipin are enriched in the outer membrane leafl et and the zwitterionic phosphatidylethanolamine 
is enriched in the inner one (Cockburn et al.  2004 ; Laurinavicius et al.  2004,   2007  ) . The membrane 
also undergoes an approximately 5% expansion in the virion compared to empty, packaging ATPase 
P9-defi cient particles (Butcher et al.  1995  ) . It is likely that the shape and charge of the phospholipid 
molecules and specifi c lipid–viral protein interactions are the driving forces for this asymmetric distri-
bution of phospholipids in the membrane. As there is a very close interaction with the viral DNA and 
the inner leafl et, this distribution may be important in condensing the DNA during packaging (   Tuma 
et al.  1996b    ) . The negative charge of the outer leafl et could help the assembly of P3 which has a posi-
tively charged base (Cockburn et al.  2004 ; San Martín et al.  2002  ) . 

 The assembly of the spike proteins P5 and P2 onto the virion is dependent on the incorporation 
of P31 (Rydman et al.  1999  ) . Genetically, P2 assembly is dependent on P5, as mutants in P5 lack P2 
(Bamford and Bamford  2000  ) . However, P5 and P2 do not interact in solution and image reconstruc-
tion of the vertices has shown that P5 and P2 both interact with the vertex protein P31 (Caldentey 
et al.  2000 ; Huiskonen et al.  2007 ; Sokolova et al.  2001  ) . This assembly occurs prior to packaging 
the DNA into the procapsid. 

 There is evidence for a unique packaging vertex in PRD1 from antibody labelling studies and 
mutational studies (Gowen et al.  2003 ; Strömsten et al.  2003  ) , probably lacking proteins P2, P5 and 
P31 (Gowen et al.  2003 ; Huiskonen et al.  2007  ) . How could this anomaly occur? The unique vertex 
might either be the initiation point for assembly as in tailed phages, or, due to the incorporation of 
the membrane, it could also be the last vertex to be formed, where pinching off from the host mem-
brane has occurred. As the unique vertex is intact in P16-, P2-, P5- and P31-defi cient particles, the 
11 adsorption vertices and the 1 portal vertex are functionally and structurally distinct. Hence, their 
assembly is apparently independent (Jaatinen et al.  2004 ; Strömsten et al.  2003  ) . It has been shown 
that the packaging vertex includes proteins P6, P9 (the packaging ATPase) and the membrane pro-
teins P20 and P22 (Gowen et al.  2003 ; Strömsten et al.  2003  ) . The tractability of the PRD1 system 
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as a molecular machine has been greatly aided by the setting up of an in vitro packaging system 
(Fig.  16.5 ) using purifi ed mutant procapsids, a cell lysate containing recombinant P9 extract, and 
purifi ed PRD1 DNA containing a lacZ marker and the covalently linked terminal proteins (Strömsten 
et al.  2005 ; Ziedaite et al.  2009  ) . Using this system, it has been shown that the packaging ATPase 
can provide the energy required for DNA translocation from the breakdown of ATP, deoxy ATP and 
dideoxy ATP, and that it remains associated with the capsid after packaging has fi nished (Fig.  16.6 ) 
(Mindich et al.  1982b ; Strömsten et al.  2005  ) . In addition, sequence analysis of P9-type putative 

  Fig. 16.5    PRD1 in vitro packaging assay       

  Fig. 16.6    A model for the events of PRD1 DNA packaging       
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ATPases in other viruses and mutation of conserved residues in P9 were used to identify a number 
of critical residues in three conserved motives that prevented packaging in vitro and in vivo comple-
mentation assays (Strömsten et al.  2003,   2005  ) . Subsequently, it has been shown that P6 increases 
the packaging effi ciency (Karhu et al.  2007  ) . The genome is thought to pass through a pore in the 
membrane formed from the membrane proteins P20 and P22. The role of the terminal proteins in the 
packaging was elucidated using an optimised packaging reaction that allows the recovery of pack-
aged particles (Ziedaite et al.  2009  ) . PRD1 DNA with the covalently linked terminal proteins was 
shown to be essential for DNA packaging. Hence, it is likely that as in  j 29, the packaging ATPase 
recognises the terminal protein linked to the genome (Guo et al.  1987  ) . One of the consequences of 
this packaging pathway in assembly is that the terminal protein P8 and the packaging ATPase P9 are 
the last proteins to be added to the assembled particle.   

 The fi rst infectious particles were detected after only 45 s in the optimised packaging reaction, the 
minimum time that could be measured experimentally. This gives a lower estimate of the packaging 
rate as 340 bp/s (Ziedaite et al.  2009  )  in comparison to a rate of up to 170 bp/s measured for  j 29 
using optical tweezers (Fuller et al.  2007  ) . No large structural rearrangements are seen in the PRD1 
procapsid after packaging, although there is an expansion and an increase in the order of the mem-
brane (Butcher et al.  1995 ; Tuma et al.  1996b  ) . 

 Like most dsDNA phages, PRD1 uses a two-component lysis (holin–endolysin) system (Mindich 
et al.  1982a  )  for host cell lysis (Fig.  16.3 ). The bacteriophage genome encodes a muraminidase, P15, 
which is virion-associated (Rydman and Bamford  2002  ) , a holin P35 (Rydman and Bamford  2003  )  
and two additional lysins, the proteins P36 and P37 (Krupovic et al.  2008  ) . In concert, these proteins 
act on the host cytoplasmic membrane and peptidoglycans (Caldentey et al.  1994 ; Krupovic et al. 
 2008 ; Ziedaite et al.  2005  ) . Monitoring of ion fl uxes and the ATP content of the infected cells has 
revealed a sequence of lysis-related physiological changes. A decrease in the intracellular level of 
ATP is the earliest indicator of cell lysis, followed by the leakage of K+ from the cytosol approxi-
mately 20 min prior to the decrease in culture turbidity. However, the K+ effl ux does not immedi-
ately lead to the depolarisation of the cytoplasmic membrane or leakage of intracellular ATP. These 
effects are only observed approximately 10 min prior to cell lysis (Ziedaite et al.  2005  ) . The pair of 
accessory lysis proteins, P36 and P37, has been shown by complementation analysis to be functional 
analogues of the Rz and Rz1, respectively, of bacteriophage lambda. They ensure effi cient disruption 
of the infected cell and consequent release of the phage progeny under less favourable growth condi-
tions. A model has been proposed where complexes of P36 and P37 transform the mechanical stress 
caused by holin lesions at the cell membrane to the outer membrane leading to its disintegration 
(Krupovic et al.  2008  ) .  

    16.4   Summary and Future Prospectives 

 There are still many open questions in the assembly of the PRD1 molecular machine. It is striking 
that so few intermediates in PRD1 assembly have been isolated. This really emphasises that in the 
future one should try to address how the capture of the viral membrane actually occurs. It is possible 
that there are host proteins involved in assembly, such as cell division proteins, and this area is as yet 
totally unexplored for PRD1. It is especially noteworthy that the particles seem to assemble in the 
centre of the cells, rather than at the periphery. It has become evident from extensive cryo-electron 
tomography work on many different bacterial cells (reviewed in Morris and Jensen  2008  )  that the 
organisation of the bacterial cytoplasm is much richer than previously thought, and that the cytoplas-
mic membrane can make extensive invaginations. Hence, in PRD1-infected cells perhaps the sites of 
DNA replication and the procapsid formation are actually juxtaposed. The role of some of the viral 
chaperones like P17 may actually be in remodelling the cytoplasmic membrane to allow this to 
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occur. One possibility to explore this would be to couple fl uorescence light microscopy of green-
fl uorescent-protein-labelled proteins with whole cell cryo-electron tomography of infected cells, 
using different host cell and virus phenotypes to explore the interplay of viral and host factors in 
more detail. 

 Assembly of the particle is tightly linked to the function of delivering the genomic cargo to the 
next host cell. One must also bear in mind that a viral particle is a dynamic assembly, whose struc-
ture does not reveal the whole truth   . Instead, many stages present in the life cycle need to be consid-
ered when linking structure to function. In PRD1, P5 probably helps to roll the virus around the 
surface of the cell so that the primary adsorption protein, P2, can fi nd its target on the cell, and this 
is still a reversible interaction. Under laboratory conditions using laboratory hosts, P5 is not terribly 
signifi cant, but in the wild P5 may be much more important. There is still a further uncharacterised 
interaction that leads to irreversible attachment of the particle to the host cell. Delivery of the genome 
probably utilises the packaging vertex, with sequential release of proteins allowing penetration of 
the outer membrane and peptidoglycan possibly involving the transformation of the viral membrane 
in to a tube (Butcher et al.  1995 ; Grahn et al.  2002  ) . It has been proposed that the genome is under 
pressure, leading to a passive release of the genome in the fi nal stages of entry (Cockburn et al. 
 2004  ) . To understand genome release, one should look carefully at the roles of the many membrane 
proteins in PRD1, how they are ordered, how the tube is organised and what components are in it. 
One should also investigate if the translocation of DNA in to the cell is really passive like in  j 29 or 
is active like in T7 requiring transcription (Fuller et al.  2007 ; Garcia and Molineux  1995,   1996 ; 
Smith et al.  2001  ) . In order to better understand both entry and packaging, the molecular organisa-
tion of the packaging vertex in capsids and the DNA should be explored, for instance, by orienting 
the capsids with respect to the receptor, or labelling the P9 in capsids to enable detailed structure 
determination without resorting to icosahedral symmetry, as has been done with, for example, MS2 
and P-SSP7 (Liu et al.  2010 ; Toropova et al.  2011  ) . 

 One can only really understand a car motor by looking under the hood. In order to really under-
stand the detailed mechanism behind PRD1 packaging, one needs to move to single-particle 
experiments with laser tweezers as has been done so elegantly with  j 29 (Smith et al.  2001  ) . Currently, 
the frequency of packaging is still probably so low that this will need a lot of patience and 
optimisation. 

 One reason that entry should be from the same vertex where packaging occurs is that we expect the 
linear genome has one end at least close to the entry point, topologically, it would seem most likely that 
the DNA would start to exit from the end that was packaged last. Hence, it may be that even the termi-
nal protein has a crucial role in DNA entry into the cell. We would like to leave you with one last 
thought, how does the terminal protein P8 get into the capsid through a channel designed for dsDNA?      

  Acknowledgements   We would like to thank all our colleagues in the greasy phage fi eld for their useful discussions 
over the years. This work was supported by the Academy of Finland Centre of Excellence Programme in Virus 
Research (2006–2011; 1129684 to SJB). V.M. is a fellow of the VGSB.  

   References 

    Abad-Zapatero C, Abdel-Meguid SS, Johnson JE, Leslie AG, Rayment I, Rossmann MG, Suck D, Tsukihara T (1980) 
Structure of southern bean mosaic virus at 2.8 A resolution. Nature 286:33–39  

    Abrescia NG, Cockburn JJ, Grimes JM, Sutton GC, Diprose JM, Butcher SJ, Fuller SD, San Martin C, Burnett RM, 
Stuart DI et al (2004) Insights into assembly from structural analysis of bacteriophage PRD1. Nature 432:68–74  

    Abrescia NG, Grimes JM, Fry EE, Ravantti JJ, Bamford DH, Stuart DI (2010) What does it take to make a virus: the 
concept of the viral ‘self’. In: Stockley P, Twarock R (eds) Emerging topics in physical virology. Imperial College 
Press, London  

    Bamford DH (2000) Virus structures: those magnifi cent molecular machines. Curr Biol 10:R558–R561  



37516 Lipid-Containing Viruses: Bacteriophage PRD1 Assembly

    Bamford DH (2003) Do viruses form lineages across different domains of life? Res Microbiol 154:231–236  
    Bamford DH, Ackermann H-W (2000) Family  Tectiviridae . In: van Regenmortel MHV, Fauquet CM, Bishop DHL, 

Carstens EB, Estes MK, Lemon SM, Maniloff J, Mayo MA, McGeoch DJ, Pringle CR et al (eds) Virus taxonomy: 
classifi cation and nomenclature of viruses. Academic, San Diego, pp 111–116  

    Bamford JKH, Bamford DH (2000) A new mutant class, made by targeted mutagenesis, of phage PRD1 reveals that 
protein P5 connects the receptor binding protein to vertex. J Virol 74:7781–7786  

    Bamford DH, McGraw T, Mackenzie G, Mindich L (1983) Identifi cation of a protein bound to the termini of bacte-
riophage PRD1 DNA. J Virol 47:311–316  

    Bamford JKH, Hänninen A-L, Pakula TM, Ojala PM, Kalkkinen N, Frilander M, Bamford DH (1991) Genome orga-
nization of membrane-containing bacteriophage PRD1. Virology 183:658–676  

    Bamford DH, Caldentey J, Bamford JK (1995) Bacteriophage PRD1: a broad host range DSDNA tectivirus with an 
internal membrane. Adv Virus Res 45:281–319  

    Bamford DH, Burnett RM, Stuart DI (2002a) Evolution of viral structure. Theor Pop Biol 61:461–470  
    Bamford JK, Cockburn JJ, Diprose J, Grimes JM, Sutton G, Stuart DI, Bamford DH (2002b) Diffraction quality crys-

tals of PRD1, a 66-MDa dsDNA virus with an internal membrane. J Struct Biol 139:103–112  
    Bamford DH, Grimes JM, Stuart DI (2005) What does structure tell us about virus evolution? Curr Opin Struct Biol 

15:655–663  
    Benson SD, Bamford JKH, Bamford DH, Burnett RM (1999) Viral evolution revealed by bacteriophage PRD1 and 

human adenovirus coat protein structures. Cell 98:825–833  
    Butcher SJ, Bamford DH, Fuller SD (1995) DNA packaging orders the membrane of bacteriophage PRD1. EMBO J 

14:6078–6086  
    Caldentey J, Bamford JK, Bamford DH (1990) Structure and assembly of bacteriophage PRD1, and  Escherichia coli  

virus with a membrane. J Struct Biol 104:44–51  
    Caldentey J, Blanco L, Savilahti H, Bamford DH, Salas M (1992)  In vitro  replication of bacteriophage PRD1 DNA. 

Metal activation of protein-primed initiation and DNA elongation. Nucleic Acids Res 20:3971–3976  
    Caldentey J, Blanco L, Bamford DH, Salas M (1993)  In vitro  replication of bacteriophage PRD1 DNA. Characterization 

of the protein-primed initiation site. Nucleic Acids Res 21:3725–3730  
    Caldentey J, Hänninen A-L, Bamford DH (1994) Gene  XV  of bacteriophage PRD1 encodes a lytic enzyme with 

muramidase activity. Eur J Biochem 225:341–346  
    Caldentey J, Tuma R, Bamford DH (2000) Assembly of bacteriophage PRD1 spike complex: role of the multidomain 

protein P5. Biochemistry 39:10566–10573  
    Cockburn JJ, Abrescia NG, Grimes JM, Sutton GC, Diprose JM, Benevides JM, Thomas GJ Jr, Bamford JK, Bamford 

DH, Stuart DI (2004) Membrane structure and interactions with protein and DNA in bacteriophage PRD1. Nature 
432:122–125  

    Fuller DN, Rickgauer JP, Jardine PJ, Grimes S, Anderson DL, Smith DE (2007) Ionic effects on viral DNA packaging 
and portal motor function in bacteriophage phi 29. Proc Natl Acad Sci USA 104:11245–11250  

    Garcia LR, Molineux IJ (1995) Rate of translocation of bacteriophage T7 DNA across the membranes of  Escherichia 
coli . J Bacteriol 177:4066–4076  

    Garcia LR, Molineux IJ (1996) Transcription-independent DNA translocation of bacteriophage T7 DNA into 
 Escherichia coli . J Bacteriol 178:6921–6929  

    Gowen B, Bamford JKH, Bamford DH, Fuller SD (2003) The tailless, icosahedral membrane virus PRD1 localizes 
the proteins involved in genome packaging and injection at a unique vertex. J Virol 77:7863–7871  

    Grahn AM, Bamford JKH, O’Neill MC, Bamford DH (1994) Functional organization of the bacteriophage PRD1 
genome. J Bacteriol 176:3062–3068  

    Grahn AM, Caldentey J, Bamford JKH, Bamford DH (1999) Stable packaging of phage PRD1 DNA requires adsorp-
tion protein P2, which binds to the IncP plasmid-encoded conjugative transfer complex. J Bacteriol 
181:6689–6696  

    Grahn AM, Daugelavicius R, Bamford DH (2002) Sequential model of phage PRD1 DNA delivery: active involve-
ment of the viral membrane. Mol Microbiol 46:1199–1209  

    Guo P, Peterson C, Anderson D (1987) Prohead and DNA-gp3-dependent ATPase activity of the DNA packaging 
protein gp16 of bacteriophage phi 29. J Mol Biol 197:229–236  

    Hänninen A-L, Bamford DH, Bamford JKH (1997) Assembly of membrane-containing bacteriophage PRD1 is 
dependent on GroEL and GroES. Virology 227:207–210  

    Hogle JM, Chow M, Filman DJ (1985) Three-dimensional structure of poliovirus at 2.9 A resolution. Science 
229:1358–1365  

    Holopainen JM, Säily M, Caldentey J, Kinnunen PK (2000) The assembly factor P17 from bacteriophage PRD1 
interacts with positively charged lipid membranes. Eur J Biochem 267:6231–6238  

    Huiskonen JT, Manole V, Butcher SJ (2007) Tale of two spikes in bacteriophage PRD1. Proc Natl Acad Sci USA 
104:6666–6671  



376 S.J. Butcher et al.

    Jaatinen ST, Viitanen SJ, Bamford DH, Bamford JK (2004) Integral membrane protein P16 of bacteriophage PRD1 
stabilizes the adsorption vertex structure. J Virol 78:9790–9797  

    Karhu NJ, Ziedaite G, Bamford DH, Bamford JK (2007) Effi cient DNA packaging of bacteriophage PRD1 requires 
the unique vertex protein P6. J Virol 81:2970–2979  

    Krupovic M, Cvirkaite-Krupovic V, Bamford DH (2008) Identifi cation and functional analysis of the Rz/Rz1-like 
accessory lysis genes in the membrane-containing bacteriophage PRD1. Mol Microbiol 68:492–503  

    Laurinavicius S, Kakela R, Somerharju P, Bamford DH (2004) Phospholipid molecular species profi les of tectiviruses 
infecting Gram-negative and Gram-positive hosts. Virology 322:328–336  

    Laurinavicius S, Bamford DH, Somerharju P (2007) Transbilayer distribution of phospholipids in bacteriophage 
membranes. Biochim Biophys Acta 1768:2568–2577  

    Liu X, Zhang Q, Murata K, Baker ML, Sullivan MB, Fu C, Dougherty MT, Schmid MF, Osburne MS, Chisholm SW 
et al (2010) Structural changes in a marine podovirus associated with release of its genome into Prochlorococcus. 
Nat Struct Mol Biol 17:830–836  

    Merckel MC, Huiskonen JT, Bamford DH, Goldman A, Tuma R (2005) The structure of the bacteriophage PRD1 
spike sheds light on the evolution of viral capsid architecture. Mol Cell 18:161–170  

    Mindich L, Bamford D, Goldthwaite C, Laverty M, Mackenzie G (1982a) Isolation of nonsense mutants of lipid-
containing bacteriophage PRD1. J Virol 44:1013–1020  

    Mindich L, Bamford D, McGraw T, Mackenzie G (1982b) Assembly of bacteriophage PRD1: particle formation with 
wild-type and mutant viruses. J Virol 44:1021–1030  

    Morris DM, Jensen GJ (2008) Toward a biomechanical understanding of whole bacterial cells. Annu Rev Biochem 
77:583–613  

    Munoz-Espin D, Holguera I, Ballesteros-Plaza D, Carballido-Lopez R, Salas M (2010) Viral terminal protein directs 
early organization of phage DNA replication at the bacterial nucleoid. Proc Natl Acad Sci USA 107:
16548–16553  

    Nandhagopal N, Simpson AA, Gurnon JR, Yan X, Baker TS, Graves MV, Van Etten JL, Rossmann MG (2002) The 
structure and evolution of the major capsid protein of a large, lipid-containing DNA virus. Proc Natl Acad Sci 
USA 99:14758–14763  

    Pakula TM, Caldentey J, Serrano M, Gutierrez C, Hermoso JM, Salas M, Bamford DH (1990) Characterization of a 
DNA binding protein of bacteriophage PRD1 involved in DNA replication. Nucleic Acids Res 18:6553–6557  

    Pakula TM, Caldentey J, Gutiérrez C, Olkkonen VM, Salas M, Bamford DH (1993) Overproduction, purifi cation, and 
characterization of DNA-binding protein P19 of bacteriophage PRD1. Gene 126:99–104  

    Rice G, Tang L, Stedman K, Roberto F, Spuhler J, Gillitzer E, Johnson JE, Douglas T, Young M (2004) The structure 
of a thermophilic archaeal virus shows a double-stranded DNA viral capsid type that spans all domains of life. 
Proc Natl Acad Sci USA 101:7716–7720  

    Rossmann MG, Johnson JE (1989) Icosahedral RNA virus structure. Annu Rev Biochem 58:533–573  
    Rossmann MG, Arnold E, Erickson JW, Frankenberger EA, Griffi th JP, Hecht HJ, Johnson JE, Kamer G, Luo M, 

Mosser AG et al (1985) Structure of a human common cold virus and functional relationship to other picornavi-
ruses. Nature 317:145–153  

    Rydman PS, Bamford DH (2002) The lytic enzyme of bacteriophage PRD1 is associated with the viral membrane. 
J Bacteriol 184:104–110  

    Rydman PS, Bamford DH (2003) Identifi cation and mutational analysis of bacteriophage PRD1 holin protein P35. 
J Bacteriol 185:3795–3803  

    Rydman PS, Caldentey J, Butcher SJ, Fuller SD, Rutten T, Bamford DH (1999) Bacteriophage PRD1 contains a labile 
receptor-binding structure at each vertex. J Mol Biol 291:575–587  

    Rydman PS, Bamford JK, Bamford DH (2001) A minor capsid protein P30 is essential for bacteriophage PRD1 capsid 
assembly. J Mol Biol 313:785–795  

    Salas M (1991) Protein-priming of DNA replication. Annu Rev Biochem 60:39–71  
    Salas M (1999) Mechanisms of initiation of linear DNA replication in prokaryotes. Genet Eng (N Y) 21:159–171  
    San Martín C, Huiskonen JT, Bamford JK, Butcher SJ, Fuller SD, Bamford DH, Burnett RM (2002) Minor proteins, 

mobile arms and membrane-capsid interactions in bacteriophage PRD1 capsid. Nat Struct Biol 9:756–763  
    Saren AM, Ravantti JJ, Benson SD, Burnett RM, Paulin L, Bamford DH, Bamford JK (2005) A snapshot of viral 

evolution from genome analysis of the tectiviridae family. J Mol Biol 350:427–440  
    Savilahti H, Bamford DH (1986) Linear DNA replication: inverted terminal repeats of the fi ve closely related 

 Escherichia coli  bacteriophages. Gene 49:199–205  
    Savilahti H, Caldentey J, Bamford DH (1989) Bacteriophage PRD1 terminal protein: expression of gene  VIII  in 

 Escherichia coli  and purifi cation of the functional P8 product. Gene 85:45–51  
    Savilahti H, Caldentey J, Lundström K, Syväoja JE, Bamford DH (1991) Overexpression, purifi cation and character-

ization of  Escherichia coli  bacteriophage PRD1 DNA polymerase.  In vitro  synthesis of full-length PRD1 DNA 
with purifi ed proteins. J Biol Chem 266:18737–18744  



37716 Lipid-Containing Viruses: Bacteriophage PRD1 Assembly

    Simpson AA, Nandhagopal N, Van Etten JL, Rossmann MG (2003) Structural analyses of Phycodnaviridae and 
Iridoviridae. Acta Crystallogr D Biol Crystallogr 59:2053–2059  

    Smith DE, Tans SJ, Smith SB, Grimes S, Anderson DL, Bustamante C (2001) The bacteriophage phi29 portal motor 
can package DNA against a large internal force. Nature 413:748–752  

    Sokolova A, Malfois M, Caldentey J, Svergun DI, Koch MH, Bamford DH, Tuma R (2001) Solution structure of 
bacteriophage PRD1 vertex complex. J Biol Chem 276:46187–46195  

    Strömsten N, Bamford DH, Bamford JKH (2003) The unique vertex of bacterial virus PRD1 is connected to the viral 
internal membrane. J Virol 77:6314–6321  

    Strömsten NJ, Bamford DH, Bamford JK (2005) In vitro DNA packaging of PRD1: a common mechanism for inter-
nal-membrane viruses. J Mol Biol 348:617–629  

    Toropova K, Stockley PG, Ranson NA (2011) Visualising a viral RNA genome poised for release from its receptor 
complex. J Mol Biol 408:408–419  

    Tuma R, Bamford JH, Bamford DH, Russell MP, Thomas GJ Jr (1996a) Structure, interactions and dynamics of PRD1 
virus I. Coupling of subunit folding and capsid assembly. J Mol Biol 257:87–101  

    Tuma R, Bamford JH, Bamford DH, Thomas GJ Jr (1996b) Structure, interactions and dynamics of PRD1 virus II. 
Organization of the viral membrane and DNA. J Mol Biol 257:102–115  

    van Raaij MJ, Mitraki A, Lavigne G, Cusack S (1999) A triple beta-spiral in the adenovirus fi bre shaft reveals a new 
structural motif for a fi brous protein. Nature 401:935–938  

    Xu L, Benson SD, Butcher SJ, Bamford DH, Burnett RM (2003) The receptor binding protein P2 of PRD1, a virus 
targeting antibiotic-resistant bacteria, has a novel fold suggesting multiple functions. Structure 11:309–322  

    Yoo S-K, Ito J (1989) Protein-primed replication of bacteriophage PRD1 genome in vitro. Virology 170:442–449  
    Ziedaite G, Daugelavicius R, Bamford JK, Bamford DH (2005) The Holin protein of bacteriophage PRD1 forms a 

pore for small-molecule and endolysin translocation. J Bacteriol 187:5397–5405  
    Ziedaite G, Kivela HM, Bamford JK, Bamford DH (2009) Purifi ed membrane-containing procapsids of bacteriophage 

PRD1 package the viral genome. J Mol Biol 386:637–647      



379M.G. Rossmann and V.B. Rao (eds.), Viral Molecular Machines, 
Advances in Experimental Medicine and Biology 726, DOI 10.1007/978-1-4614-0980-9_17, 
© Springer Science+Business Media, LLC 2012

       M.  M.   Poranen   (*) •     D.  H.   Bamford  
     Department of Biosciences and   Institute of Biotechnology, University of Helsinki, 
Viikki Biocenter, 00014 ,   Helsinki   ,  Finland  
  e-mail: minna.poranen@helsinki.fi    

  Abstract   Double-stranded RNA (dsRNA) viruses are a diverse group of viruses infecting hosts 
from bacteria to higher eukaryotes. Among the hosts are humans, domestic animals, and economi-
cally important plant species. Fine details of high-resolution virion structures have revealed common 
structural characteristics unique to these viruses including an internal icosahedral capsid built from 
60 asymmetric dimers (120 monomers!) of the major coat protein. Here we focus mainly on the 
structures and assembly principles of large icosahedral dsRNA viruses belonging to the families of 
 Cystoviridae  and  Reoviridae . It is obvious that there are a variety of assembly pathways utilized by 
different viruses starting from similar building blocks and reaching in all cases a similar capsid archi-
tecture. This is true even with closely related viruses indicating that the assembly pathway per se is 
not an indicator of relatedness and is achieved with minor changes in the interacting components.  

  Abbreviations  

  dsRNA    Double-stranded RNA   
  mRNA    Messenger RNA   
  ssRNA    Single-stranded RNA   
  Cryo-EM    Cryo-electron microscopy     

      17.1   Double-Stranded RNA Viruses 

 Double-stranded RNA (dsRNA) viruses represent a large and diverse group of viruses (Table  17.1 ). 
The hosts range from prokaryotes (e.g.,  Pseudomonas  phage  j 6, family  Cystoviridae ) to eukaryotes, 
including insect, plant, as well as animal hosts (e.g., rotavirus, family  Reoviridae ). In addition, 
cytoplasmic genetic elements, replicating dsRNA within virus-like particles which lack functions 
involved in host cell entry and exit, have been isolated from unicellular organisms such as yeast and 
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protozoa (e.g.,  Saccharomyces cerevisiae  virus L-A, family  Totiviridae ). So far no dsRNA archeal 
viruses have been described.  

 The vast majority of known dsRNA viruses have an icosahedral capsid structure, although pleo-
morphic dsRNA viruses have also been described (family  Hypoviridae ). Viruses with icosahedrally 
symmetric capsids can roughly be divided into two categories: those having 30–40 nm virion diameter 
(families  Chrysoviridae ,  Partitiviridae ,  Picobirnaviridae , and  Totiviridae ) and those with 65–90 nm 
virion diameter (families  Cystoviridae ,  Birnaviridae ,  and Reoviridae ; Table  17.1 ). The large icosahe-
dral virions typically comprise two to three distinct structural layers, except in birnaviruses (family 
 Birnaviridae ; Table  17.1 ; Bottcher et al.  1997  )  and cypoviruses (genera  Cypovirus , family  Reoviridae ; 
Hill et al.  1999  )  which only have a single capsid layer. We will focus here on the virion assembly 
principles of selected dsRNA viruses with large multilayered virion structure of the families  Reoviridae  
and  Cystoviridae  as most of the information has accumulated about these viruses. 

    17.1.1   Large Icosahedral dsRNA Viruses 

 The most prominent family among dsRNA viruses with 15 recognized genera is  Reoviridae  with 
several viruses of signifi cant medical, veterinary, or agricultural importance. These include rotavirus 
(genus  Rotaviruses ) which is a major global cause of infant mortality, bluetongue virus (genus 
 Orbivirus ) causing acute disease of ruminants, and rice dwarf virus (genus  Phytoreovirus ) causing 
diseases in major crop species like rice and wheat. Because of their medical importance and eco-
nomic signifi cance these viruses have been subjected to extensive structural and biochemical studies. 
The type organism of  Reoviridae  is mammalian orthoreovirus of  Orthoreovirus  genus. Currently, the 
members of the  Reoviridae  family (reoviruses) are among the best structurally characterized viruses 
(see Sects.  17.2.1 ,  17.2.3 , and  17.4 ). 

 All cystoviruses (family  Cystoviridae ) isolated so far belong to a single viral genus,  Cystovirus . 
They all infect gram-negative bacteria, mainly plant-pathogenic  Pseudomonas  species. Among 
bacteriophages, cystoviruses represent a unique group having enveloped, nontailed virions and a 
segmented dsRNA genome. For a long time the type organism  Pseudomonas  phage  j 6 was the only 
known dsRNA virus infecting prokaryotic hosts, but more recently additional cystoviruses have 
been isolated (Mindich et al.  1999 ; Qiao et al.  2010  ) . Cystoviruses have been extensively studied as 
model systems for virus assembly, genome encapsidation, and replication. The structural and func-
tional similarities to reoviruses and other dsRNA viruses suggest that cystoviruses may share a com-
mon evolutionary origin with eukaryotic dsRNA viruses (Bamford  2003 ; Mertens  2004  ) . 

   Table 17.1    The families of dsRNA viruses   

 Virus family 
 Size of the 
virion (nm)  Genome segments  Hosts 

  Birnaviridae   ~65 a   2 (co-encapsidated)  Fish, insects, birds, mollusks 
  Chrysoviridae   ~40  4 (in separate capsids)  Fungi 
  Cystoviridae   ~85  3 (co-encapsidated)  Bacteria 
  Hypoviridae   ~50–80  1  Fungi 
  Partitiviridae   ~30–40  2 (in separate capsids)  Plants, fungi 
  Picobirnaviridae  b   ~30–40  2 (co-encapsidated)  Mammals, birds, reptiles 
  Reoviridae   ~70–90  10–12 (co-encapsidated)  Arachnids, arthropods, birds, crustaceans, fi sh, 

fungi, insects, mammals, plants, reptiles 
  Totiviridae   ~30–40  1  Fungi 

  Updated from Mertens  (  2004  )  
  a  Bottcher et al.  (  1997  )  
  b  See Chandra  (  1997  )  and Fregolente et al.  (  2009  )   
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    17.1.1.1   Overall Virion Structure 

 The virions of large dsRNA viruses are typically multilayered consisting of two or three icosahe-
drally symmetrical concentric protein shells. The two innermost ones are structurally most con-
served so that it is possible to identify cognate proteins with similar functions or structures even 
from distantly related dsRNA viruses as exemplifi ed for simian rotavirus A/SA11, bluetongue virus, 
mammalian reovirus-3, rice dwarf virus, and  Pseudomonas  phage  j 6 in Table  17.2  (see also Mertens 
 2004  ) . The conserved viral core capsid, with the associated viral enzymes, mediates the replication 
and transcription of the viral dsRNA. This is a common feature for all icosahedral dsRNA viruses as 
well as the dsRNA virus-like genetic elements, regardless of the host. The outer virion layer (exposed 
during the extracellular phase of the viral life cycle) has adapted to functions involved in the 
initiation of infection in different host systems and shows much greater diversity in structural 
organization compared to the inner layers.  

 Depending on the history of the nomenclature for the particular genera of dsRNA viruses the dif-
ferent subviral particles and capsid shells have various designations. To avoid confusion we assign 
the innermost protein layer as T2 capsid and the protein layer surrounding the T2 capsid as T13 shell 
(Table  17.2 ). These acronyms arise from the overall organization of the corresponding capsid layers 
(see below Sects.  17.2.1  and  17.4 ). The corresponding subviral particles are assigned as a single-
layered particle (SLP), that is T2 capsid enclosing the dsRNA genome, and a double-layered particle 
(DLP), that is SLP enclosed within the T13 shell   . The possible additional outer capsid or envelope 
surrounding the DLP is designated as an outer virion layer (see Sect.  17.5 ).  

    17.1.1.2   Replication Cycle 

 The most distinctive feature in dsRNA virus life cycle is that the viral genome is always replicated 
and transcribed within an icosahedral protein shell. This icosahedral nucleoprotein structure also 
encompasses the core of the multilayered mature virions. Thus, the replication of the dsRNA genome 
is closely associated with the assembly of the virion. 

 The assembly and viral genome replication of reoviruses take place in discrete cellular structures 
termed viral inclusion bodies or viroplasm (see, e.g., Altenburg et al.  1980 ; Brookes et al.  1993 ; 
Miller et al.  2010 ; Shimizu et al.  2009  ) . These perinuclear structures are rich in viral messenger 
RNA (mRNA), major capsid proteins, fully or partially assembled viral particles, and viral nonstruc-
tural proteins. The inclusion bodies serve as virus assembly and replication sites producing DLPs 
which subsequently mature to virions within the cell cytoplasm. Expression of nonstructural 
proteins in uninfected cells leads to the formation of viroplasm-like structures even in the absence of 
other viral components (Becker et al.  2003 ; Fabbretti et al.  1999 ; Thomas et al.  1990 ; Wei et al. 
 2006  ) . Thus, viral capsid proteins or a full complement of viral RNA is not necessary for the forma-
tion of the inclusion bodies. On the other hand, the assembly of empty virus-like particles may take 
place in the absence of viral nonstructural proteins when viral structural proteins are co-expressed in 
insect, mouse, or plant cells implying that the viroplasm environment and the nonstructural proteins 
are not essential for the formation of viral shell structures (French and Roy  1990 ; Xu et al.  1993 ; 
Labbe et al.  1991 ; Zheng et al.  2000  ) . This also implies that the viroplasm has mainly a role in the 
encapsidation and replication of viral RNA. 

 The replication and assembly of cystoviruses do not involve the formation of a viroplasm and 
therefore it has been possible to detect assembly intermediates for DLPs in infected cells. The fi rst 
assembly intermediate detected is an empty T2 capsid which matures to dsRNA-fi lled SLP, to DLP, 
and subsequently to a complete enveloped triple-layered virion which is released by host cell lysis 
(Bamford and Mindich  1980  ) . DLPs are also assembled in vitro in the absence of viral nonstructural 
proteins (Poranen et al.  2001  ) .    
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    17.2   T2 Capsid 

 Based on the overall morphology of the T2 capsid, reoviruses are divided into two subfamilies: 
 Spinareovirinae  (genuses  Aquareovirus ,  Coltivirus ,  Cypovirus ,  Dinovernavirus ,  Fijivirus , 
 Idnoreovirus ,  Mycoreovirus ,  Orthoreovirus ,  Oryzavirus ) and  Sedoreovirinae  (genuses 
 Cardoreovirus ,  Mimoreovirus ,  Orbivirus ,  Phytoreovirus ,  Rotavirus ,  Seadornavirus ; Carstens 
 2010  ) . The T2 capsids of the members of  Spinareovirinae  are decorated with 12 distinct turret-like 
structures extending from the fi vefold vertices, while the members of  Sedoreovirinae  do not have 
such features. Turret-like structures are also evident in the T2 core capsid of cystoviruses 
(Butcher et al.  1997 ; Huiskonen et al.  2006 ; see Chap 27, Fig. 27.1). In this case, there is biochemi-
cal evidence that one of the vertices differs structurally and functionally from the other 11 vertices 
(Pirttimaa et al.  2002 ; see Sect.  17.3.1 ). 

 Channels close or at the icosahedral fi vefold vertices are the exit points for viral RNA transcripts 
produced in the interior of the T2 capsid (Diprose et al.  2001 ; Lawton et al.  1997a ; Mendez et al. 
 2008  ) . Accordingly, the main enzymatic components involved in RNA metabolisms (polymerase, 
helicase, and mRNA-capping enzyme; see Sect.  17.2.4 ) are located in the proximity of the fi vefold 
vertices inside the T2 capsid shell (Dryden et al.  1998 ; Miyazaki et al.  2010 ; Nason et al.  2004 ; 
Prasad et al.  1996 ; Sen et al.  2008  )  or in the turret structures exterior of the shell (de Haas et al.  1999 ; 
Luongo et al.  2002 ; Pirttimaa et al.  2002 ; see Chap 27, Fig. 27.1 ) . 

    17.2.1   Architecture of the T2 Shell 

 The structural organization of the T2 capsid is the hallmark of icosahedral dsRNA viruses and 
dsRNA virus-like genetic elements. It is composed of 120 subunits of a large, relatively fl at protein 
(designated here as T2 protein; see Table  17.2 ), with a dimer (subunits A and B) occupying the ico-
sahedral asymmetric unit of a  T  = 1 capsid ( T  for triangulation number). Such capsid organization, 
also referred as “ T  = 2” capsid (Grimes et al.  1998  ) , is unique for dsRNA viruses (see Fig.  17.1 ) and 
has not been described for any other virus group studied so far or in cellular environments.  

 This type of viral capsid organization was fi rst discovered in cryo-electron microscopy (cryo-EM) 
reconstructions (Cheng et al.  1994 ; Huiskonen et al.  2006 ; Lawton et al.  1997b ; Lu et al.  1998 ; 
Shaw et al.  1996 ; Yu et al.  2008 ; Zhang et al.  2010  )  and subsequently from X-ray structures of various 
large and small dsRNA virus virions or viral core particles (Duquerroy et al.  2009 ; Grimes et al.  1998 ; 
McClain et al.  2010 ; Naitow et al.  2002 ; Nakagawa et al.  2003 ; Pan et al.  2009 ; Reinisch et al.  2000 ; 
Fig.  17.1 ). Chrysoviruses (family  Chrysoviridae ; Table  17.1 ) with a small 60-subunit  T  = 1 single-
layered capsid are exceptions among dsRNA viruses. However, in this case, the capsid protein appears 
to have two genetically duplicated domains (Caston et al.  2003 ; Luque et al.  2010 ; Fig.  17.1 ). 

 In the high-resolution T2 capsid structures, fi rst described for bluetongue virus (an orbivirus; 
Grimes et al.  1998  ) , the approximately triangular subunits form asymmetric, relatively parallel dimers 
in which the two identical subunits or conformers, A and B, are located in distinctly nonequivalent 
structural environments, making nonequivalent contacts with each other. Five A subunits are arranged 
around an icosahedral fi vefold axis of symmetry with fi ve B subunits interdigitating between (see 
Fig.  17.1 ). The A subunits within neighboring fi vefold axes of symmetry make pairs which span the 
icosahedral twofold axes so that a continuous scaffold of A subunits is formed encircling the triangu-
lar plugs formed by three B subunits at the icosahedral threefold axis. This type of overall organiza-
tion is clearly recognizable in the high-resolution T2 capsid structures of all reoviruses (family 
 Reoviridae ; Grimes et al.  1998 ; McClain et al.  2010 ; Nakagawa et al.  2003 ; Reinisch et al.  2000 ; 
Yu et al.  2008 ; Zhang et al.  2010  )  as well as in the yeast L-A particle (family  Totiviridae ; Naitow et al. 
 2002  )  and  Penicillium chrysogenum  virus ( Chrysoviridae ; Luque et al.  2010 ; Fig.  17.1 ). 
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 A slightly different type of subunit organization is observed in the T2 capsid of cystoviruses 
(Huiskonen et al.  2006 ; Jaalinoja et al.  2007 ; Fig.  17.1 ). The quadrangular-shaped class A subunits 
encircle the fi vefold axes, and the B subunits form a continuous net around the pentamers of A sub-
units by interacting both at the twofold and threefold axes of icosahedral symmetry (Fig.  17.1 ). 
Thus there are no direct interactions between A subunits in the neighboring fi vefold axes as is seen 
in the T2 capsids of reoviruses, totiviruses, and chrysoviruses (Fig.  17.1 ). This cystovirus-type 
capsid organization resembles the capsid architecture recently described for rabbit picobirnavirus 
(family  Picobirnaviridae ; Duquerroy et al.  2009  )  and  Penicillium stoloniferum  virus F (family 

  Fig. 17.1    Comparison of the T2 capsids of dsRNA viruses and virus-like particles based on X-ray or cryo-EM data. 
The arrangement of 120 copies of the T2 protein subunits into  T  = 1 icosahedral lattice in selected dsRNA viruses 
( upper rows ) and corresponding T2 protein structures shown from a top view ( lower rows ). The two conformers of the 
T2 protein, A and B (domains of a single protein in chrysoviruses), are shown in  blue  and  red , respectively ( upper 
rows ). Reproduced/amended with permission from American Society for Microbiology from J Virol 2010 84, 
7256–7266, doi:   10.1128/JVI.00432-10     (Luque et al.  2010  )        
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 Partitiviridae ; Pan et al.  2009  )  although the contacts between the B subunits (at the twofold axes of 
icosahedral symmetry) are not as prominent in these cases (Fig.  17.1 ).  

    17.2.2   Structural Stability of the T2 Shell 

 Isolated T2 capsids of reoviruses and cystoviruses have compromised stability. Accordingly, the 
X-ray structures of the T2 capsids have revealed that the protein–protein interactions in the T2 shells 
of dsRNA viruses are relatively weak compared to other viral capsids (e.g., to the picornaviral 
capsids; see Reddy and Johnson  2005  ) . Such weak interactions may be essential to allow the dynamic 
processes required for dsRNA replication and transcription. During the extracellular phase of the 
viral life cycle, the T2 capsid is typically protected by additional virion layer(s) stabilizing the struc-
ture, the only exception among reoviruses being the single-shelled cypovirus virion. In this case, the 
turret protein of the T2 capsid contains a polyhedron-binding domain inducing virion embedding in 
polyhedron matrix which forms micrometer-sized protein crystals called polyhedra (see 
Coulibaly et al.  2007 ; Yu et al.  2008  ) . Such structures are remarkably stable, protecting the extracel-
lular virions, but dissolve in the alkaline midgut of insect larvae (Rohrmann  1986  ) .  

    17.2.3   T2 Protein 

 The T2 protein of reoviruses is thin, highly helical protein with crescent-like triangular shape (Grimes et al. 
 1998 ; McClain et al.  2010 ; Nakagawa et al.  2003 ; Reinisch et al.  2000  ) . Despite the low sequence iden-
tity, the overall appearance and polypeptide chain fold are similar in all the reovirus T2 proteins for which 
high-resolution structural information is available (Cheng et al.  2010 ; Grimes et al.  1998 ; McClain et al. 
 2010 ; Nakagawa et al.  2003 ; Reinisch et al.  2000 ; Yu et al.  2008  ) . Three distinct regions or domains have 
been recognized in the T2 proteins of bluetongue virus (an orbivirus), rotavirus (a rotavirus), and rice 
dwarf virus (a phytoreovirus): the apical region pointing toward the fi vefold vertices, the central region 
(also known as carapace domain), and the dimer-forming region (Grimes et al.  1998 ; McClain et al. 
 2010 ; Nakagawa et al.  2003  ) . In the case of mammalian reovirus (an orthoreovirus) and grass carp reo-
virus (an aquareovirus) only two subdomains can be identifi ed (Cheng et al.  2010 ; Reinisch et al.  2000  ) . 
The polypeptide chains of orbivirus, rotavirus, and orthoreovirus T2 proteins can be aligned for most 
parts of the proteins, the apical and the central regions being structurally most conserved (McClain et al. 
 2010  ) . The interconnecting boundaries between the regions of the T2 proteins enable slight hinged 
motions needed to form the two conformers (A and B) observed in the T2 capsids. Thus the subdomains 
behave as rigid bodies when the T2 protein transforms between A and B conformers. 

 There is no high-resolution structural information on the T2 protein of cystoviruses. However, 
based on the cryo-EM reconstructions (Huiskonen et al.  2006 ; Jaalinoja et al.  2007  ) , the overall 
shape of the protein is somewhat different from that observed for reoviruses (see Fig.  17.1 ). The 
protein is predicted to have two distinct clusters of  a -helices, separated by two  b -sheet regions 
(Huiskonen et al.  2006 ; Luque et al.  2010  ) . The purifi ed T2 protein of cystoviruses can be isolated 
as a monomer or a tetramer (Kainov et al.  2003a ; Poranen et al.  2001  ) . The monomer is elongated 
and exhibits limited solubility (Benevides et al.  2002  ) . 

 The T2 proteins of large dsRNA viruses have RNA-binding activity (Labbe et al.  1991 ; Loudon 
and Roy  1992 ; Qiao et al.  2003  ) . In the case of cystoviruses RNA-binding sites have been identifi ed 
exterior of the T2 shell and are involved in the specifi c recognition of the viral mRNA for packaging 
(Qiao et al.  2003  ) . The T2 protein of orthoreoviruses also contains RNA helicase activity 
(Bisaillon et al.  1997  ) . The T2 capsids of cypoviruses and certain cystoviruses ( Pseudomonas  phage 
 j 8) are apparently also active in the host plasma membrane penetration during entry into the host 
cell (Sun et al.  2003 ; Tan et al.  2003  ) .  
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    17.2.4   T2 Capsid-Associated Proteins 

 Several minor protein components are associated with the T2 capsid of dsRNA viruses (see 
Table  17.2 ). Most of these have enzymatic activities required for the transcription or replication of 
the dsRNA genome. Also particle-stabilizing minor capsid proteins, which have no detected cata-
lytic activity, have been identifi ed in the T2 capsids of cystoviruses and orthoreoviruses (see below 
Sect.  17.2.4.4 ). 

    17.2.4.1   Polymerase 

 The most conserved minor protein subunit found in the T2 capsids of all dsRNA viruses is the viral 
RNA-dependent RNA polymerase (Table  17.2 ) which is required both for the transcription (dsRNA 
to mRNA) of the dsRNA genome and its replication (mRNA to dsRNA). This globular protein has 
been localized at the fi vefold symmetry position, inside the T2 capsid or close to that position 
(Sen et al.  2008 ; Zhang et al.  2003 ; see Chap. 26, Fig. 26.3). Direct protein contacts between the 
polymerase and the T2 shell are evident (Sen et al.  2008 ; Zhang et al.  2003  ) . In the small icosahedral 
dsRNA viruses the polymerase may be the only minor protein component associated with the T2 
capsid. In yeast L-A virus ( Totiviridae ) the polymerase (Pol) is covalently linked to the T2 capsid; 
such a polypeptide (known as Gag-Pol) is formed by a −1 ribosomal frameshift during translation 
(Dinman et al.  1991  ) . In this case, and probably also in other dsRNA viruses, the polymerase is 
stably anchored to the T2 shell and consequently the RNA has to move relative to the viral poly-
merase during RNA replication and transcription. 

 The fold of the polymerase follows the canonical right-hand motif, common to many DNA and 
RNA polymerases, with fi nger, palm, and thumb subdomains (Butcher et al.  2001 ; Lu et al.  2008 ; 
Pan et al.  2007 ; Tao et al.  2002  ) . Details of this type of polymerase structure and mechanism of 
catalysis are described elsewhere in this book (   see Chap. 12 by Kyung H. Choi). The polymerases 
of rotavirus and reovirus, which apply conservative mechanism of transcription (Banerjee and 
Shatkin  1970  ) , have four distinct tunnels leading from the surface of the molecule to the central cata-
lytic site (Lu et al.  2008 ; Tao et al.  2002  ) , while only three such tunnels exist in the polymerases of 
cystoviruses and birnaviruses (Butcher et al.  2001 ; Pan et al.  2007  ) , which apply semiconservative 
transcription (Spies et al.  1987 ; Usala et al.  1980  ) . Interestingly, birnaviruses initiate RNA polymer-
ization using a protein primer (Calvert et al.  1991  )  while the other dsRNA viruses predominantly 
apply de novo initiation mechanism.  

    17.2.4.2   RNA-Capping Enzyme 

 The T2 capsid of reoviruses is capable of capping viral mRNA molecules. The capping enzyme 
(Table  17.2 ), guanylyl transferase, catalyzes the stepwise enzymatic processes required for the addi-
tion of the cap structure to the 5 ¢  end of the viral mRNA. Such enzymes have been identifi ed in a 
number of reoviruses (see, e.g., Chen et al.  1999 ; Cleveland et al.  1986 ; Hsiao et al.  2002 ; Le 
Blois et al.  1992 ; Liu et al.  1992 ; Ramadevi et al.  1998a  ) . However, the structure and location of this 
enzyme are not conserved. In orthoreoviruses (and aquareoviruses) the capping enzyme forms dis-
tinct pentameric, turret-like structures at the fi vefold vertices of the T2 capsid (Luongo et al.  2002 ; 
Nason et al.  2000  ) , while in orbiviruses and rotaviruses the capping enzyme is located in the interior 
of the T2 capsid in close proximity of the polymerase (Nason et al.  2004 ; Prasad et al.  1996  )  and is 
a dimer in the case of orbiviruses (Ramadevi et al.  1998b  ) . Cystoviruses do not have capping activity 
as they infect prokaryotic hosts where mRNA maturation does not involve addition of the 5 ¢  cap. 
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Interestingly, there is no evidence of RNA capping among birnaviruses (although infecting 
eukaryotes). Instead the 5 ¢  termini of the viral RNA are covalently bound to the viral polymerase 
(Calvert et al.  1991  ) .  

    17.2.4.3   Helicase 

 Proteins with RNA helicase activity are common in large dsRNA viruses (Table  17.2 ). Such activity 
is required either during transcription to unwind dsRNA molecules or for translocation of single-
stranded RNA (ssRNA) molecules across the T2 capsid shell during RNA packaging or mRNA 
extrusion (Kainov et al.  2004 ; Matsuo and Roy  2009 ; Pirttimaa et al.  2002  ) . In bluetongue virus (an 
orbivirus), helicase activity has been assigned to a minor structural component (VP6) of the T2 
capsid (Stauber et al.  1997  ) . This 35.7-kDa protein readily assembles into hexamers (Kar and Roy 
 2003  ) , which is a property shared with the approximately 35-kDa hexameric helicase (P4) of cysto-
viruses (Juuti et al.  1998 ; Kainov et al.  2003b  ) . However, unlike the bluetongue virus helicase, the 
cystovirus helicase forms turret-like structures extending from the capsid vertices (de Haas et al. 
 1999 ; Huiskonen et al.  2007  ) . The location of the hexameric structure at the fi vefold vertex of the T2 
capsid creates a symmetry mismatch thus being analogous to the DNA packaging devices of tailed 
dsDNA bacteriophages (reviewed by Rao and Feiss  2008 ; see also Chaps. 22 and 23 ) . 

 RNA helicase activity has not been detected in any of the structural proteins of rotaviruses or 
phytoreoviruses. Instead, the nonstructural octameric protein NSP2 of rotavirus displays helix-
destabilizing activity as well as NTPase activity suggesting that NSP2 may facilitate the 
encapsidation of mRNA into preformed T2 capsids or assembly intermediates (Jayaram et al.  2002 ; 
Schuck et al.  2001 ; Taraporewala et al.  1999,   2006 ; Taraporewala and Patton  2001  ) . In 
orthoreoviruses, RNA unwinding activity has been assigned to the major capsid protein (T2 protein; 
Bisaillon et al.  1997  ) . Details of the ATP hydrolysis-driven RNA translocation process by the cysto-
viral hexameric helicase are described elsewhere in this book by Erika Mancini and Roman Tuma 
(   see Chap.   27    ).  

    17.2.4.4   Other T2 Capsid-Associated Proteins 

 The innermost layers of cystovirus, phytoreovirus, and orthoreovirus virions contain additional pro-
teins with no apparent counterparts in orbivirus or rotavirus (see Table  17.2 ). 

 The orthoreovirus T2 capsid is decorated with a nodular clamp protein  s 2. The compact globular 
 s 2 monomer binds at three distinct positions within each icosahedral asymmetric unit (see 
Reinisch et al.  2000  )  reinforcing the T2-protein lattice. It apparently has an important role in the 
assembly and stability of the orthoreovirus T2 capsid as stable recombinant T2 shells are not formed 
in the absence of  s 2 (Kim et al.  2002 ; Xu et al.  1993  ) . Using electron microscopy similar nodular 
structures at positions corresponding to two of the three  s 2 sites of orthoreoviruses have been 
described for the turreted T2 capsids of aquareoviruses and cypoviruses (Cheng et al.  2010 ; Hill et al. 
 1999  ) . 

 Orthoreovirus protein  m 2, cystovirus protein P7, and phytoreovirus protein P7 are T2 capsid com-
ponents (Table  17.2 ) functionally associated with the RNA polymerization and assembly. Protein P7 
of phytoreovirus is located close to the fi vefold vertex, beneath the T2 capsid layer (Miyazaki et al. 
 2010  )  and a similar position has also been proposed for  m 2 of orthoreovirus and P7 of cystovirus 
(Huiskonen et al.  2006 ; Jaalinoja et al.  2007 ; Zhang et al.  2003 ; Dryden et al.  1998  ) , both of which 
appear to be dimers (Juuti and Bamford  1997 ; Kim et al.  2004  ) . Orthoreovirus  m 2 is a nonspecifi c 
NTPase which also possesses RNA triphosphatase activity. Its exact role in the viral RNA 
metabolism is not known but a temperature-sensitive mutation in the corresponding gene results 
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defects in viral morphogenesis and genome replication (Coombs  1996  ) . No enzymatic activity has 
been assigned for the cystoviral protein P7. P7-defi cient T2 capsid of  Pseudomonas  phage  j 6 (cys-
tovirus) has compromised RNA encapsidation activity in an ssRNA packaging and protection assay 
(Juuti and Bamford  1995  )  and it functions as an assembly cofactor during T2 capsid assembly 
(Poranen et al.  2001,   2008 ; see Sect.  17.2.5 ). Such observations suggest that P7 could function as a 
particle reinforcing hinge or glue protein stabilizing the assembly intermediates as well as the end 
product, the T2 capsid. The phytoreovirus protein P7 is a nucleic acid-binding protein which also 
has affi nity to the T2 protein as well as to the polymerase subunit suggesting a role in the T2 capsid 
assembly (Ueda et al.  1997  ) .   

    17.2.5   Assembly of the T2 Capsid 

 When expressed within a heterologous protein expression cell line, the T2 capsid components of 
cystoviruses and several reoviruses assemble into T2 capsid-like structures (Hagiwara et al.  2003 ; 
Gottlieb et al.  1988b ; Juuti and Bamford  1995 ; Kim et al.  2002 ; Labbe et al.  1991 ; Pirttimaa et al. 
 2002 ; Roy  2005 ; Xu et al.  1993 ; Zeng et al.  1996  ) . Thus the assembly of such structures is not 
dependent on viral nonstructural proteins, other viral structural proteins (e.g., the T13 capsid pro-
tein), or factors specifi c for the host organism although such proteins may be used to boost the 
assembly. The formation of the T2 capsid-like particles is also independent of native viral RNA and 
the particles formed are empty (no ssRNA or dsRNA inside). 

 The T2 proteins of dsRNA viruses typically have a high intrinsic tendency to assemble into 
capsid-like structures, and in the case of rotavirus and orbivirus the T2 proteins can self-assemble 
into icosahedral particles also in the absence of any other viral proteins (Hagiwara et al.  2003 ; 
Labbe et al.  1991 ; Moss and Nuttall  1994  ) . The orthoreovirus T2 shell assembly requires co-expres-
sion of the T2 protein and the nodular  s 2 protein stabilizing the structure (Xu et al.  1993  ) . The 
 Pseudomonas  phage  j 6 T2-protein self-assembly products formed in  Escherichia coli  are aggrega-
tive and partially unfolded spherical particles (Benevides et al.  2002 ; Gottlieb et al.  1988b ; 
Paatero et al.  1998  )  implying that the correct assembly of the precursor capsid of this cystovirus is 
dependent on the other protein components of the T2 capsid. 

 The different recombinant expression systems established for dsRNA viruses allow the produc-
tion of a variety of incomplete T2 capsid structures missing different minor protein components (see 
Table  17.2 ). Such expression systems can reveal the order of dependency of the component proteins 
and have also been important in assigning functions and locations for individual proteins. However, 
it is evident that the structures formed do not necessarily present true assembly intermediates of the 
virion but rather demonstrate the tendency of the component proteins to make interactions with each 
other. For example, although particles are formed in the absence of the polymerase subunit (see, e.g., 
Juuti and Bamford  1995 ; Xu et al.  1993  ) , it is obvious that the incorporation of the internal enzymes 
has to precede the enclosure of the T2 shell as the limited size of the pores in the assembled T2 
capsid would prevent the entry of the subunits located in the interior of the capsid. 

 The in vitro assembly systems for cystoviruses using purifi ed proteins and defi ned assembly con-
ditions have revealed important aspects of the T2 capsid assembly process (Kainov et al.  2003a ; 
Poranen et al.  2001,   2008  ) . The incorporation of the enzymatic components seems to be ensured via 
kinetic control. The nucleation of the T2 shell assembly is dependent on one of the key enzymatic 
subunits, the hexameric helicase (P4,  Pseudomonas  phage  j 6; Poranen et al.  2001  )  or the poly-
merase subunit (P2,  Pseudomonas  phage  j 8; Kainov et al.  2003a  ) . Kinetic analyses of phage  j 6 
assembly have also identifi ed a role for the minor T2 capsid component protein P7 (Paatero et al. 
 1998 ; Poranen et al.  2001,   2008  ) ; The rate of T2 capsid assembly in vitro increases with rising P7 
concentration, implying that P7 acts as an assembly cofactor. Consequently, the incorporation of 
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P7 into the growing T2 shell structure is also kinetically favored. In line with these observations, the 
current models of rotavirus and orbivirus assembly pathways suggest that the viral polymerase-
capping complex associated with several copies of the T2 protein is a likely assembly intermediate 
in the pathway of T2 capsid assembly (Guglielmi et al.  2010 ; Roy  2005  ) . 

    17.2.5.1   T2 Shell Assembly Intermediates: Dimers 
of Dimers or Pentamers of Dimers? 

 Although the information on the assembly pathway for reovirus T2 capsid assembly is still scattered, 
it is likely that the assembly pathways for T2 capsids of cystoviruses and reoviruses are distinct. 
Thus, the slight differences detected in the organization of the T2 capsid architecture (Fig.  17.1 ) may 
also be refl ected in the assembly process. 

 The  Pseudomonas  phage  j 8 T2 protein is isolated as a stable tetramer (Kainov et al.  2003a  )  and 
kinetic analyses of  Pseudomonas  phage  j 6 assembly have revealed a complex containing a tetramer 
of the T2 protein bridging two hexamers of the helicase protein (P4) between neighboring fi vefold 
vertices as the rate-limiting, nucleation step (Poranen et al.  2001  ) . This suggests that the assembly 
of cystoviral T2 capsid (Fig.  17.2 ) proceeds via a twofold centered assembly intermediate composed 
of dimers of A–B dimers (A and B being the different conformers of the T2 protein, see Sect.  17.2.1 ). 
Interestingly, recent structural analyses of  Penicillium stoloniferum  virus (a partitivirus) also sug-
gested a tetrameric twofold centered capsid assembly intermediate (Pan et al.  2009  ) . The strongest 
interactions between T2 protein A–B dimers in the  P. stoloniferum  virus T2 capsid occur at the two-
fold axes of icosahedral symmetry; the buried surface area between the dimer pair related by the 
twofold axis is about 3,500 Å 2  which is almost twice that observed between pairs of the dimers 
related by the icosahedral threefold or fi vefold axes of symmetry (approximately 2,000 and 1,900 Å 2 , 
respectively). In addition, the picobirnavirus crystal structure reveals T2 protein dimers with an 
extensive buried surface areas (6,200 Å 2  per subunit) that connect the two decamer structures at the 
icosahedral fi vefold symmetry position (Duquerroy et al.  2009  ) . Consequently, an assembly path-
way proceeding via dimers of T2 protein A–B dimers (Fig.  17.2 ) seems to be common for the T2 
capsids of several dsRNA viruses.  

 The strength of the interaction between protein subunits in the fi nal assembly product has also 
been used to infer the assembly pathway for reovirus T2 capsids. The high-resolution structures of 
different reoviruses (Grimes et al.  1998 ; McClain et al.  2010 ; Reinisch et al.  2000  )  have revealed 
extensive interactions between the subunits within the T2 capsid protein decamers and a pathway 
from A–B dimers to pentamers of A–B dimers (i.e., decamers) and subsequently to the complete T2 
shell has been proposed (Fig.  17.2 ). Further support for this hypothesis was obtained in a study in 
which the expression of a modifi ed bluetongue virus (an orbivirus) T2 protein (with deleted 

  Fig. 17.2    Proposed assembly 
pathway for T2 capsid shells 
of reoviruses ( above ) and 
cystoviruses ( below ). The two 
different conformers of the 
T2 protein are shown in  blue  
and  red . Only the fi nal 
expanded conformation for 
the cystoviral T2 capsid is 
depicted       
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dimerization domain responsible of the interdecamer contacts) resulted in the formation of dimers, 
pentamers, and decamers but prevented the T2 capsid assembly (Kar et al.  2004  ) . This suggests that 
a decamer of T2 protein could be a true assembly intermediate of the bluetongue virus inner capsid. 

 Although assembly pathway models involving the formation of a T2 protein decamer are favored 
for different reoviruses, the relative strength of the T2 protein dimer interactions in rice dwarf virus 
(phytoreovirus) around the threefold icosahedral symmetry axis is stronger than around the fi vefold 
icosahedral axis (Nakagawa et al.  2003 ; 24 hydrogen bonds and 10 salt bridges vs. 18 hydrogen 
bonds and 11 salt bridges for three- and fi vefold, respectively). Thus, a trimer of dimers is another 
potential assembly intermediate during the assembly pathway of this reovirus.    

    17.3   Encapsidation of the Viral Genome 

 The assembly of the dsRNA virus SLP is tightly connected to the replication of the viral genome. 
The encapsidation of the single-stranded genome precursor molecules, which also serve as mRNAs, 
precedes the replication which always takes place within the T2 capsid. Consequently, there are 
specifi c packaging and replication signals in the mRNA molecules (Frilander et al.  1992 ; Gottlieb et al. 
 1994 ; Pirttimaa and Bamford  2000 ; Tortorici et al.  2003,   2006  )  which enable encapsidation of viral 
RNA from the pool of viral and cellular RNAs. 

 The assembly pathway of cystoviruses involves the formation of empty T2 capsids which have a 
distinct compact conformation compared to the dsRNA-fi lled mature T2 capsid (Butcher et al.  1997 ; 
Chap. 26, Fig. 26.2). The empty capsid, also known as a procapsid, has a dodecahedral appearance 
with fi vefold vertices recessed to form inwardly oriented “cups,” whereas the dsRNA-fi lled T2 capsid 
is roughly spherical and also slightly larger in diameter than the empty capsid (50 vs. 46 nm; 
Butcher et al.  1997  ) . In addition, a third conformation, known as expanded procapsid, has been 
detected in preparations of empty T2 capsids as well as in virion-derived SLPs that have lost the 
genome. The expanded procapsid can be considered as an intermediate conformation between the 
empty and dsRNA-fi lled forms being a dodecahedron with shallow depressions at the fi vefold verti-
ces (Butcher et al.  1997  ) . Based on these fi ndings it is evident that the T2 capsid of cystoviruses 
undergoes substantial conformational changes during its maturation from empty to dsRNA-fi lled 
mature T2 capsid. The procapsid expansion leads to approximately 2.4-fold increase in the interior 
volume of the T2 capsid (Huiskonen et al.  2006  ) . 

 Empty T2 capsids have not been detected in cells infected by reoviruses and it is unclear whether 
empty capsids are intermediates of virion assembly. Although the empty recombinant particles of 
reoviruses are indistinguishable from the dsRNA-fi lled SLPs (Kim et al.  2002 ; Zeng et al.  1996  ) , it 
has been suggested that the radial plasticity between the A and B subunits within the capsid could 
allow collapse into a conformation similar to that described for empty T2 capsids of cystoviruses 
(Grimes et al.  1998  ) . Accordingly, recombinant empty T2 capsid of rotavirus adopts a conformation 
resembling the intermediate particle of cystoviruses if incubated in the presence of viral nonstruc-
tural protein NSP5 (Berois et al.  2003  ) . 

 In the large dsRNA viruses, the genome comprises multiple linear dsRNA molecules co- 
encapsidated in a single virus particle (Table  17.1 ), and apparently, only a single copy of each 
genome segment is present in each virion. The number of genome segments among reoviruses varies 
from 10 (orbiviruses, orthoreoviruses) to 12 (phytoreoviruses), and most of the segments encode a 
single gene and short noncoding regions (Mertens  2004  ) . In cystoviruses the genome segments are 
polycistronic and each of the three genome segments encodes four to six distinct polypeptides 
(Hoogstraten et al.  2000 ; Poranen and Bamford  2011 ; Qiao et al.  2010  ) . 

 The electron density maps of reoviruses have revealed that a signifi cant proportion of RNA 
encapsidated within the T2 shell is ordered and appear as concentric layers of density in the 
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icosahedrally averaged DLP structures (Gouet et al.  1999 ; Prasad et al.  1996 ; Reinisch et al.  2000  ) . 
These observations support the proposal that the genomic dsRNA strands make a spiral around the 
enzymatic complexes at the icosahedral vertices (Gouet et al.  1999  ) . It has been proposed that each 
genome segment is associated with a single replicase complex which repeatedly transcribes the seg-
ment (Mertens  2004  ) . This would restrict the maximum number of genome segments to 12 (as there 
are 12 vertices in the icosahedrons). In the case of cystoviruses there is evidence that multiple poly-
merases can simultaneously transcribe a single genome segment (Usala et al.  1980  ) . 

 The concentration of RNA in an orbivirus T2 capsid is approximately 400 g/l which corresponds 
to the concentration in which DNA forms liquid crystalline arrays (Gouet et al.  1999  ) . Based on the 
estimated volume for cystovirus SLP (Huiskonen et al.  2006  )  it appears that the RNA concentration 
in cystoviruses is about 340 g/l. In spite of the high genome density the simultaneous transcription 
of multiple genomic segments can be effi ciently accomplished. 

 The empty T2 capsid seems to be a true assembly intermediate for  Pseudomonas  phage  j 6 and 
related cystoviruses (Bamford and Mindich  1980  ) , but not necessarily for the different reoviruses 
(see Patton and Spencer  2000  ) . The empty cystoviral capsids package the three viral mRNA mole-
cules and replicate these to form dsRNA inside the capsid (Ewen and Revel  1988,   1990 ; Frilander 
and Bamford  1995 ; Gottlieb et al.  1992  ) . Each genome segment has a unique packaging site at the 
5 ¢  end which is recognized by the T2 capsid (Gottlieb et al.  1994 ; Pirttimaa and Bamford  2000 ; 
Qiao et al.  2003  ) . The translocation of the RNA into the capsid is dependent on NTP hydrolysis 
(Frilander and Bamford  1995 ; Gottlieb et al.  1992  )  and is driven by the hexameric helicase forming 
the turrets (Huiskonen et al.  2007 ; Pirttimaa et al.  2002 ;    see Chap.   27     by Erica Mancini and Roman 
Tuma). To ensure the packaging of full complement of the three genome segments, the viral mRNA 
molecules are packaged in a specifi c order and the replication initiates only after the packaging site 
of the last RNA segment has been recognized within the particle (Frilander and Bamford  1995 ; 
Frilander et al.  1995 ; Poranen and Bamford  1999 ; Qiao et al.  1995  ) . The initiation of replication is 
also dependent on a specifi c conserved 3 ¢ -terminal sequence in the viral RNAs (Frilander et al.  1992 ; 
Mindich et al.  1994 ;    see also Chap.   26     by Leonard Mindich). 

 The mechanism by which the genome is encapsidated and how the different viral RNA segments 
are selected for encapsidation is not well understood for any member of the  Reoviridae  family. The 
current models of rotavirus assembly suggest that specifi c interactions between the polymerase and 
the conserved 3 ¢  end of the genome segments would enable specifi c encapsidation of viral RNAs 
(Lu et al.  2008  ) . The polymerase together with the bound RNA and the capping enzyme would 
recruit T2 proteins to form complete fi vefold vertices (including a decamer of T2 protein; 
McClain et al.  2010  ) . Twelve such structures would then come together to form the T2 capsid. The 
specifi c interactions between the RNA molecules would drive the formation of structures containing 
one copy of each of the genome segment thus ensuring encapsidation of a full complement of the 
segments (Patton and Spencer  2000  ) . The properties of the replication intermediates suggest that the 
viral ssRNAs are largely exposed on the T2 capsid surface and are reeled into the capsid during 
replication (Patton and Gallegos  1990  ) . The interaction between the T2 proteins with the polymerase 
is required to switch on the genome replication (Tortorici et al.  2003  ) . The genome encapsidation 
and replication of reoviruses take place in the viroplasm and it is evident that the nonstructural pro-
teins, many of which have RNA-binding activity, play a role in these processes (reviewed by Butan 
and Tucker  2010 ; Taraporewala and Patton  2004  ) . 

    17.3.1   Single or Multiple Packaging Vertices 

 It is well established that the packaging of dsDNA bacteriophage capsid occurs via a portal vertex 
defi ning a unique capsid vertex (   see Chaps.   22     and   23          ). Although the 12 icosahedral vertices in the 
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dsRNA virus T2 capsid appear similar, there is biochemical evidence obtained for  Pseudomonas  
phage  j 6 (cystovirus) that one of the vertices could be structurally and functionally unique. A single 
amino acid substitution in the helicase protein of  j 6 (the hexameric packaging NTPase P4 located 
in the capsid vertices; see Table  17.2  and Sect.  17.2.4.3 ) results in the formation of recombinant T2 
capsids with a greatly reduced amount of P4 (Pirttimaa et al.  2002  ) . Similar particles, with approxi-
mately one P4 hexamer per capsid, can also be obtained by gentle detergent treatment of complete 
T2 capsids (Pirttimaa et al.  2002  ) . This suggests that one of the vertices in the T2 capsid is physically 
different from the other ones. Such P4-defi cient capsids have the same RNA packaging and replica-
tion effi ciencies and rates as the capsids with full complement of P4, whereas P4-null particles 
(recombinant particles with no P4) are completely inactive in RNA packaging (Pirttimaa et al.  2002  ) . 
This indicates that cystovirus T2 capsids may have a special vertex that is necessary and suffi cient 
for genome encapsidation. The P4 hexamers at the other vertices are required during transcription 
and act as passive conduits for mRNA produced in the capsid interior (Kainov et al.  2004 ; 
Pirttimaa et al.  2002  ) . Thus the entry and exit of the genome appear to occur through different ver-
tices in contrast to the dsDNA bacteriophages in which the genome packaging and ejection are 
accomplished via a single vertex.   

    17.4   T13 Shell 

 In the virions of large dsRNA viruses the T2 capsid is enclosed, in most cases, into a protein shell 
organized into  T  = 13  levo  icosahedral lattice (designated here as the T13 shell). In birnaviruses the 
T13 capsid comprises the only capsid layer (Bottcher et al.  1997 ; Coulibaly et al.  2005,   2010  )  mak-
ing them unique among dsRNA viruses. The T13 shell of orbiviruses, rotaviruses, aquareovirus, and 
phytoreoviruses contains 780 copies of the T13 protein (Table  17.2 ), arranged as 260 trimers on the 
T2 shell scaffold (Grimes et al.  1998 ; Cheng et al.  2010 ; McClain et al.  2010 ; Nakagawa et al.  2003  ) . 
In orthoreoviruses and cystoviruses (except in  Pseudomonas  phage  j 8; Jaalinoja et al.  2007  ) , there 
are only 600 copies (200 trimers) of the T13 protein as the  T  = 13 icosahedral lattice is interrupted at 
the vertices by the turrets extending from the underlying T2 shell (Dryden et al.  1993 ; Huiskonen et al. 
 2006  ) . Thus, ten capsid protein monomers contribute to one asymmetric unit in the T13 capsids of 
orthoreoviruses and cystoviruses, while 13 monomers are present in the asymmetric units of dsRNA 
viruses with complete  T  = 13 shells. The inequality in the number of subunits in the T2 and T13 
capsid layers (120 vs. 780 or 600) creates a symmetry mismatch. 

 The T13 protein trimers are located in four or fi ve quasi-equivalent environments. The corre-
sponding icosahedrally independent positions are designated as P, Q, R, S, and T (Grimes et al.  1998 ; 
Fig.  17.3 ). Position P, which is closest to the fi vefold symmetry axis, is present only in the virions 
which have nonturreted T2 capsids (sedoreoviruses; Grimes et al.  1998 ; Cheng et al.  2010 ; 
McClain et al.  2010 ; Nakagawa et al.  2003  ) . The T positions are centered on the threefold axes and 
this is the only position where the symmetries of the two protein layers coincide. The S subunits 
occupy positions adjacent to the twofold axis, and the Q and R subunits are located between the P and 
T sites (Fig.  17.3 ). In orthoreoviruses and cystoviruses, where P sites are not present, the Q sites are 
closest to the fi vefold vertices, encircling the turrets (Dryden et al.  1993 ; Huiskonen et al.  2006  ) .  

    17.4.1   T13 Protein 

 The T13 proteins of rotaviruses, orbiviruses, aquareovirus, orthoreoviruses, and phytoreoviruses 
have noticeable similar folds (Grimes et al.  1995 ; Liemann et al.  2002 ; Mathieu et al.  2001 ; 
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Nakagawa et al.  2003 ; Zhang et al.  2010  ) . The lower part, making contacts with the T2 shell, is 
 a -helical and the upper part, exposed on the surface of the DLP, consists mainly of  b -sheets with a 
jelly roll  b -barrel topology frequently found in viral capsid proteins (Rossmann and Johnson  1989  ) . 
The T13 proteins typically form stable trimers in solution (Gorziglia et al.  1985 ; Basak et al.  1992 ; 
Poranen et al.  2001  ) . Within the trimer each monomer wraps around another in a right-handed 
conformation about the molecular threefold axis (Grimes et al.  1995 ; Liemann et al.  2002 ; 
Mathieu et al.  2001 ; Nakagawa et al.  2003 ; Zhang et al.  2010  ) . 

 The T13 protein of cystoviruses is relatively small (approximately 16 kDa) compared to the cor-
responding proteins of reoviruses (38.5–76 kDa for bluetongue virus and mammalian reovirus, 
respectively; Mertens  2004  ) . Consequently, to cover the underlying T2 capsid, the T13 protein trimer 
of cystoviruses has to be signifi cantly fl at (height about 2.5 nm, diameter about 7.5 nm; Huiskonen et al. 
 2006  )  compared to the corresponding proteins in reoviruses (e.g., orthoreovirus height about 10 nm, 
diameter about 7.5 nm; Liemann et al.  2002  ) . Like the lower domain in the T13 protein of reoviruses 
the cystoviral T13 protein is mostly  a -helical (Bamford et al.  1993 ; Huiskonen et al.  2006  ) . 

 The T13 protein is important for the virion stability but in most cases it is also directly involved 
in the host plasma membrane penetration during virus entry (Chandran et al.  1999 ; Cvirkaite-
Krupovic et al.  2010 ; Nibert and Fields  1992 ; Poranen et al.  1999 ; Tan et al.  2001 ; Xu et al.  1997  ) . 
The entry-related functions in orthoreoviruses are triggered by specifi c protein cleavages which 

  Fig. 17.3    Proposed assembly pathway for the T13 capsid and its structural organization. Five T13 protein trimers, P, 
Q, R, S, and T colored in  red ,  blue ,  green ,  dark blue , and  yellow  can be identifi ed in the T13 capsids of dsRNA viruses 
with nonturreted T2 capsids ( below ,  right ). The two T2 protein conformers A and B of the T2 shell are colored in  dark  
and  light gray , respectively ( up ,  left ). T13 protein T-trimer fi rst associates with the T2 capsid shell at the icosahedral 
threefold symmetry positions. R-trimers are then attached, followed by Q- and S-trimers and fi nally by the P-trimers 
at the icosahedral fi vefold positions. Molecular graphics images were produced using the UCSF Chimera package 
from the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco 
(supported by NIH P41 RR001081; Pettersen et al.  2004  ) . The X-ray structure of bluetongue virus core (protein data 
bank accession number 2btv) was used as a template       
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apparently take place during the virus entry (Nibert et al.  2005  ) . In rotavirus the presence of the T13 
layer is probably needed for the viral transcription (Bican et al.  1982 ; Charpilienne et al.  2002 ; 
Lawton et al.  1997a  ) .  

    17.4.2   T13 Capsid-Associated Proteins 

 Cystoviruses have a small protein component P5 which is located beneath the envelope and loosely 
associated with the T13 shell (Hantula and Bamford  1988  ) . This protein has murein peptidase activ-
ity and is essential for the peptidoglycan penetration during virus entry into its bacterial host (Mindich 
and Lehman  1979  ) . There is no high-resolution structural information on this protein. However, 
image reconstructions of  Pseudomonas  phage  j 12 have identifi ed 60 symmetrically orientated den-
sities on the T13 shell surface that could correspond to protein P5 (Wei et al.  2009  ) . 

 To facilitate the comparison of dsRNA viruses, the different T13 shell-associated virion proteins 
that are exposed on the virion surface are discussed under Sect.  17.5 .  

    17.4.3   Assembly of the T13 Capsid 

 In vitro reconstitution of DLP from SLPs and T13 protein has been demonstrated for cystoviruses 
(Olkkonen et al.  1990  ) , rotaviruses (Charpilienne et al.  2002  ) , and orthoreoviruses (T13 protein/ s 3 
heterohexamers; Chandran et al.  1999  )  either using purifi ed constituents or cell extract. In the 
absence of the SLP, the T13 proteins of several dsRNA viruses self-assemble into different nonico-
sahedral structures such as two-dimensional hexagonal arrays, helical tubes, or polydisperse mixtures 
of aberrant spiral-like shells (Burroughs et al.  1994 ; Iwasaki et al.  2008 ; Lepault et al.  2001 ; 
Olkkonen et al.  1991 ; Zhu et al.  1997  ) . Such observations suggest that the underlying T2 capsid 
template plays a critical role in organizing the surrounding  T  = 13 icosahedral lattice. 

 The high-resolution structure of phytoreovirus, orbireovirus, and rotavirus DLPs has revealed 
major interaction sites between the T2 and T13 layers suggesting a pathway for T13 shell assembly. 
The fi rst T13 protein trimer interacting with the underlying T2 shell is most likely the T-trimer 
located at the icosahedral threefold axis of the SLP (Fig.  17.3 ) as the interactions between 
T13 protein trimer and T2 capsid are strongest at these positions (Grimes et al.  1998 ; McClain et al. 
 2010 ; Nakagawa et al.  2003  ) . Phytoreovirus SLPs decorated with the T13 protein trimers at the 
icosahedral threefold axis of symmetry have been isolated confi rming that such structures are stable 
and thus potential assembly intermediates (Wu et al.  2000  ) . The T13 protein T trimers likely nucle-
ate the extension of the T13 lattice through strong side-to-side interactions with neighboring T13 
protein trimers. The R-trimers of T13 protein fi rst pack around the T-trimers followed by Q- and 
S-trimers. The assembly is fi nished by the incorporation of P-trimers which make the least favorable 
contacts with the T2 layer (Fig.  17.3 ). The interactions with the underlying T2 capsid are relatively 
weak at positions of symmetry mismatches between the  T  = 1 and  T  = 13 layers. Consistent with this 
model, particles with incomplete T13 shell, in which the fi ve P-trimers around the fi vefold vertices 
are absent, are produced in a recombinant expression system of orbivirus T2 and T13 proteins 
(Hewat et al.  1992 ; Nason et al.  2004  ) . 

 The assembly pathway for the T13 shell presented above does not necessarily apply for dsRNA 
viruses with turreted T2 capsids. In orthoreoviruses, the capping enzyme forming the turrets is 
required for the assembly of the T13 shell (Kim et al.  2002  )  suggesting that interactions between the 
T13 protein and the capping enzyme at the icosahedral fi vefold vertices are essential for the 
formation of the T13 shell, probably due to the need to nucleate the T13 shell assembly. Such 
hypothesis is supported by a recent cryo-EM-based model of aquareovirus virion, which shows clear 
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areas of interactions between the turret and the Q-trimers (Cheng et al.  2010  ) . Consequently, the 
incorporation of the T13 protein trimers on turreted and nonturreted T2 capsids may be accom-
plished in opposite orders. 

 The assembly of the orthoreovirus T13 shell is also dependent on the outer capsid proteins  s 3 
which forms heterohexameric complexes with the T13 protein (Liemann et al.  2002  ) . This interac-
tion has been shown to be essential for the assembly of the T13 capsid around the orthoreovirus SLPs 
(Chandran et al.  1999 ; Shing and Coombs  1996  ) . Consequently,  s 3 could be considered as to be an 
integral part of the T13 shell. Nevertheless,  s 3 can be uncoated from the virion resulting in stable 
particles (Jane-Valbuena et al.  1999  ) . Thus the integrity of the T13 layer is not dependent on  s 3.   

    17.5   Outer Virion Layers 

 The outermost virion layer in large icosahedral dsRNA viruses is the most variable in structure, 
organization, and composition (Table  17.2 ) being a lipid–protein envelope in cystoviruses or com-
posed of variety of unrelated proteins in different reoviruses (Table  17.2 ). The components external 
to the T13 capsid may either form a distinct structural shell (outer capsid in rotaviruses and envelope 
in cystoviruses) or a noncontiguous layer as observed in orthoreoviruses and orbiviruses. 

 The outer virion layers of rotaviruses and orthoreoviruses follow the  T  = 13 icosahedral symmetry 
of the underlying T13 capsid. In orthoreoviruses, the T13 protein layer is decorated with  s 3 protein 
(see Sect.  17.4.3 ) and the trimeric cell attachment protein  s 1, with a distinct head and tail morphol-
ogy (Chappell et al.  2002 ; Fraser et al.  1990  )  attached to the turrets of the underlying T2 capsid at 
the icosahedral vertices of the DLP. The rotavirus outer protein layer is composed of 260 trimers of 
the outer capsid protein VP7 located at the icosahedral and local threefold axes of the  T  = 13 
icosahedral lattice and 60 trimers of spike protein VP4 inserted into specifi c channels of the 
 T  = 13 lattices, around the icosahedral fi vefold axes (Li et al.  2009 ; Prasad et al.  1988,   1990 ; 
Settembre et al.  2011  ) . 

 The outer capsid of orbiviruses is made up of two distinct structures, triskelions (trimers of VP2) 
located on the Q-type T13 protein trimers close to the icosahedral fi vefold axes of the  T  = 13 lattice 
and globular multimers (trimers of VP5) located at the quasi-sixfold axes of the underlying  T  = 13 
shell (Hassan et al.  2001 ; Hassan and Roy  1999 ; Zhang et al.  2011  ) . The organization of proteins in 
the outer surface layer of phytoreovirus virions is not currently known but it contains at least protein 
P2, a minor virion component with membrane-fusogenic activity, which can be specifi cally removed 
from the surface of the virion without loss of other viral proteins (Yan et al.  1996 ; Zhou et al.  2007  ) . 
Protein P9, which was initially considered to be a viral nonstructural protein, is likely also associated 
on the phytoreovirus virion surface (Zhong et al.  2003  ) . 

 The envelope of cystoviruses is derived from the bacterial plasma membrane and it contains three to 
four integral membrane proteins (including protein P6 which mediates fusion between the bacterial outer 
membrane and the virion envelope; Bamford et al.  1987  )  and one to three peripheral membrane proteins 
forming the spikes (see, e.g., Gottlieb et al.  1988a,   2002 ; Hoogstraten et al.  2000  ) . The membrane pro-
teins in the cystoviral envelope are not arranged on an icosahedral lattice (Jaalinoja et al.  2007  ) .  

    17.6   Conclusions 

 A wealth of exciting information on the structure and assembly of large icosahedral dsRNA viruses 
has been obtained during the past decades. The members of  Reoviridae  have been especially amiable 
for structural studies and the research has been pushing the structural biology forward in order to 
obtain high-resolution structural information on these complex multifunctional molecular machines 
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(see, e.g., Grimes et al.  1998 ; Prasad et al.  1996 ; Settembre et al.  2011 ; Zhang et al.  2010  ) . Such 
information has also led to the hypotheses on the assembly pathways for different representatives of 
this large viral family (see Sects.  17.2.5  and  17.4.3 ). 

 The unique in vitro assembly system for  Pseudomonas  phage  j 6 has allowed analyses of a 
dsRNA virus assembly from purifi ed protein and RNA components to infectious biologically func-
tional DLPs (Poranen et al.  2001  ) . All the information for the formation of the complex multifunc-
tional  j 6 DLP is carried within the structures of the components; no additional viral or cellular 
factors are required in the process. Consequently, it has been possible to reveal several fi ne details of 
the assembly and replication of cystoviruses (see Sects.  17.2.5  and  17.3 ; Poranen et al.  2005a,   b ; 
Chap 27, Fig. 27.3a ) . 

 Unlike in cystoviruses, the nonstructural proteins have a major role in the morphogenesis of reo-
virus DPLs. They induce the formation of viral inclusion bodies in infected cells and apparently are 
important in the encapsidation of viral RNAs into the T2 capsids (see Sects.  17.1.1.2  and  17.3 ). The 
structural proteins alone have also a strong inherent capacity to self-assemble into defi ned empty 
virus-like particles (Sect.  17.2.5 ). The details of the genome encapsidation processes are still obscure, 
and further research is required to get insights to these events. 

 The different approaches including analyses of mutant virus infections, recombinant expression 
systems for viral proteins, medium and high-resolution structural analyses, and in vitro assembly 
systems have been elementary in defi ning the assembly pathway for the large multilayered dsRNA 
viruses (see Sects.  17.2.5  and  17.4.3 ; Figs.  17.2  and  17.3 ). It appears that there is certain degree of 
fl exibility in the way that principally similar virion structures (T2 and T13 capsids) are built up 
among the different dsRNA viruses.      
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  Abstract   Papillomaviruses are a diverse group of DNA viruses that infect the skin and mucosal 
tissues of vertebrates. More than 100 distinct human papillomavirus (HPV) genotypes have so far 
been identifi ed. A subset of HPVs is known to cause human cancer. Although recently developed 
vaccines protect vaccinated individuals from the two most carcinogenic HPV types, there is a press-
ing need for next-generation vaccines that might offer broad-spectrum protection against the full 
range of cancer-causing HPVs. The ongoing development of such vaccines will be facilitated by a 
deeper understanding of the mechanics of the assembly of the nonenveloped papillomavirus virion, 
as well as the machinelike structural changes that occur in the virion during the process of infectious 
entry into host cells. This chapter reviews the fi eld’s current knowledge of these two aspects of papil-
lomavirus biology and speculates about areas where further work is needed.   

     18.1   Introduction 

 Papillomaviruses are icosahedral nonenveloped circular dsDNA viruses that infect a wide range of 
vertebrate hosts. Papillomaviruses that infect humans [human papillomavirus (HPVs)] are currently 
divided into 120 serologically distinct genotypes, and the list of newly identifi ed types continues to 
expand (Bernard et al.  2010  ) . Although a subset of HPV types can cause skin warts (papillomas), for 
which the family is named, a great majority of HPV infections are clinically asymptomatic. Infection 
with a subset of about a dozen sexually transmitted HPV types is a causal factor underlying nearly 
all cases of cervical cancer, as well as a substantial fraction of head/neck cancers and anal/genital 
cancers. Although a recently licensed vaccine against the two most common cancer-causing HPVs 
is expected to dramatically reduce the incidence of cervical cancer in vaccinated women, the 
development of improved vaccines that can protect against a wider range of disease-causing HPVs 
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is critically dependent on an improved understanding of the various machine-like features of the 
papillomavirus virion. 

 Most nonenveloped viruses must destroy the infected host cell to allow the escape of new progeny 
virions. Papillomaviruses, in contrast, achieve release into the environment via the constitutive shed-
ding of cellular material that naturally occurs at the surface of healthy skin and mucosal tissues. To 
exploit this unique vulnerability in vertebrate biology, papillomaviruses have adopted an exquisitely 
tissue-specifi c life cycle, replicating exclusively in the keratinocytes that differentiate to produce the 
tough, cross-linked outer surface of the skin. The biology of this virus family can thus only be fully 
understood when viewed through the prism of vertebrate skin biology. 

 After reviewing the tissue biological underpinnings of the papillomavirus life cycle, this chapter 
will focus on the machine-like aspects of virion assembly. This aspect of the chapter will cover 
recent progress toward understanding how the virus exploits the slow process of keratinocyte dif-
ferentiation that occurs near the skin surface. Then we will review recent progress toward a more 
detailed understanding of the multiple structural rearrangements that allow the virion to deliver the 
viral DNA to the nucleus of new host cells. Exciting progress has been made in recent years toward 
understanding how these steps occur in live animal models. An important concluding theme of the 
chapter will be the concept that improved understanding of how the papillomavirus mousetrap is 
sprung should facilitate the development of next-generation vaccines that could offer full protection 
against all cancer-causing HPVs, as well as the wide variety of HPV types that cause skin warts.  

    18.2   History and Medical Signifi cance of Papillomaviruses 

 The concept that skin warts could be experimentally transmitted between humans was fi rst put for-
ward in the late nineteenth century (Variot  1894  ) . The viral nature of the transmissible agent(s) 
capable of causing warts in humans was established by the early twentieth century (Ciuffo  1907 ; 
Serra  1924 ; Ullmann  1923  ) . This early period in papillomavirus research also saw the development 
of animal model systems for the study of skin warts and other benign transmissible tumors, using 
viruses now known as canine oral papillomavirus (COPV), cottontail rabbit papillomavirus (CRPV), 
and bovine papillomavirus type 1 (BPV1) (reviewed in Lowy  2007  and Christensen  2005  ) . 

 In a landmark series of studies beginning in the mid-1930s, Rous and others showed that the 
benign skin lesions induced by experimental challenge of rabbits with CRPV can progress to malig-
nant skin cancer (Rous and Beard  1935 ; Syverton and Berry  1935  ) . This was the fi rst demonstration 
that a virus could cause cancer in mammals, building on Rous’ previous demonstration of a cancer-
causing virus of chickens (the retrovirus known as Rous sarcoma virus). Although a variety of 
follow-up studies using animal model systems shed further light on the basic biology of papilloma-
viruses, the fi eld was presented with a major obstacle in the 1950s, when it became apparent that 
papillomaviruses could not be propagated in standard monolayer cell culture systems. Another major 
technical barrier has been the fact that no papillomavirus tropic for  Mus musculus  has yet been iden-
tifi ed. Research interest therefore oriented more toward the polyomaviruses, a different group of 
nonenveloped DNA viruses that are readily propagated in vitro and readily cause cancer in small 
rodent systems. The study of papillomaviruses languished somewhat until the dawn of recombinant 
DNA technology in the 1970s. This technical revolution made it possible to study HPV biology, 
even in the face of the relative intractability of in vitro and in vivo culture systems. 

 Application of molecular approaches to the study of HPVs quickly led to a variety of important 
discoveries. First, the use of low-stringency hybridization techniques and Sanger sequencing of 
cloned HPV genomes revealed the existence of multiple HPV types, with each type exhibiting an 
apparent preference for specifi c skin areas (Danos et al.  1983 ; Gissmann et al.  1977 ; Orth et al.  1977 ; 
Schwarz et al.  1983  ) . Molecular cloning also facilitated investigation of the function of papilloma-
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virus oncogenes in vitro (Groff and Lancaster  1986 ; Schiller et al.  1984 ; Yang et al.  1985  ) . Studies 
of an unusual condition known as epidermodysplasia verruciformis (EV), in which subjects are 
susceptible to the development of fl at warts over wide areas of skin, uncovered the fi rst evidence that 
HPVs, like CRPV, can cause cancer. Although EV lesions are generally benign, they can progress to 
squamous cell carcinoma, particularly in sun-exposed skin areas. Molecular analysis showed that, 
while benign EV lesions contain a variety of HPV types, a majority of malignant lesions contain two 
related HPV genotypes, HPV5 and HPV8 (Orth  1986 ; Orth et al.  1978,   1979  ) . 

 The recombinant DNA revolution in the study of papillomaviruses set the stage for solving a 
long-standing medical mystery: namely, the concept that cancer of the uterine cervix might be caused 
by a sexually transmitted infectious agent. The roots of this hypothesis stem from early fi ndings 
indicating that the incidence of cervical cancer among prostitutes is much greater than among nuns 
(Rigoni-Stern  1842  ) . A breakthrough series of studies by zur Hausen and colleagues uncovered the 
existence of HPV types 16 and 18 in cervical tumors and cervical cancer cell lines (Boshart et al. 
 1984 ; Durst et al.  1983  ) . Low-stringency hybridization approaches showed that a very high 
proportion of cervical cancers contain HPVs related to HPV types 16 or 18. The fi ndings clearly 
implicated HPVs as causal agents that etiologically underlie the development of cervical cancer, 
triggering an avalanche of basic science and epidemiological research into the role of papillomavi-
ruses in human disease. zur Hausen’s pioneering work in establishing the causal role of a subset of 
HPV types in nearly all cases of cervical cancers was recognized with a Nobel Prize in Medicine in 
2008 (reviewed in zur Hausen  2009  ) . More recent studies have demonstrated that HPVs, particularly 
HPV16, also cause a substantial fraction of several additional types of cancer, including anal, penile, 
and vulvar cancer, as well as cancers of the tonsils and oropharynx (reviewed in Chung and Gillison 
 2009  and Giuliano et al.  2008  ) . 

 To date, 120 distinct HPV types have been cloned and characterized (Bernard et al.  2010  ) . About 
a dozen HPV types are associated with a high risk of cervical cancer, with HPV16 and HPV18 being 
the two most common cancer-causing types (reviewed in Schiffman and Castle  2003  ) . Two HPV 
types, HPV6 and HPV11, cause most cases of genital warts (also known as condyloma accuminata). 
A different subset of HPV types can cause benign skin warts, which commonly occur among chil-
dren. Although skin warts are not life threatening, they can be painful when located on the soles of 
the feet, and physician visits for treatment of skin warts present a nontrivial cost to health-care sys-
tems worldwide. In addition to the various HPV types that cause disease symptoms, it is also well 
established that essentially all humans harbor lifelong, clinically inapparent infections with various 
skin-dwelling HPV types. Since some of these clinically occult HPV types are found in EV lesions, 
they are often generically referred to as “EV types.” The possibility that a minority of EV-type HPV 
infections can lead to various forms of skin cancer in non-EV individuals is the subject of ongoing 
investigation (reviewed in Feltkamp et al.  2008  ) . 

 In 2006, a preventive vaccine against HPV types 6, 11, 16, and 18 was approved for use in girls 
and young women (reviewed in Lowy et al.  2008  ) . The vaccine has recently achieved approval for 
use in boys and young men as well. An additional vaccine targeting only types 16 and 18 achieved 
licensure in various countries in 2007–2009. Both vaccines make use of the fact that the L1 major 
capsid protein of papillomaviruses can spontaneously assemble into virus-like particles that closely 
resemble authentic virions. The nature of recombinant papillomavirus VLPs will be discussed in 
greater detail below. Recombinant HPV VLPs are potently immunogenic and elicit high-titer 
L1-specifi c antibody responses capable of neutralizing cognate HPV types and preventing initial 
infection. Although the current HPV vaccines are expected to confer lifelong protection against 
initial infection with the specifi c HPV types in the vaccine, they are unlikely to protect against the 
full range of HPV types capable of causing cervical cancer (reviewed in Lowy et al.  2008  ) . Thus, 
although HPV16 and HPV18 are thought to cause roughly 70% of all cervical cancers, vaccinated 
individuals will still be at some risk of being infected with cancer-causing HPV types not covered by 
the vaccine.  
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    18.3   The Papillomavirus Life Cycle 

 Papillomaviruses have evolved to exploit the biology of keratinocytes, which form the surface of the 
skin, as well as the surface of the genital, oral, and much of the airway epithelium. The viral life 
cycle can be broadly divided into three stages: (1) production and release of progeny virions; 
(2) virion penetration of the epithelial surface, followed by a series of steps leading up to infectious 
delivery of the viral DNA to the nucleus of a host keratinocyte; and (3) establishment and mainte-
nance of the viral episome. Although each step of the life cycle has a variety of machine-like fea-
tures, this review will focus specifi cally on the molecular mechanics of papillomavirus virion 
structures during the fi nal steps of virion production and the initial conformational changes that lead 
up to internalization of the virion into a new host cell. For additional information on the later steps 
in the infectious entry process, as well as the establishment and maintenance phase of the life cycle, 
the reader is referred to recent reviews on these topics (Burk et al.  2009 ; Day and Schiller  2009 ; 
Howley and Livingston  2009 ; McBride  2008 ; Sapp and Bienkowska-Haba  2009  ) . 

 The histological architecture of the skin is shown, in cartoon form, in Fig.  18.1  (Doorbar  2005  ) . 
The dermis, portrayed at the base of the cartoon, is composed primarily of fi broblasts and is overlaid 
by a relatively acellular basement membrane. The basement membrane delineates the dermis from 
the epidermis, the latter being composed primarily of keratinocytes. The epidermis is subdivided into 
distinct layers that are dictated by the differentiation state of the keratinocytes. Mitotically active 
basal keratinocytes that reside along the basement membrane give rise to transit-amplifying cells that 
are gradually pushed up off the basement membrane. The progeny keratinocytes then undergo a 
complex series of differentiation steps as they are gradually pushed toward the outer surface of the 

  Fig. 18.1    The  left panel  shows a diagram of the skin. The fi broblast-rich dermis is portrayed at the bottom. This layer 
is overlaid with a basement membrane ( dark blue ) upon which mitotically active basal keratinocytes rest. As keratino-
cytes begin to differentiate to form the epidermis, they detach from the basement membrane and are pushed up toward 
the skin surface and are eventually shed through a process called desquamation. It is thought that papillomaviruses gain 
access to the basal keratinocytes that are the productive targets of infection via microtrauma (small wounds) in the 
epidermis.  Arrows  depict the expression patterns for papillomavirus genes. A diagram of the major genes common 
among papillomaviruses is shown on the  right  side of the fi gure       
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skin by the replicating cells underneath. The fi nal stages in keratinocyte differentiation, which occur 
near the outer surface of the epidermis, include a series of biochemical reactions that form protein–
protein cross-links and generate an unusual spectrum of lipids that form the tough exterior surface 
that prevents the loss of water from the underlying tissue and defends against the entry of microbes 
and chemical insults. Dead keratinocytes undergo a programmed form of cellular fragmentation and 
are shed into the environment through a process called desquamation. It is thought that the entire 
keratinocyte differentiation pathway takes roughly 2 weeks to complete in a typical skin surface.  

 While papillomaviruses can nonproductively infect a variety of cell types, including fi broblasts of 
the dermis, the full viral life cycle can only be completed in differentiating keratinocytes. The initial 
targets of productive infection are believed to be the relatively undifferentiated basal keratinocytes 
that reside along the basement membrane. Initially, the incoming viral genome is thought to express 
very low levels of the viral early genes, including the oncogenes E5, E6, and E7; the transcriptional 
regulator E2; and the DNA helicase E1. Collectively, these viral proteins drive the basal keratinocyte 
to divide and stimulate low levels of replication of the viral DNA. Several lines of indirect evidence 
support the concept that papillomaviruses can persist in a latent state in basal keratinocytes for the 
lifetime of the host. The fact that the latently infected cell expresses only trace amounts of the viral 
proteins is likely key to this remarkable ability to escape immune-mediated clearance. Thus, the 
virus is under a high degree of selective pressure to remain in a “quiet” state in cellular environments 
that resemble basal keratinocytes. This evolutionary pressure likely accounts for the failure of papil-
lomaviruses to complete the late phase of the life cycle in conventional cultured cell lines. 

 Keratinocyte differentiation triggers a profound shift in the behavior of the virus. First, the viral 
DNA is amplifi ed to much higher copy numbers (thousands of viral genomes per cell). This gener-
ally occurs in the middle “spinous” layer of the epidermis (reviewed in Doorbar  2005  ) . The expression 
of the two viral capsid proteins, L1 and L2, occurs only in the outermost layers of the epidermis. It 
is thought that these tough, cross-linked layers of the epidermis are not generally subject to extensive 
immune surveillance, thus providing a cloak for the highly immunogenic capsid proteins. Assembled 
virions are ultimately shed into the environment through the normal process of desquamation. The 
fact that the papillomavirus does not need to risk triggering the proinfl ammatory signals associated 
with active virally induced cell lysis is believed to be a key aspect of the relatively quiet and languid 
lifestyle papillomaviruses have evolved to pursue. 

 In a technical breakthrough in the early 1990s, Meyers and colleagues showed that it is possible 
to induce HPV virion production by exposing infected keratinocytes to an air–liquid interface in 
organotypic “raft” culture systems (Meyers et al.  1992  ) . The rafted keratinocytes undergo a differ-
entiation process that closely resembles the normal process of differentiation in the epidermis. The 
raft culture system has been of great value for understanding the full papillomavirus life cycle 
(reviewed in Conway and Meyers  2009  ) . 

 In recent years, systems have been developed for producing papillomavirus-based gene transfer 
vectors (commonly referred to as “pseudoviruses”) using standard monolayer cell cultures (Buck et al. 
 2004,   2005b  ) . In this system, plasmids encoding reporter genes are cotransfected into cells along 
with recombinant expression plasmids encoding papillomavirus L1 and L2 genes. A key element of 
the system is the use of L1 and L2 genes that carry an extensive series of silent mutations designed 
to eradicate the inhibitory RNA sequences that prevent the expression of L1 and L2 in basal kerati-
nocytes and in cultured cell lines (Leder et al.  2001 ; Schwartz  2000 ; Zhou et al.  1999  ) . It is possible 
to generate pseudovirion preparations with particle to infectivity ratios as low as 7:1 (Buck et al. 
 2004  ) . This is a remarkably high degree of infectivity compared to most animal viruses. Thus far, no 
clear differences have been identifi ed in comparisons between the infectious entry pathways used by 
authentic papillomavirus virions and the transduction pathways used by reporter pseudovirions 
in vitro. Although the pseudovirus systems are quite removed from many features of the natural 
papillomavirus life cycle, the ability to generate very high yields of reporter pseudovirions has helped 
shed light on virion structure, as well as the initial steps of papillomavirus infectious entry both 
in vitro and, more recently, in vivo (Johnson et al.  2009 ; Kines et al.  2009 ; Roberts et al.  2007  ) .  
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    18.4   Virion Maturation: Building a Brownian Mousetrap 

 Early negative stain electron microscopy (EM) analyses of virions extracted from skin warts revealed 
a generally icosahedral structure with regular knob-like protrusions (Finch and Klug  1965 ; Klug 
and Finch  1965,   1968  ) . More detailed structures were eventually obtained by computerized image 
reconstruction based on electron micrographs of virions suspended in vitrifi ed ice (Belnap et al.  1996 ; 
Hagensee et al.  1994 ; Trus et al.  1997  ) . These cryo-electron microscopy (cryo-EM) studies and sup-
porting biochemical analyses revealed that the knob-like capsomers were formed from pentamers of 
the L1 protein. The 72 pentameric L1 capsomers that form the virion are arranged on a  T  = 7 icosahe-
dral lattice. The atomic structure of the core of the capsomer knob was solved by X-ray crystallogra-
phy of a 12 capsomer,  T  = 1 subviral particle formed by a recombinant N- and C-truncated HPV16 L1 
protein (Chen et al.  2000  ) . The core fold of the capsomer knob is composed of an eight-stranded beta 
jellyroll. Modis and colleagues have fi tted the atomic structure of HPV16 L1 into a high-resolution 
cryo-EM structure for BPV1 (Trus et al.  1997  )  to produce a quasi-atomic model of the structure of 
the full HPV16 virion (Modis et al.  2002  ) . A very recent higher resolution cryo-EM image recon-
struction study by Wolf and colleagues, using BPV1 virions, puts forth a revised quasi-atomic model 
(Wolf et al.  2010  )  for the full virion. Both the Modis and the revised Wolf model agree that a portion 
of L1 near the C terminus reaches out to invade neighboring pentameric capsomers (Fig.  18.2 ). In the 
model deduced by Wolf and colleagues, the L1 loops back to rejoin the original donor capsomer via 
a disconnected strut of density that travels through the canyon between the capsomer knobs.  

  Fig. 18.2    The fi gure shows an atomic model of the arrangement of L1 based on high-resolution cryo-EM of BPV1 
virions. The  top panel  shows the pattern in which the C-terminal arms of L1 invade neighboring capsomers. The  bottom 
panel  highlights the primary disulfi de bond that stabilizes intercapsomeric contacts. In this construction, the invading arm 
of the  green chain  forms a disulfi de bond near the upper cornice of a neighboring pentamer (invaded L1 is in  yellow )       
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 Until recently, the abundance of a second capsid protein, L2, was not known, although older stud-
ies examining virions extracted from human skin warts suggested that the ratio of L1:L2 could be as 
low as 5:1 (i.e., 72 molecules of L2 per virion). We have recently confi rmed that HPV1 and HPV2 
virions extracted from skin warts display an L1:L2 ratio of about 5:1 (unpublished results). Cryo-EM 
comparison of L1 + L2 pseudovirions to L1-only VLPs has revealed a button of L2-specifi c density at 
the base of the interior lumen of each capsomer knob (see Fig.  18.3 ). In order to visualize L2 within 
the capsid, two experiments were required (Buck et al.  2008  ) . First, L1 + L2 pseudovirions with an 
L1:L2 ratio approaching 5:1 were produced, imaged in a cryo-electron microscope, and analyzed 
with standard 3D reconstruction (3DR) techniques (Baker and Cheng  1996  )  to 22.7 Å resolution 
(Fourier Shell Correlation (FSC) = 0.3). Second, another pseudovirus system produced Ll-only capsids 
(Fig.  18.3a ) which underwent the same analysis yielding 25.1 Å resolution (FSC = 0.3). Visually, the 
outside of the two 3DRs looked essentially the same. However, an additional density (red in Fig.  18.3b ) 
present only in the L1 + L2 reconstruction could be seen beneath the axial lumen of each L1 capsomer. 
This density (about 12 kDa) represents only a portion of L2, and the site through which L2 is thought 
to emerge from the virion (see below) has yet to be determined. The remaining L2 mass is either 
disordered or not suffi ciently ordered to be visualized at the current resolution.  

 Although chaperones such as Hsc70 likely facilitate the virion assembly process in the setting of 
the cell nucleus, it is clear that purifi ed L1 and L2 can spontaneously coassemble and even take up 
purifi ed DNA without the assistance of any protein chaperones (Chromy et al.  2003 ; Florin et al. 
 2004  )  (Combita et al.  2001 ; Touze and Coursaget  1998  ) . In the context of pseudovirion production in 
transfected cells, L1 and L2 appear to be highly promiscuous in their ability to take up various types 
of chromatinized DNA, including reporter plasmids (Buck et al.  2004  ) , transfected recombinant HPV 
genomes (Pyeon et al.  2005  ) , and even loops of cellular DNA (Buck et al.  2005a  ) . The L1 and L2 of 
HPV16 appear to be particularly promiscuous, such that a majority of the DNA in pseudovirion 
preparations is composed of linear fragments of cellular DNA similar to the ~8 kb length of natural 
papillomavirus genomes. L2 appears to play a role in uptake of a complete “head full” of DNA, as L1 
VLPs produced in the absence of L2 contain either no cellular DNA or much smaller fragments of 
cellular DNA, depending on the papillomavirus type. Although the pseudovirus production system 
can package essentially any plasmid less than 8 kb in size, some plasmids are taken up with very low 
effi ciency (unpublished results). The pattern of packaging effi ciency does not appear to have any 

  Fig. 18.3    ( a ) An inside view of an HPV16 capsid 3D reconstruction (3DR) that contains only the major capsid pro-
tein L1 is shown in  blue . ( b ) After subtracting the L1-only 3DR from a 3D reconstruction containing both L1 and the 
minor capsid protein L2, the 3D difference map shows only the minor capsid protein L2 in  red , which is superimposed 
on the L1-only 3D map in  blue . The  red  density represents only about one-third of the protein from L2. The remainder 
is either disordered or not detected at this resolution. The capsid diameter is ~600 Å       
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clear correlates in terms of the primary DNA sequence, and fragments of cognate papillomavirus 
genomic DNA do not appear to improve the packaging effi ciency for poorly packageable plasmids. 
A characteristic feature of papillomaviruses is that the viral genome is taken up fully decorated with 
cellular histones (Favre et al.  1975  ) . Thus, one possibility is that L1 and L2 interact with a specifi c 
spectrum of posttranslationally modifi ed histones that might be enriched on the viral minichromo-
some (or reporter plasmid) in vivo. Interestingly, the core fold of L1 closely resembles a family of 
pentameric histone-binding cellular proteins known as nucleoplasmins. Although papillomavirus L1 
proteins share little primary amino acid homology with the nucleoplasmins, their common fold (and, 
conceivably, their ability to coordinate histones) might refl ect common evolutionary origins. 

 Under the right conditions, purifi ed L1 protein can assemble into pentameric capsomers that 
spontaneously coassociate to form virus-like particles with an exterior appearance that is essentially 
indistinguishable from natural virions. This remarkable feature of L1 made possible the current HPV 
VLP vaccines, which are generated by in vitro disassembly and reassembly of purifi ed L1 protein 
(McCarthy et al.  1998  ) . It is well established that papillomavirus virions and L1 VLPs are stabilized 
by disulfi de bonds between cysteine side chains of neighboring L1 molecules (Li et al.  1998  ) . The 
proper formation of disulfi de bonds is likely important for the stability and immunogenicity of VLPs 
used in the current HPV vaccines (Schadlich et al.  2009 ; Zhao et al.  2002  ) . 

 For HPV16, the stabilizing disulfi de bonds involve cysteine residues 175 and 428 (Li et al.  1998 ; 
Modis et al.  2002 ; Sapp et al.  1998  ) . L1 C175S mutants incapable of forming the 175–428 bond are 
able to form pseudovirions that protect encapsidated DNA from nucleases, but the mutant pseudovi-
rions are fragile and easily disrupted (Buck et al.  2004  ) . Interestingly, although C175S mutant viri-
ons are physically fragile, they remain capable of transducing reporter plasmids into cells at levels 
that approach wild-type mature pseudovirions. This suggests that virion maturation is not crucial for 
engagement of the various steps of infectious entry but primarily contributes to the environmental 
stability of the virus. Maturation may also serve to occlude conserved motifs on the virion surface 
from immunological recognition, although direct evidence for this hypothesis is currently lacking. 

 It is clear from biochemical analyses that disulfi de cross-linking within the HPV virion results in 
dimeric and trimeric forms of L1. BPV1 and several other bovine papillomavirus types appear to be 
distinct from other papillomavirus types, in that the BPVs are stabilized by an additional cross-link 
between cysteines 22 and 473 in adjacent L1 chains (Wolf et al.  2010  ) . It appears that these addi-
tional disulfi de bonds in BPV1 covalently link the entire complement of L1 monomers in the virion 
into a single covalently closed molecule (Buck et al.  2004  )  (Wolf et al.  2010  ) . 

 Pseudovirion preparations are generally subjected to an overnight incubation at 37°C to allow the 
formation of inter-L1 disulfi de bonds (Buck et al.  2005b  ) . In keratinocyte raft culture systems, it 
appears that establishment of an effective redox gradient across the thickness of the raft may take 
more than 2 weeks of culturing to achieve (Conway et al.  2009b  ) . Interestingly, in the setting of 
normal skin, it appears that the redox gradient never reaches fully oxidized conditions, and the out-
ermost surface of the undisturbed skin remains rich in free thiol groups, likely in the form of reduced 
glutathione (Ogawa et al.  1979  ) . The thiol-rich layer may be important for the barrier function of the 
skin, serving as a sink for thiol-reactive chemicals (Pickard et al.  2009  ) . Although the formation of 
inter-L1 disulfi de bonds in cell lysates or in raft culture can be accelerated by the addition of oxidiz-
ing agents, such as oxidized glutathione, this forced acceleration results in the formation of virions 
with increased susceptibility to proteases (Buck et al.  2005b  ) . The results suggest that virion matura-
tion is generally a very slow process and indicate that a “musical chairs” effect may lock inappropri-
ate L1 conformations into place if the maturation process is accelerated. 

 To examine the disulfi de-driven maturation process in greater detail, we allowed pseudovirions to 
mature for different lengths of time (1, 4, or 18 h) and subjected them to cryo-EM. We also 
performed cryo-EM analyses on pseudovirions carrying the destabilizing C175S mutation in L1. 
A summary of these analyses is shown in Fig.  18.4 . The C175S mutant (Fig.  18.4a ), which is inca-
pable of disulfi de-driven maturation, displayed a larger diameter (640 Å) than the more mature forms 
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that predominated in the wild-type pseudovirion preparation allowed to mature for 18 h (Fig.  18.4b–d ). 
Larger diameter pseudovirions were observed in the samples allowed to mature for only 1 or 4 h 
(data not shown). The less mature capsids showed a relative lack of density in the capsid fl oor 
between the capsomer knobs (e.g., at the twofold axis and around the threefold capsomers). A simi-
lar type of closing of the capsid fl oor upon maturation is also observed during the maturation of other 
viral capsids, including herpesvirus (HSV-1) (Heymann et al.  2003  ) . The smallest diameter forms 
visualized in the pseudovirion preparation allowed to mature for 18 h could be reconstructed with 
only about 22 Å resolution (Fig.  18.4d ), suggesting that even the most mature preparation may have 
contained a heterogeneous mixture of pseudovirion forms.  

 At the time of this analysis, we wondered why BPV1 virions could be reconstructed with such 
high resolution (Trus et al.  1997 ; Wolf et al.  2010  )  yet HPV16 pseudovirions allowed to reach an 
apparent endpoint disulfi de cross-linking state yielded such mediocre resolution. The models put 
forward by Modis and colleagues and by Wolf and colleagues both postulate the existence of a topo-
logically ring-shaped L1 trimer in the environments surrounding the vertex capsomer, as well as a 
dimer formed by reciprocal invasion of two L1 molecules (Fig.  18.2 ). Given these models, it was 
puzzling when nonreducing SDS-PAGE analysis of HPV16 pseudovirions allowed to mature over-
night revealed an apparent endpoint cross-linking state with two distinct species of L1 trimer and 
two distinct species of L1 dimer in nonreducing SDS-PAGE analyses (Buck et al.  2005b  ) . Although 

  Fig. 18.4    ( a ) 3D Reconstruction (3DR) of a sample from lysates of mutant cells expressing L1 (Cys175Ser) and L2 
at pH ~6. Because of the L1 mutation, the important Cys175 cross-link cannot form, and the capsids do not mature. 
The average diameter is about 640 Å. ( b – d ) 3D reconstructions of wild-type L1 + L2 allowed to mature for 18 h. Minor 
variation in diameter are observed as the HPV matures from 626 Å diameter ( b ) to 610 Å ( c ) and fi nally 600 Å ( d ) – the 
endpoint for maturation at slightly acidic pH. ( e ,  f ) When the experiment is repeated at pH ~7.5, the overwhelming 
majority of capsids are not only fully mature, but the 3DR can achieve signifi cantly higher resolution ( e ) (~12 Å reso-
lution). ( e ) Is a computationally band-limited version of ( e ) to bridge the gap between mature capsids at slightly acid 
pH ( d ) and ph ~7.5 ( f ). Bar = 100 Å       
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it has not been possible to isolate enough authentic HPV16 virions from natural infections or from 
organotypic raft culture systems to perform comparable biochemical analyses, it is possible to purify 
milligram amounts of HPV type 1 and type 2 virions from human skin wart specimens (Favre et al. 
 1975 ; Orth et al.  1977  ) . Analysis of authentic HPV1 and HPV2 virions from skin warts revealed a 
single faster-migrating species of L1 dimer and a single slower-migrating species L1 trimer 
(unpublished results) consistent with the one-dimer one-trimer prediction of the Modis and Wolf 
models. Taken together, the results led us to hypothesize that HPV16 pseudovirions produced in vitro 
might not achieve the fully mature state observed in authentic virions. Specifi cally, we imagined that 
the second species of L1 trimer might refl ect failure to close one leg of the predicted trimer ring. 
Likewise, the second species of L1 dimer might refl ect a failure of reciprocal dimer formation, 
resulting in a topologically T-shaped dimer. 

 Although disulfi de bonds can form through the direct attack of one free sulfhydryl group against 
another in the presence of molecular oxygen, the chemistry of this type of disulfi de formation is very 
complex and is thought to require chemical catalysts, such as variable-valence metal ions 
(Bagiyan et al.  2003  ) . A more common path to formation of disulfi de bonds in proteins makes use 
of simple rearrangement of disulfi de bonds, involving the attack of an existing disulfi de by a free 
sulfhydryl group. Such disulfi de shuffl ing reactions are often mediated by the cysteine-containing 
tripeptide glutathione, although enzymes such as protein disulfi de isomerases (PDIs) and thiore-
doxin can also catalyze shuffl ing interchanges. The reaction is depicted in Fig.  18.5 . An important 
fi rst step in the disulfi de shuffl ing reaction is the ionization of the free sulfhydryl group to thiolate 
(S − ). The pKa of this ionization is roughly 8.3. Thus, acidic conditions tend to inhibit the process of 
disulfi de shuffl ing.  

 Analysis of the cell lysates in which the pseudovirion maturation process is performed showed an 
initial pH of around 6.0, with a gradual decline in pH during the maturation incubation. This led to 
the fi nding that by simply buffering the lysate to pH 7.5, a greater proportion of L1 molecules could 
achieve the slow trimer/fast dimer endpoint (data not shown). A complicating factor for analyses of 
L1 disulfi de cross-linking is that dimers and trimers can undergo disulfi de shuffl ing to yield L1 
monomers in alkaline conditions in the presence of chaotropes (such as SDS or urea) or after heating 
to roughly 50°C (Fig.  18.6  and unpublished results). The collapse to monomers can occur in the 
absence of reducing agents. Thus, the most likely mechanism for breaking the intermolecular 
bond is via attack of the intermolecular disulfi de bond by a free L1 sulfhydryl, resulting in a 

H+
pKa ~8.3

S

G

S-

L1

L1
S

G S-

SS
L1 L1

S-

  Fig. 18.5    The fi gure shows a 
hypothetical pathway for the 
formation of L1 disulfi de 
bonds. In the  top panel , a 
cysteine in the L1 chain in 
 green  is decorated with 
glutathione (GS). A free 
cysteine in a neighboring L1 
chain ionizes to form a 
thiolate (S − ), which attacks 
the L1-glutathione disulfi de 
bond. The reaction releases 
reduced glutathione. In the 
 bottom panel , a thiolate 
within the  blue  L1 attacks the 
intermolecular disulfi de 
bond. This results in an 
intramolecular disulfi de bond 
within the  blue  L1       
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rearrangement event that forms an L1 with an intramolecular disulfi de (Fig.  18.5 ). The chaotrope-
mediated collapse to monomers can be blocked by the addition of sulfhydryl-alkylating agents, such 
as  N -ethyl maleimide (NEM). By varying the dose of NEM, thereby partially inhibiting the collapse 
of L1 to a monomeric form with an internal disulfi de bond, we were able to deduce the topology of 
partially collapsed L1 dimers and trimers (Fig.  18.6 ).  

 Cryo-EM analysis of pseudovirions allowed to mature at neutral-buffered pH 7.5 produced only 
one 3DR (Fig.  18.4f ). These more fully mature capsids were dramatically more regular, yielding a 
~12 Å resolution map (FSC = 0.3). The ability to generate more uniformly mature pseudovirion 
preparations should be of signifi cant utility for achieving more detailed analyses of the structural 
dynamics of L1, and perhaps more detailed maps of the locations of L2 within the virion during vari-
ous phases of virion assembly and infectious entry. 

 The redox environment of the maturing virion may also affect the biology of L2. Several recent 
reports have shown that formation of an intramolecular disulfi de bond near the N terminus of L2 is 
critical for virion infectivity, at least for some papillomavirus species. It is not yet clear precisely 
how the intramolecular disulfi de bond within L2 affects overall virion mechanics (Campos and 
Ozbun  2009 ; Conway et al.  2009a ; Gambhira et al.  2009  ) . 

 Currently available data suggest a model in which assembled virions undergo a slow process of 
disulfi de bond formation through a mechanism that probably involves bond shuffl ing mediated by 
redox-active cellular components, such as glutathione. The fact that oxidative acceleration of the 
process appears to trap the virion in a kinetically unfavorable state suggests that the stabilizing dis-
ulfi de bonds arise through a time-consuming process in which the L1 invading arms that connect the 
capsomers sample a variety of conformations prior to formation of inter-L1 disulfi de bonds. This 
concept echoes a recently proposed “Brownian ratchet” model for virion maturation in the bacterio-
phage HK97. The model invokes the concept that random Brownian motion forces the HK97 gp5 
capsid protein into various conformations. Once a particular conformation is achieved, the spontane-
ous formation of an intramolecular isopeptide cross-link within gp5 can fi x the otherwise transient 
conformation in place. This provides a mechanism for a unidirectional evolution toward a stabilized 
chainmail topology for HK97 or the stabilized ring trimer/reciprocal dimer endpoint seen for mature 
papillomavirus virions. In the case of papillomaviruses, the languid pace of keratinocyte differentiation 

  Fig. 18.6    HPV16 capsids were allowed to mature in crude cell lysate overnight then purifi ed. The purifi ed capsids 
were treated with alkaline SDS load dye (Nupage, Invitrogen) containing various concentrations of  N -ethylmaleimide 
(NEM, a sufl hydryl alkylating agent). The samples were then subjected to acrylamide gel electrophoresis. Neither 
the load dye nor the gel contained reducing agents. At low concentrations of NEM, disulfi de shuffl ing reactions (see 
Fig.  18.5 ) resulted in collapse of L1 dimers and trimers to L1 monomers presumed to contain an intramolecular dis-
ulfi de bond.  Cartoons  of the inferred topology of L1 dimers and trimers are shown to the  right  of the gel       
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appears to allow for an exceptionally slow virion maturation process that is triggered by the gradual 
loss of cellular redox potential and driven by sequential chemical fi xation (in the form of disulfi de 
bonds) of otherwise transient L1 conformations.  

    18.5   Infectious Entry: Many Steps to Springing the Mousetrap 

 Papillomaviruses are generally thought to coevolve with their host species and tend to be capable of 
infecting only a narrow range of closely related animals. However, the primary barriers to cross-
species infection appear to be at the level of regulation of the latent and/or productive phases of the 
viral life cycle, as opposed to defects in the initial process of infectious entry.    For example, authentic 
BPV1 can induce immortalization of cultured mouse fi broblast lines in vitro (Dvoretzky et al.  1980  ) . 
Likewise, reporter pseudovirions can transduce a wide variety of cell lines derived from distantly 
related animal species. The broad species promiscuity of the infectious entry process has recently made 
it possible to develop a pseudovirus-based mouse genital challenge model for infectious entry in vivo 
(Roberts et al.  2007  ) . The mouse model and a variety of supporting in vitro lines of evidence have 
recently begun yielding new information about the machine-like behavior of the papillomavirus 
virion in the setting of the intact female genital tract of live mice. 

 The intact epidermis (or the closely related stratifi ed epithelium of the mucosa) presents a sub-
stantial physical barrier for papillomaviruses. It is clear from studies with CRPV and COPV model 
systems that some form of active disruption of the natural structure of the epidermis is required for 
infection to occur (reviewed in Doorbar  2005  and Christensen  2005  ) . The mouse genital challenge 
model likewise requires either mechanical or chemical disruption of the vaginal epithelium 
(Roberts et al.  2007  ) . It has recently been shown that cultured cells must be mitotically active for 
HPV infection to occur (Pyeon et al.  2009  ) . In the setting of the intact epidermis, suprabasal differ-
entiating keratinocytes have typically exited the cell cycle and only basal keratinocytes and transit-
amplifying cells resident along the basement membrane are mitotically active. Thus, the incoming 
papillomavirus virion must evidently bypass the full thickness of the epidermis to reach the target 
cells in which productive infection can occur. 

 It is well established that the initial interaction of papillomavirus virions with cultured cells is 
mediated primarily by a class of carbohydrates known as heparan sulfates (HS), a group of gly-
cosaminoglycans that decorate the ectodomains of various cellular proteins. HS is composed of a 
long, unbranched chain of amine-decorated glucose units linked in an alternating series of  a 1-4/ b 1-4 
saccharide bonds. Although the primary HS chain is chemically monotonous when fi rst synthesized, 
enzyme complexes localized in the Golgi apparatus perform a coordinated series of chemical modi-
fi cations, such as the addition of sulfate, acetyl, or carboxyl groups at various positions (reviewed in 
Esko et al.  2009 ; Esko and Selleck  2002  ) . Papillomaviruses only effectively bind O-sulfated and, to 
a lesser extent, N-sulfated forms of HS (Johnson et al.  2009 ; Selinka et al.  2003  ) . The less heavily 
modifi ed forms of HS found on some cell types (particularly in vivo) do not support productive 
infection (Day et al.  2008b  ) . Paradoxically, it appears that HS forms expressed at the plasma mem-
brane of primary keratinocytes do not have high affi nity for papillomavirus virions (Buck et al. 
 2006b ; Johnson et al.  2009  ) . 

 Although the interaction between the virion and heparan sulfate proteoglycans (HSPGs) has tra-
ditionally been postulated to occur at the cell surface (Joyce et al.  1999  ) , recent evidence indicates 
that the virus can initially be recruited to HSPGs in extracellular matrix structures that are not 
closely associated with the cell surface (Culp et al.  2006  ) . In the setting of the mouse genital chal-
lenge model, it appears that the initial HSPG interaction takes place not at the surface of the kerati-
nocyte plasma membrane, but rather at the basement membrane upon which the less-differentiated 
basal keratinocytes rest (Fig.  18.7 ) (Johnson et al.  2009 ; Kines et al.  2009  ) , reviewed in (Day and 
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Schiller  2009  ) . In the setting of a wound or microtrauma, the basement membrane may become 
denuded and exposed to the environment. Healing of the wound occurs when basal keratinocytes 
from adjacent areas migrate across the basement membrane and begin to proliferate. Thus, the speci-
fi city of the papillomavirus for basement membrane structures appears to be an elegant solution to 
the need for specifi c targeting of mitotically active basal keratinocytes.  

 Although the minor capsid protein L2 appears to be dispensable for formation of the basic struc-
ture of the virion, it plays a series of starring roles during the process of infectious delivery of the 
viral genome to new target cells. After the virion successfully traverses the epidermis and binds the 
underlying basement membrane, a conformational change must occur to allow transfer of the virion 
off the basement membrane and onto the keratinocyte cell surface (Kines et al.  2009  ) . This confor-
mational change appears to be triggered by proteolytic cleavage of L2. In cultured cell lines, the 
cleavage of L2 is mediated by furin, a serine protease that is a member of a family of proprotein 
convertases (Richards et al.  2006  ) . A consensus furin cleavage motif (RXXR) near the N terminus of 
L2 is conserved among all known papillomaviruses. Furin is familiar to virologists as an essential 
factor for processing the surface proteins of a variety of enveloped virus types, for example, HIV-1 
Env and dengue virus E proteins. For the enveloped viruses, furin processing generally occurs in the 
Golgi and is thought to prime the envelope protein to acquire a fusogenic conformation. However, 
furin is also present in limited amounts at the cell surface and in the extracellular environment, where 
it has been shown to activate the fusogenic form of a variety of bacterial toxin proteins, including 
 Pseudomonas  exotoxin and  Anthrax  toxin. In the case of papillomaviruses, furin cleavage of L2 
appears to trigger a conformational change that allows the virion to dissociate from basement mem-
brane HS and transfer onto an unidentifi ed receptor on the surface of basal keratinocytes (Johnson et al. 
 2009 ; Richards et al.  2006  ) , reviewed in (Day and Schiller  2009  ) . It is not yet clear whether L2 is 
cleaved by furin or by a related proprotein convertase in the setting of the basement membrane 
in vivo. The process of transfer to the cell surface and internalization into cells is slow and asynchro-
nous, with a half-time of roughly 14 h (reviewed in Sapp and Bienkowska-Haba  2009  ) . 

  Fig. 18.7    The diagram depicts the initial binding of an HPV16 virion to a patch of denuded basement membrane in 
a disrupted mucosal surface. Initial interactions are mediated by heparan sulfate proteoglycans (HSPGs, branched 
 red / blue  structure). A conformational change then occurs that partially exposes the N terminus of L2. This exposure 
makes it possible for furin (or a related proprotein convertase, PC) to cleave an N-terminal segment of L2, resulting in 
a second conformational change. This second conformational change allows transfer of the virion from the HSPG to 
an unidentifi ed entry receptor on basal keratinocytes ( red  crescent)       
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 L2 is highly resistant to cleavage by furin in the context of the mature virion. After the virion 
binds the basement membrane, epitopes near the amino terminus of L2 become more exposed, 
allowing furin cleavage. It has recently been shown that cyclophilins, which serve as protein chap-
erones by mediating the isomerization of proline residues, facilitate the exposure of the N terminus 
of L2 on the virion surface (Bienkowska-Haba et al.  2009  ) . 

 It is conceivable that the conformational changes associated with furin cleavage of L2 involve 
disulfi de shuffl ing in a fashion reminiscent of the conversion of L1 dimers and trimers to monomers 
in the presence of chaotropes (Fig.  18.6 ). Cellular PDIs, which facilitate disulfi de shuffl ing, have 
been shown to be important for the opening of the capsids of polyomaviruses (which are structurally 
similar to the papillomaviruses) during infectious entry (Gilbert et al.  2006 ; Magnuson et al.  2005 ; 
Schelhaas et al.  2007  ) . However, inhibitors of PDI do not block the infectivity of papillomaviruses 
(Buck et al.  2006b ; Ishii et al.  2007  ) . Thus, disulfi de shuffl ing would presumably have to occur 
without assistance from PDIs (but perhaps with assistance from cyclophilins). The concept that dis-
ulfi de shuffl ing may be required during the infection process is consistent with the recent observa-
tion that pseudovirions treated with agents that irreversibly alkylate free sulfhydryl groups (for 
example, NEM) are noninfectious (Ishii et al.  2007  ) . 

 After L2 becomes exposed on the surface of the virion, cleavage by furin leads to an additional 
conformational change associated with greater affi nity for an unidentifi ed cell-surface receptor for 
the furin-processed form of the virion. This change is also thought to reduce the affi nity of the virion 
for HS. Furin cleavage and the opening events that precede it allow a greater degree of access for 
antibodies specifi c for L2 residues 17–36 (Day et al.  2008a  ) . Some antibodies targeting this con-
served region of L2 can neutralize the infectivity of a broad range of papillomavirus types (see 
below). 

 A series of recent fi ndings by Day and colleagues show that, although L2 is not exposed to furin 
in the mature virion, a substantial fraction of L2 molecules can be cleaved by furin in the context of 
the immature virion. Thus, by simply adding recombinant furin to cell lysates early during the 
course of harvesting a pseudovirion preparation, it is possible to produce furin precleaved particles 
(Day et al.  2008b  ) . Although mature L1/L2 pseudovirions do not readily bind HS-defi cient cells 
(including primary keratinocytes), furin precleaved pseudovirions readily bind cells defi cient in HS 
and can effectively transduce reporter genes in an HS-independent fashion. A surprising corollary 
fi nding was that L1-only VLPs also readily bind HS-defi cient cells. The fi ndings suggests that, prior 
to furin cleavage, L2 either covers up the binding site for the cell surface receptor or induces a con-
formational change in L1 that inhibits cell surface receptor binding. Thus, the function of furin may 
be merely to move L2 aside such that the cell surface receptor binding site formed primarily by L1 
becomes dominant. 

 The various conformational changes that occur after the virion binds the cell surface are less well 
defi ned. An initial traffi cking step may involve “surfi ng” of the virion along actin-rich plasma mem-
brane extensions called fi lopodia (Schelhaas et al.  2008 ; Smith et al.  2008  ) . The virion then traffi cs 
to endocytic compartments. A bewildering array of different internalization pathways have been 
proposed, and it may be that different papillomavirus types utilize different endocytic routes for 
productive infection of different cell types (reviewed in Sapp and Bienkowska-Haba  2009  ) . Although 
papillomaviruses appear not to be capable of delivering their genomes to immune cell types, the Kast 
lab has shown that papillomavirus virions readily bind Langerhans cells of the epidermis and may 
mediate inactivation of their antigen-presenting function (reviewed in Horvath et al.  2010  ) . 

 Although L1/L2 pseudovirions and L1-only VLPs are both internalized into endosomal compart-
ments and both types of particles can eventually deform to expose the encapsidated DNA with the 
endosomal compartment, only L1/L2 particles appear to be capable of disrupting the endosomal 
membrane, allowing escape of the viral DNA into the cytoplasm. A hydrophobic motif near the 
C terminus of L2 is thought to play an essential role in endosome escape (Kämper et al.  2006  ) . The 
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escape process appears to depend on endosome acidifi cation and may involve interactions between 
L2 and the transmembrane protein syntaxin-18 (Bossis et al.  2005  ) . Endosome escape can be blocked 
by a range of different inhibitors, including a class of cationic cellular peptides known as defensins 
(Buck et al.  2006a  ) . Although the mechanism by which this class of inhibitors act remains unclear, 
it has recently been shown that defensins block the infectivity of adenoviruses by directly binding 
the virion and interfering with conformational changes that expose membrane-disrupting motifs 
within the virion (Nguyen et al.  2010 ; Smith and Nemerow  2008  ) , reviewed in (Buck  2008  ) . 

 After escaping the endosome, L2 accompanies the viral genome to the nucleus, likely via interac-
tions with dynein and with karyopherin nuclear import receptors (Bordeaux et al.  2006 ; Fay et al. 
 2004 ; Florin et al.  2006  ) . Day and colleagues have shown that, after nuclear import, L2 is essential 
for directing the traffi cking of the incoming viral genome to a subnuclear structure known as an 
ND10 domain that is rich in a variety of transcription factors (Day et al.  2004  ) . 

 Although biochemical approaches clearly indicate that a mousetrap-like series of changes occur 
during the steps leading up to productive cell binding and infectious delivery of the viral DNA to the 
cell nucleus, high-resolution details about the nature of these conformational dynamics are currently 
lacking. Improved understanding of these functionally important conformational changes, as well as 
uncovering of the identity of the cell surface receptor, should be fertile areas of focus in coming 
years.  

    18.6   Practical Implications: Next-Generation HPV Vaccines 

 The current generation of HPV vaccines is based on VLPs assembled from purifi ed L1. The vaccines 
elicit highly HPV type-specifi c responses and are therefore expected to protect vaccinated individu-
als against the cognate carcinogenic HPV types represented in the vaccine. However, vaccinated 
individuals are unlikely to be protected against an additional dozen or so sexually transmitted HPV 
types that collectively cause roughly 30% of all cervical cancer (Lowy et al.  2008  ) . Epidemiological 
studies likewise suggest that natural infection generally elicits only HPV type-specifi c neutralizing 
antibody responses. 

 It is now widely believed that the virions of most or all viruses that infect vertebrates have 
“Achilles’ heels” that must remain essentially constant to ensure appropriate interactions with cel-
lular factors. Papillomaviruses appear to have at least two Achilles’ heels. The fi rst is the surface on 
L1 that mediates the crucial initial interaction between the virion and HS. The second Achilles’ heel 
is composed, at least primarily, of a conserved motif formed by the N terminus of L2. The putative 
cell surface receptor binding site on L1 represents a possible third conserved patch of vulnerability. 

 Evidence that the HS binding site is highly conserved – and therefore presents a vulnerability to 
broad-spectrum neutralization – comes from studies showing that purifi ed heparin, which shares a 
variety of chemical features with HS, can block the infectivity a wide variety of papillomavirus types 
(Giroglou et al.  2001 ; Joyce et al.  1999  ) . Other types of sulfated polysaccharides can also block 
papillomavirus infectivity, in some instances with very high functional avidity (polysaccharide doses 
in the low ng/ml range) (Buck et al.  2006b ; Johnson et al.  2009  ) . Interestingly, some HS mimics are 
capable of neutralizing the infectivity of cell-bound virions, suggesting that they can also antagonize 
steps downstream of the initial virion–HS interaction (Buck et al.  2006b ; Selinka et al.  2007  ) . 
The fact that a wide variety of papillomavirus types are vulnerable to inhibition by sulfated carbohy-
drates suggests that an antibody with the ability to simply mimic HS could broadly cross-neutralize 
most or all papillomavirus types. 

 Although a heparin-binding motif has been shown to involve HPV16 L1 residues K278, K356, 
and K361 at the apex of the capsomer knob, the affi nity of this motif for the less-sulfated HS on the 
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basement membrane is not clear, and the motif is not well conserved among HPVs (Knappe et al. 
 2007  ) . It has also been suggested that some papillomavirus types may display two distinct HS 
binding sites (Buck et al.  2006b ; Johnson et al.  2009  ) . Given these uncertainties, it is not clear 
whether the primary HS binding motif that might theoretically be the target of broad-spectrum neu-
tralizing antibodies has been unambiguously identifi ed. 

 Much clearer evidence supports the existence of the second highly conserved site of vulnerability 
that is infl uenced by motifs near the N terminus of L2. In contrast to L1-based vaccines, immuno-
gens comprised of various fragments of the amino-terminal third of L2 have been shown to elicit 
antibody responses capable of neutralizing the infectivity of a broad range of different papillomavi-
rus types (Roden et al.  2000  ) . In particular, a recombinant immunogen composed of residues 1–88 
of BPV1 L2 was shown to elicit antibody responses capable of neutralizing cancer-causing HPV 
types, such as HPV16 and HPV18, that are only very distantly related to BPV1 in phylogenetic 
terms (Pastrana et al.  2005  ) . Although the overall neutralizing titers of animals given L2-based vac-
cine immunogens have typically been quite low compared to L1-based immunogens, the develop-
ment of L2-based vaccines has seen rapid progress in recent years, and several initial candidate 
immunogens have recently been tested in human clinical trials (reviewed in Campo and Roden  2010  
and Karanam et al.  2009  ) . Recent studies using the neutralizing monoclonal antibody (mAb) RG-1 
(Gambhira et al.  2007  ) , which targets L2 residues 17–36, have shown that the cognate epitope is 
inaccessible in the context of mature pseudovirions but becomes exposed after the virion binds to the 
basement membrane (Day et al.  2008a  ) . Exposure of the RG1 epitope is also substantially greater in 
pseudovirions precleaved with furin during the maturation process. The results indicate that the 
initial conformational shift that occurs on the basement membrane and the furin cleavage event that 
follows result in greater exposure of the L2 Achilles’ heel. This concept is consistent with the 
hypothesis that highly conserved motifs on virions may be exposed only transiently during the infec-
tious entry process. This may refl ect a viral strategy for protecting conserved neutraliza-
tion-vulnerable motifs from wholesale recognition by circulating B cells. Despite the relatively 
inaccessible nature of the neutralizable epitopes of L2 in the context of the mature virion, their tran-
sient exposure provides a window of opportunity for neutralizing antibodies to arrest the infection 
process in vivo (Alphs et al.  2008  ) . 

 Papillomavirus vaccines capable of eliciting broadly cross-neutralizing antibody responses could 
theoretically protect vaccinated individuals from all cancer-causing HPVs, as well as the range of 
HPVs that cause skin warts. Although skin warts typically only present a nuisance, as opposed to a 
threat to life, they are very common among children and a source of substantial consternation among 
parents. Thus, a vaccine capable of preventing skin warts would likely be in great demand, facilitat-
ing vaccine uptake and thus resulting in a greater degree of herd immunity against HPVs. L2-based 
vaccines currently under study appear to be simpler to produce and would likely be cheaper to pro-
duce than the relatively complex VLP-based vaccines currently on the market. Thus, these next-
generation vaccines might be more feasible for developing nations, where cervical cancer is the 
second most common cancer among women. 

 It is likely that improved understanding of details through which the papillomavirus molecular 
machine operates could facilitate the development of improved vaccine immunogens capable of 
eliciting more potent, broadly cross-neutralizing antibody responses. Given the tremendous poten-
tial benefi ts of broad-spectrum HPV vaccines, further study of the mechanical features of the papil-
lomavirus virion should be an important area of focus in coming years.      
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  Abstract   Herpesviruses, a family of animal viruses with large (125–250 kbp) linear DNA genomes, 
are highly diversifi ed in terms of host range; nevertheless, their virions conform to a common archi-
tecture. The genome is confi ned at high density within a thick-walled icosahedral capsid with the 
uncommon (among viruses, generally) but unvarying triangulation number  T  = 16. The envelope is a 
membrane in which some 11 different viral glycoproteins are implanted. Between the capsid and the 
envelope is a capacious compartment called the tegument that accommodates ~20–40 different viral 
proteins (depending on which virus) destined for delivery into a host cell. A strong body of evidence 
supports the hypothesis that herpesvirus capsids and those of tailed bacteriophages stem from a 
distant common ancestor, whereas their radically different infection apparatuses – envelope on one 
hand and tail on the other – refl ect subsequent coevolution with divergent hosts. Here we review the 
molecular components of herpesvirus capsids and the mechanisms that regulate their assembly, with 
particular reference to the archetypal alphaherpesvirus, herpes simplex virus type 1; assess their 
duality with the capsids of tailed bacteriophages; and discuss the mechanism whereby, once DNA 
packaging has been completed, herpesvirus nucleocapsids exit from the nucleus to embark on later 
stages of the replication cycle.   

     19.1   Introduction 

 Herpesviruses infect hosts throughout the animal kingdom, from molluscs to man. Eight family 
members cause diseases in humans, including two – Epstein–Barr virus and Kaposi’s sarcoma-
associated virus – that are tumorogenic. Here we review current understanding of herpesvirus capsid 
assembly, a largely conserved process. On the macromolecular scale, these are huge particles – 
125 nm in diameter and ~200 MDa in mass – and composed, transiently or for the long term, of 
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~5,000 protein molecules of at least seven different kinds. We also discuss the hypothesis that the 
capsids of herpesviruses and tailed bacteriophages descend from a common ancestor. At fi rst sight, 
this proposition may appear counterintuitive, in view of widely differing virion morphologies, dis-
parate hosts, and the implication that elaborate assembly pathways evolved very early, prior to the 
point at which eukaryotic cells and bacteria diverged. In addition, we summarize some interactions 
between herpesvirus capsids and teguments, which are attracting increasing research interest. 
Compared with capsids, however, teguments are less conserved, less ordered, and less understood.  

    19.2   Herpesvirus Capsid Assembly 

    19.2.1   Assembly of the Procapsid 

 The sequence of events that take place as the herpesvirus nucleocapsid assembles is outlined in 
Fig.  19.1 . First, a procapsid is produced which conforms to  T  = 16 icosahedral symmetry, albeit in a 
particle that is almost perfectly spherical. One of its fi vefold vertices is occupied by a dodecameric 
ring of portal protein subunits, giving a distinctive 5:12 symmetry mismatch. At the other 11 vertices 
are pentamers of UL19, the major capsid protein, with UL19 hexamers elsewhere in the surface 
lattice. It is plausible but not fully proven that the portal serves as the nucleation complex from 
which there is outgrowth of coassembling scaffolding protein and UL19 (Huffman et al.  2008 ; 
Yang and Baines  2008  ) . In fact, HSV-1 employs two scaffolding systems – internal and external. The 
internal scaffold is a 25-nm thick shell of laterally packed dimers of an elongated protein, UL26.5. 
Approximately 10% of these subunits (UL26) have an additional protein, the maturational protease 
VP24, fused to the N terminus and positioned on the inside of the scaffold shell (Newcomb et al. 
 2000  ) . The other end of each dimer, with the C-termini, contacts the inside of the surface shell. The 
external scaffold is contributed by “triplexes” which are  a  

2
  b  heterotrimers of VP23 and VP19c. 

Remarkably, adjacent UL19 capsomers do not directly contact each other, but instead are coordi-
nated around the sites of local threefold symmetry by their contacts with triplexes (Trus et al.  1995  )  
(Fig.  19.2 ). Thus, the procapsid surface shell consists of one dodecamer of UL6, 150 hexamers and 
11 pentamers of UL19, and 320 triplexes.   

 Biochemical quantitations estimate the scaffolding shell’s complement of dimers of UL26.5 and/
or UL26 as ~1,000 (Newcomb et al.  2000  ) . It has yet to be established whether this shell conforms 
to a global symmetry – for example, icosahedral symmetry complementary to that of the outer 
shell – or whether it is only locally ordered and “micellar” in character. Of note, a similar dilemma 
persists concerning the packing of the retroviral polyprotein Gag in immature virions (Briggs et al. 
 2009 ; See Chapter 20 ) . However, Gag shells, although also spherical, vary signifi cantly in size 
whereas the diameter of the herpesvirus scaffold shell is fi xed, as it tracks the inner surface of the 
precisely defi ned surface shell.  

    19.2.2   Procapsid Maturation 

 After the HSV-1 procapsid is complete, the protease is activated and performs two actions: detaching 
itself from the scaffolding protein and removing a 25-residue peptide from the C-termini of the scaf-
folding proteins (UL26.5 → VP22a; UL26 → VP24 + VP21) [The cytomegalovirus protease also 
cleaves at a third site (Welch et al.  1993  ) ]. It is not clear how the protease is inhibited until the pro-
capsid is complete. One possibility is kinetics, if assembly, once initiated, is fast and protease 
activation is relatively slow (herpesvirus proteases are known to be slow enzymes – Tong  2002  ) . 



42519 Procapsid Assembly, Maturation and Nuclear Exit of Herpesvirus

Subsequently, the surface shell undergoes major alteration as it switches into its mature conformation 
which is more angular (polyhedral) and markedly more robust (Newcomb et al.  1996 ; Trus et al. 
 1996 ; Heymann et al.  2003  ) . Contacts are established between neighboring capsomers via their 
innermost domains, forming the “fl oor” of the mature capsid (Fig.  19.2b, c ). This transition is pro-
moted by the packaging of DNA, which applies pressure on the inner surface of the capsid, and by 

  Fig. 19.1    Assembly and maturation of the HSV-1 nucleocapsid. Successive states of the capsid are shown schemati-
cally in cross-sections. This representation does not strictly comply with  T  = 16 geometry (see Fig.  19.2 ) but is intended 
to convey key features, such as capsomer protrusions, the fl oor, triplexes, etc       

 



426 G. Cardone et al.

  Fig. 19.2    Cryo-EM 
reconstructions of HSV-1 
capsids. ( a ) The HSV-1 
procapsid, ( b ) A-capsid, and 
( c ) C-capsid, with DNA 
computationally removed. 
Left half of each 
reconstruction shows the 
outer surface, and right half, 
the inner surface. Hexameric 
capsomers are light blue; 
pentamers are mid-blue; 
triplexes are green; CCSCs 
are magenta. Bar, 20 nm       
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detachment of the C-terminal peptides of the internal scaffolding proteins, which disrupts an interac-
tion that restrains the surface shell from maturing. Concomitant with DNA packaging, the processed 
scaffolding proteins (VP22a, VP21) are expelled from the capsid but the protease (VP24) is retained. 
DNA packaging is effected by the viral terminase, a three-component ATPase complex that translo-
cates DNA from the replicating concatemer into the maturing particle. DNA replication by phages 
and herpesviruses and, in particular, the roles played by helicases have been reviewed (Marintcheva 
and Weller  2001  ) . 

 Two abortive capsids accumulate in the nuclei of infected cells as a result of miscarriage in DNA 
packaging. B-capsids have a mature surface shell, and their internal scaffolding protein is processed 
but not expelled, shrinking into a smaller and less regular structure. They contain no DNA and it 
appears that packaging has not been initiated. A-capsids, also with mature surface shells but retain-
ing no scaffold, are viewed as particles on which DNA packaging was initiated but subsequently 
disrupted with loss of the packaged DNA. A third intranuclear capsid, the C-capsid, contains DNA 
and is an on-pathway intermediate. In a wild-type infection, the majority of intranuclear particles 
seen by thin section EM are B-capsids. A-capsids are less abundant, presumably because the event 
that produces them has lower incidence. Procapsids are few as, once formed, they rapidly convert to 
A-, B-, or C-capsids. C-capsids are also less abundant than B-capsids because they exit from the 
nucleus after packaging is complete. Below, in Sect.  19.3.1 , we consider the events that regulate the 
exit of capsids from the nucleus.  

    19.2.3   Parallels in Bacteriophage Procapsid Assembly 

 Overall, the pathway in Fig.  19.1  is strikingly similar to those followed by tailed bacteriophages 
(Steven et al.  2005 ; See Chapter 15). This resemblance attracted comment as early as 1975 
(Friedmann et al.  1975  ) ; since then, the number of properties recognized as shared has grown steadily 
(Table  19.1 ). A few aspects appear to be sticking points or at least bear further discussion. 

   Table 19.1    Points of resemblance between phage capsids and herpesvirus capsids   

 Initial formation of a procapsid into which DNA is subsequently packaged 
 Packaging is accompanied by major structural changes in the procapsid (maturation) 
 Procapsid has an internal scaffolding protein that is expelled during maturation 
 Maturation is initiated by proteolytic processing of capsid protein and/or scaffolding protein a  
 During maturation, capsid protein subunits undergo large (~40°) rotations and other changes, re-assigning intersub-

unit and intercapsomer interactions 
 Procapsid is rounder; mature capsid is more polyhedral (fl atter facets) 
 Procapsid has asymmetric hexamers that become symmetric on maturation 
 Capsid protein fold based on HK97 prototype, i.e., conserved core domain of ~300 aa plus additional domains on a 

case-by-case basis (Fig.  19.3 ) 
 Capsid geometry is based on hexamer/pentamer packing on icosahedral or quasi-icosahedral b  foldings of a 

hexagonal surface lattice with 14 nm periodicity (mature capsid) 
 One capsid vertex is occupied by a 12-fold ring – the portal protein, conduit for DNA 
 Portal proteins may also conform to a conserved core structure plus additional domains on a case-by-case basis c  
 DNA is packaged into procapsid from a replicating concatemer 
 DNA is packaged by viral terminase, an ATPase/translocase/endonuclease 
 DNA is densely bundled with ~25 Å interduplex spacing, outer layers coaxially coiled d , and no histone-like proteins 

   a  Bioinformatic analyses suggest that herpesvirus proteases (four known structures) and some phage proteases have 
similar folds. Some phages (e.g., T7, P22) have no protease 
  b  Term refers to nonspherical capsids, such as that of T4 which represents an icosahedron extended along a symmetry 
axis by insertion of additional rings of hexamers 
  c  Simpson et al.  (  2001  ) , Agirrezabala et al.  (  2005  ) , Lebedev et al.  (  2007  ) , and Olia et al.  (  2011  )  
  d  Booy et al.  (  1991  )  and Cerritelli et al.  (  1997  )   
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    1.    All known herpesvirus capsids observe  T  = 16 icosahedral symmetry, whereas tailed phage capsids 
exhibit a variety of T-numbers. This range does include  T  = 16 (Parker et al.  1983 ; Duda et al.  2006 ; 
Weigele et al.  2007 ; Kuznetsov et al.  2010  ) , and these are the only two families in which this capsid 
geometry has been documented. In view of the immense number of tailed phages in the biosphere 
(Hendrix  2003  ) , it is hard to assess the extent to which the T-numbers reported to date afford a rep-
resentative sampling. Given a common lattice constant of 14 nm arising from a shared capsid protein 
fold and packing arrangement (see below), it would be a straightforward undertaking to determine 
– or at least closely approximate – the T-numbers of many more tailed phage viruses by simply mea-
suring capsid diameters by cryo-EM and hence to assess the overall incidence of  T  = 16 geometry.  

    2.    To date, no phages have been found to have a triplex-like external scaffold. Considering that scaf-
folding mechanisms are arguably the most diverse aspect of phage capsid assembly (Dokland 
 1999 ; See Chapter 14 ) , it may be only a matter of time before one is discovered. However, we 
note that external scaffolding proteins have been observed in the phiX174 and P2/P4 phage sys-
tems - see Chapter 14. As the HSV procapsid matures, the role of its triplexes switches from 
morphogenesis to a clamp-like function at the trigonal lattice sites. In this respect, they resemble 
the trimers of clamping proteins centered on local threefold axes of phage capsids, such as those 
of T4 (Iwasaki et al.  2000 ; Fokine et al.  2004 ) and lambda (Yang et al.  2000 ). The latter proteins 
bind to their capsids only after maturation.  

    3.    A strikingly distinctive behavior of phage procapsids is their maturation transformation, in which 
capsid protein subunits swivel through large angles and undergo some remodeling (Conway et al. 
 2001 ; Gertsman et al.  2009 ; Ionel et al.  2011 ; Chen et al.  2011  ) . The main consequence of matu-
ration is a stabilization that enables the capsid to resist the outward pressure of densely packed 
DNA; in some systems, further reinforcement follows from the binding of clamping proteins (see 
above) or the formation of covalent cross-links (Duda  1998  ) . Maturation is generally accompa-
nied by an increase in diameter by 15–20%, almost doubling the interior volume; hence, this 
transformation is often referred to as  expansion . The HSV-1 procapsid also undergoes maturation 
(see above). Like phage capsids, it changes shape from round to polyhedral, but unlike them, it 
remains essentially the same size. However, this does not represent a fundamental discrepancy: 
the parts of UL19 subunits that form disconnected rings in the innermost part of the procapsid and 
which appear to be homologous to phage capsid proteins (Fig.  19.3a ) reorganize so as to establish 
contacts between adjacent capsomers (Fig.  19.2 ). In this transition, the size of the per-subunit 
footprint in the fl oor increases by a similar margin as in maturing phage capsids. Thus, much the 
same allosteric mechanism is employed in both systems.       

    19.2.4   The Building Blocks and Their Roles in Assembly 

    19.2.4.1   Major Capsid Protein 

 UL19 (150 kDa). UL19 orthologs vary somewhat in size (~120–150 kDa) among different herpes-
viruses but in general are much larger than phage capsid proteins (~30–60 kDa). This discrepancy is 
attributable to their large C-terminal domains forming the external protrusions that account for the 
much greater thickness of herpesvirus capsids (~15 nm vs. ~4 nm). The HSV-1 protrusion consists 
of two domains, middle and upper (Fig.  19.3 ); a crystal structure has been determined for the upper 
domain (Bowman et al.  2003  ) . The hexagonal lattice spacing in the fl oor (~14 nm) matches that of 
phage capsids, and cryo-EM data at relatively high resolution support the idea that the fl oor domain 
has a phage capsid protein-like fold (Zhou et al.  2000 ; Baker et al.  2005  ) . Tailed phage MCPs consist 
of a basic core on to which additional domains may be grafted (Fig.  19.3a ). It will be instructive to 
learn whether herpesvirus fl oor domains also have such domains. However, it is already clear that 
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fl oor structures are markedly more conservative than protrusions (Booy et al.  1996 ; Trus et al.  2001 ; 
Davison et al.  2005  ) .  

    19.2.4.2   Portal Protein 

 UL6 (74 kDa). When portal proteins of phages or herpesviruses are expressed at high levels, poly-
morphisms are commonly encountered in the number of subunits in the ring. However, it appears 
that, in both cases, only 12-mers are assembled into capsids (Lurz et al.  2001 ; Rochat et al.  2011  ) . 
Crystal structures of several phage portals, of varying subunit size, have been determined 
(Simpson et al.  2001 ; Lebedev et al.  2007 ; Olia et al.  2011  ) . As yet, the most detailed information 
on a herpesvirus portal is a cryo-EM reconstruction of the HSV-1 dodecamer at 16-Å resolution 
(Trus et al.  2004  )  (Fig.  19.4 ). The diameter of its wider end is compatible with fi tting into the vertex 
space enclosed by fi ve surrounding UL19 hexamers. There have been differing proposals, based on 
cryo-ET, as to whether the bulk of the portal complex faces outward (Cardone et al.  2007  )  or inward, 
as in phages (Deng et al.  2007 ; Chang et al.  2007 ; Rochat et al.  2011  ) .   

  Fig. 19.3    Domain maps of capsid proteins of HSV-1 and three bacteriophages. ( a ) The phage proteins are ones for 
which high-resolution structures have been determined. The common core domain is colored  pink . The  D -domain of 
HK97 is equivalent to an internal scaffolding protein fused to the core domain and is proteolyzed during maturation 
(gp5 → gp5*). The T4 capsid protein gp24 forms pentamers at all nonportal vertices of this elongated  T  = 13/ Q  = 20 
capsid, whose other capsomers are hexamers of the homolog, gp23. Its short propeptide is removed during maturation 
(gp24 → gp24*). P22 does not have a protease. Gp10A of T7 (not shown) appears to have a similar core domain plus 
an N-terminal domain of ~90 residues, which is not removed by proteolysis (Agirrezabala et al.  2007  ) . The  black bars  
mark the location of the long  a -helix, a signature feature of this fold. ( b )  Left : fold of HK gp5* in its mature conforma-
tion (Wikoff et al.  2000  ) ; PDB: 1OHG. The long helix is colored in  black .  Middle : low-resolution surface rendering 
of a HSV-1 UL19 subunit in its B-capsid conformation. The fl oor domain (at  bottom ) is thought to have a HK97 gp5*-
like fold.  Right : upper domain of UL19 (Bowman et al.  2003  ) ; PDB: 1NO7       
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    19.2.4.3   Maturational Protease 

 VP24 (24 kDa). The structures of four herpesvirus proteases have been determined, exhibiting a com-
mon fold (Qiu et al.  1996,   1997 ; Newcomb et al  2000 ; Hoog et al.  1997  ) . In the absence of crystal 
structures for phage proteases, bioinformatic analysis has identifi ed a family that is predicted to share 
the canonical herpesvirus protease fold, with both sets of enzymes having conserved Ser and His resi-
dues in their active sites (Cheng et al.  2004  ) . Of note, some phages (e.g., T7, P22) do not require a 
protease to mature. Thus, it would appear that the putatively shared structure represents the ancestral 
fold, with loss of the protease or its replacement representing more recent evolutionary developments.  

    19.2.4.4   Internal Scaffolding Proteins 

 UL26.5 (40 kDa) and UL26 (75 kDa). Two forms of this protein are expressed. The minor (less 
abundant) form, UL26, is initially extended at its N terminus by the protease and a linker, but its 
C-terminal part is identical to the major form, UL26.5. This fusion provides a convenient mecha-
nism for incorporating the protease into the assembling procapsid (Sheaffer et al.  2000  ) . Both 
forms are processed at their C-termini by the protease during maturation (see Sect.  19.2.2 ). The 
shared polypeptide appears to be a fl exible  a -helix-rich dimer that forms a segmented coiled coil 
(Pelletier et al.  1997  ) . The crystal structure of the relatively short scaffolding protein of phage  j 29 
shows a dimeric coiled coil (Morais et al.  2003  ) .  

    19.2.4.5   External Scaffolding Proteins: Triplex Proteins 

 UL18 (33 kDa) and UL38 (50 kDa). UL18 has been expressed in  Escherichia coli  (Kirkitadze et al. 
 1998  ) . Assessment of its conformation by biophysical techniques led to the conclusion that the pro-
tein was not fully folded but in a “molten globule” state. It is plausible that UL38 is needed for UL18 
to fold and enter functional trimers. UL38 has resisted expression until recently (Henson et al.  2011  ) . 

  Fig. 19.4    The HSV1 portal 
protein, UL6. ( a ) Side view; 
( b ) side view, cut; ( c ) top 
view; and ( d ) bottom view. 
Bar, 20 Å       
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  Fig. 19.5    Stratifi ed representations of the HSV-1 procapsid and mature capsid. The procapsid is sampled on spherical 
sections one pixel thick, and the B-capsid on similarly sampled icosahedral sections. Protein density is dark. Half-
sections are shown. ( a ) At a radius of 564 Å, the sections pass above the triplexes. The asymmetry of the procapsid 
hexons contrasts with the sixfold symmetry of the mature hexons. ( b ) At 536 Å radius, the triplexes present as trian-
gular densities. ( c ) At 503 Å radius, the triplexes present as regular triplets of density. ( d ) At 470 Å radius, the fl oor 
domains form regular, noncontacting rings in the procapsid and the contiguous fl oor in the mature capsid       

As yet, there is no high-resolution information on any triplex protein, but cryo-EM at 
moderate resolution shows well-defi ned densities, indicative of stably folded subunits. They show a 
triangular outer surface, underpinned by three equal and symmetrically distributed legs (Fig.  19.5 ). 
It may be, therefore, that the two proteins have similar folds, despite low sequence similarity.   

    19.2.4.6   Accessory Protein 

 UL35 (12 kDa). This small protein binds to the mature HSV-1 capsid at sites around the outer tips 
of hexons, but not to pentons (Trus et al.  1992 ; Zhou et al.  1995  )  nor to the procapsid (Newcomb et al. 
 2000  ) . As UL35 is a monomer in solution (Wingfi eld et al.  1997  ) , its specifi city appears to refl ect a 
bipartite binding site requiring appropriate juxtaposition of two adjacent UL19 protrusions. This is 
achieved in mature hexons but not in pentons nor in immature capsomers, where the protrusions are 
splayed apart (Figs.  19.2  and  19.5 ). A model has been proposed for part of UL35 based on  de novo  
prediction and cryo-EM data (Baker et al.  2006  ) . UL35 is dispensable for HSV-1, but proteins cor-
responding to it are needed in some other herpesvirus systems.  
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 Survival of protein folds after sequences have diverged to unrecognizably low levels of similarity 
can provide telling clues as to shared antecedents. Evidence of this kind has provided a basis for the 
proposed common ancestry of other kinds of bacteriophages and animal viruses (Benson et al.  1999 ; 
Bamford et al.  2005 ; Krupovic and Bamford  2008  ) . However, there is little scope for fold-based 
comparisons in the present context; of the seven herpesvirus capsid proteins, crystal structures have 
been determined only for the protease and major fragments of two other proteins, UL25 (Bowman et al. 
 2006  )  and the upper domain of UL19 (Bowman et al.  2003  )  (Fig.  19.3 ). As yet, there are no phage 
protease structures. Herpesvirus protrusions appear to be quite diverse (see above) and are not 
expected to have counterparts on phage capsid proteins. The same exclusion applies to UL25, which 
functions downstream from capsid assembly  per se  in phases of the replication cycle that are not 
shared by phages. Recognizing the substantial diversity that exists in the assembly strategies of 
phage capsids, we nevertheless anticipate structural similarity with herpesviruses in the following 
components: some proteases, portals, (possibly) internal scaffolding proteins, and terminases, for 
which a tract of signifi cant sequence similarity has been detected between T4 and HSV-1. Further 
clarifi cation should also come from more detailed information on fl oor domains. 

 Nevertheless, other less direct lines of evidence point to common evolutionary origins. There are so 
many highly distinctive molecular behaviors listed in Table  19.1  involving quaternary structure and other 
properties, which are common to phage capsids and herpesvirus capsids but in most cases shared by no 
other kind of virus, that the  a priori  probability of their having arisen by chance appears very small.    

    19.3   Later Capsid-Related Steps in the Replication Cycle 

 After completion of DNA packaging, the C-capsid has to exit the nucleus by primary envelopment 
at the inner nuclear membrane, followed by fusion of the membrane thus acquired with the outer 
nuclear membrane, delivering the nucleocapsid into the cytoplasm. It also has to acquire a tegument, 
traverse the cytoplasm, and bud into a  trans -Golgi-derived compartment (secondary envelopment). 
Progeny virions are released by fusion of this compartment’s membrane with the host cell plasma 
membrane. Virions may remain attached to the host cell for a while (“cell-associated virions”) before 
being released as “extracellular virions.” After entry into a host, the nucleocapsid is transported to 
the nucleus where it docks on to a nuclear pore complex to discharge its DNA, a mode of genome 
delivery reminiscent of tailed phages. These processes have been reviewed recently (Baines  2007 ; 
Mettenleiter et al.  2009 ; Guo et al.  2010  ) , and the coverage given here focuses on some structural 
observations directly related to the nucleocapsid. 

    19.3.1   Nuclear Exit and the Roles of UL25 and UL17 

 As noted in Sect.  19.2.2 , C-capsids migrate out of the nucleus more readily than B-capsids or A-capsids. 
This barrier is not absolute, as enveloped B-capsids have been observed, albeit rarely (unpublished 
results). There appears to be a pathway to tegumentation and envelopment on which C-capsids embark 
with high effi ciency but which can also be entered by other particles, for example, small membrane 
vesicles nucleating the formation of L-particles, which resemble capsid-less virions (Szilagyi and 
Berriman  1994  ) . The effi ciency with which C-capsids exit the nucleus correlates with their contents of 
two viral proteins, UL25 and UL17, which form an elongated heterodimer called the CCSC (C-capsid-
specifi c component) that binds to vertex-proximal sites on C-capsids (Figs.  19.2  and  19.6 ). 

 The penton-distal portion is contributed by UL25, as initially suggested by docking the crystal 
structure (Trus et al.  2007  ) , leaving the penton-proximal portion to represent (part of) UL17. The UL25 
assignment has since been proven by imaging C-capsids bearing UL25 with an N-terminal GFP fusion 
and Fab-labeling with an antibody whose epitope involves residues 99–111 (Conway et al.  2010  ) . The 



43319 Procapsid Assembly, Maturation and Nuclear Exit of Herpesvirus

  Fig. 19.6    Comparison of the penton-proximal regions of the A-capsid ( a ) and the C-capsid ( b ). The CCSC, a het-
erodimer of UL25 and UL17, is in  magenta . It has multiple points of attachment to the capsid, on the a-triplex Ta, the 
c-triplex Tc, and the side of the P-hexon       

CCSC density furthest from the penton was shown to be the N-terminal region of UL25 which has 
been shown to be important for capsid binding (Cockrell et al.  2009  )  but is not represented in the crys-
tal structure, which starts at residue 134. More detailed mapping has assigned the P-hexon interaction 
to residues 1–26 and residues 28–39 as likely to make the Tc-triplex contact (Cockrell et al.  2011  ) . 

 Cryo-EM of purifi ed nuclear C-capsids found the CCSC sites to have an average occupancy of 
~60% (Trus et al.  2007  ) , whereas occupancy is undetectably low (i.e., <15% or so) on B-capsids and 
A-capsids. Biochemical studies have reported the presence of these proteins on all three capsids 
(Ogasawara et al.  2001 ; Thurlow et al.  2006 ; Newcomb et al.  2006 ; Cockrell et al.  2011  ) , but their 
complements on A- and B-capsids are several-fold lower, and it is likely that these few molecules 
are scattered over other quasi-equivalent (not vertex-proximal) sites. 

 UL17 and UL25 are multifunctional proteins. The phenotype of a UL17-null mutant is the accumu-
lation of B-capsids (Salmon and Baines  1998  ) . In view of UL17’s proximity to vertices, this phenotype 
may refl ect the absence of its ability to engage terminase and hence DNA for packaging at the portal 
vertex. UL17 is also required for UL25 to associate with capsids (Thurlow et al.  2006  ) . UL25 is needed 
for packaged genomes to remain stably encapsidated (McNab et al.  1998 ; Stow  2001 ; Cockrell et al. 
 2009  )  and is also involved in the interaction of incoming nucleocapsids with nuclear pore complexes 
(Preston et al.  2008  ) . Here we focus on its role in nuclear exit (Klupp et al.  2006  ) . Primary envelop-
ment of the C-capsid is a complex process involving remodeling of the karyoskeleton and the inner 
nuclear membrane (Baines  2007  ) . With that qualifi cation, we envisage the following scenario. 

 CCSC binding is enhanced by a relatively subtle conformational change in the capsid, affecting 
its sites on the outer surface (Trus et al.  2007  ) . Aspects of this change appear in a cryo-EM difference 
map between C-capsids and A-capsids (Fig.  19.7 ). Although similar, these structures are not  identical 
as the difference map does not cleanly separate the CCSC; rather, small local changes affect various 
parts of the shell. Differences affecting the triplexes to which the CCSC binds are arrowed in 
Fig.  19.7b . Of note, small but signifi cant structural differences have also been detected between 
DNA-fi lled capsids of phage HK97 and empty but nominally mature capsids (Duda et al.  2009  ) .  

 This switch in the C-capsid is presumably elicited by mounting outward pressure as DNA pack-
aging approaches completion. We posit that high occupancy of its CCSC sites enables the C-capsid 
to bind, via multiple low-affi nity interactions, other protein(s) involved in primary envelopment. In 
this context, cryo-ET observations of vitrifi ed sections of infected cells have detected an additional 
density layer between the INM and budding C-capsids arrow (Fig.  19.8a ). If this layer represents 
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  Fig. 19.8    Snapshots of the herpesvirus life cycle. ( a ) Nuclear egress. Tomographic slice from a vitrifi ed section of a 
NIH 3T3 cell infected with murine cytomegalovirus. Inside the nucleus are a B-capsid and a C-capsid budding into 
the inner nuclear membrane. A layer of density between them ( arrow ) is likely to represent a layer of protein. 
Courtesy of Drs C. Hagen and K. Grünewald. For preparation details, see Scrivano et al.  2010 . ( b ) Cell entry. Slice 
from a tomogram of a PtK2 cell, where two capsids of recently entered HSV-1 virions are visible. The strip of density 
along the cell membrane ( arrow ) appears to represent divested tegument. From Maurer et al.  (  2008  ) , courtesy of 
Dr. K. Grünewald. Bar, 100 nm       

  Fig. 19.7    Final switch in HSV-1 capsid maturation. This transition is shown in a comparison of A-capsid and 
C-capsid. (N.B. The A-capsid is not a direct precursor of the C-capsid; rather, it is an abortive capsid resulting from 
interrupted DNA packaging See Fig.  19.1 . We take it to represent the mature capsid prior to the switch induced by 
late-stage DNA packaging that creates high-affi nity sites for the CCSC). ( a ) Half-plane central sections of capsids 
viewed along a twofold axis:  left : A-capsid and  right : C-capsid. Scale bar, 20 nm. ( b ) Difference map (C-capsid minus 
A-capsid) of the boxed area in ( a ). Positive (negative) difference densities are light (dark). Positive densities above 1 
standard deviation are colored  red . Negative densities below 1 standard deviation are  yellow . The strongest positive 
density are the CSSC [ arrows  in ( a ,  b )] and density in the mouth of the axial channel through the fl oor. A single rigid-
body shift of a capsid component would register as complementary  red  and  yellow  patches of the same size and shape, 
suitably offset; however, this difference map – and hence this transition – is more complex. The difference map is from 
density maps fi ltered at 30 Å. Outlines of capsomers and triplexes are contoured with  light blue  fi ll. DNA-related 
density inside the C-capsid is masked out in  gray        

viral proteins, UL34 and UL31 are plausible candidates (Baines  2007  ) . If the envisaged interactions 
between the CCSC and its binding partner(s) are, as we suggest, of such low affi nity as to need mul-
tivalency for their stable formation, the sparsity of CCSC complexes on the surfaces of A- and 
B-capsids would disallow embarkation on the nuclear exit pathway.   
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    19.3.2   Tegumentation 

 In addition to delivering their genomes into host cells, tailed phages and herpesviruses both deliver 
proteins which perform functions needed early in the infection process. However, these proteins and 
their manner of delivery differ. In phage, they are incorporated into the procapsid and injected from 
the mature capsid into the host cell via the portal and tail-tube (Chaps.   7     and   21    ). Those of herpes-
viruses are incorporated into the tegument and released into the host cell cytoplasm when the viral 
envelope fuses with the host cell membrane. Whereas herpesvirus capsids are conservative in terms 
of their architecture and molecular components, teguments are more diverse (reviews: Britt  2007 ; 
Guo et al.  2010  ) . Herpesviruses also vary in their teguments’ point of attachment on the capsid; on 
simian cytomegalovirus, it is to triplexes as well as to capsomer protrusions (Trus et al.  1999  )  and on 
HSV-1, to pentons (Chen et al.  2001 ; Grünewald et al.  2003  ) . 

 Moreover, teguments are markedly less regular in structure than capsids. Tegument proteins have 
been operationally distinguished into two classes in terms of their extractability from virions with 
the detergent Triton X-100 (Wolfstein et al.  2006  ) . Those that are relatively easily extracted are 
called the outer tegument, and those that are more resistant, the inner tegument. The diversity of 
tegument components raises the challenging question of how they are selected for incorporation into 
nascent virions. A current working hypothesis is that a subset of inner tegment proteins, including 
the very large protein UL36 (~340 kDa), is anchored on the capsid and serves as a scaffold to which 
other tegument proteins attach (Coller et al.  2007 ; Newcomb and Brown  2010  ) . 

 Cryo-ET of extracellular HSV-1 virions has demonstrated that their teguments are asymmetric, 
varying in thickness from ~5 nm, where the capsid is closely apposed to the envelope, to ~35 nm at 
the thickest part (Grünewald et al.  2003  ) . Thus, the capsid is eccentrically positioned within an 
approximately spherical virion. Evidence from thin-sectioning EM is consistent with this observa-
tion while also showing that in cell-associated virions, the tegument is approximately uniform in 
thickness and the nucleocapsid is centered (Newcomb and Brown  2009  ) . It follows that a substantial 
reorganization of the tegument takes place following exocytosis of progeny virions. It is not clear 
whether the inferred reorganization of tegument is accompanied by a redistribution of glycoproteins 
in the viral envelope or whether it may correlate with infectivity.  

    19.3.3   Capsid–Tegument Interactions in Host Cell Entry 

 Snapshots of HSV-1 nucleocapsids immediately after cell entry have been recorded by cryo-ET of 
PtK2 cells which are thin-enough specimens to allow this technique (Maurer et al.  2008  ) . These data 
suggest that the nucleocapsid is released into the cytoplasm while the tegument remains largely con-
nected and in contact with the viral envelope (now part of the host cell membrane) (Fig.  19.8b ). This 
observation suggests that although tegument assembly is templated on the capsid, latterly it is more 
tightly bound to the envelope. The freed nucleocapsid, eventually retaining a few tegument proteins, 
is then transported along microtubules toward the nucleus by dynein/dynactin motors. 

 UL36 has been shown to play a role in the anterograde transport process but appears not to be the 
only player (Shanda and Wilson  2008  ) ; other inner tegument proteins are also involved (Radtke et al. 
 2010  ) . Once the capsid reaches the nuclear envelope, interactions of UL25 (Pasdeloup et al.  2009  )  
and UL36 (Radtke et al.  2010  )  with the nucleoporin Nup214 are important for its engagement with 
a nuclear pore complex.       
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  Abstract   HIV forms spherical, membrane-enveloped, pleomorphic virions, 1,000–1,500  Å in 
diameter, which contain two copies of its single-stranded, positive-sense RNA genome. Virus par-
ticles initially bud from host cells in a noninfectious or immature form, in which the genome is 
further encapsulated inside a spherical protein shell composed of around 2,500 copies of the virally 
encoded Gag polyprotein. The Gag molecules are radially arranged, adherent to the inner leafl et of 
the viral membrane, and closely associated as a hexagonal, paracrystalline lattice. Gag comprises 
three major structural domains called MA, CA, and NC. For immature virions to become infectious, 
they must undergo a maturation process that is initiated by proteolytic processing of Gag by the viral 
protease. The new Gag-derived proteins undergo dramatic rearrangements to form the mature virus. 
The mature MA protein forms a “matrix” layer and remains attached to the viral envelope, NC con-
denses with the genome, and approximately 1,500 copies of CA assemble into a new cone-shaped 
protein shell, called the mature capsid, which surrounds the genomic ribonucleoprotein complex. 
The HIV capsid conforms to the mathematical principles of a fullerene shell, in which the CA sub-
units form about 250 CA hexamers arrayed on a variably curved hexagonal lattice, which is closed 
by incorporation of exactly 12 pentamers, seven pentamers at the wide end and fi ve at the narrow end 
of the cone. This chapter describes our current understanding of HIV’s virion architecture and its 
dynamic transformations: the process of virion assembly as orchestrated by Gag, the architecture of 
the immature virion, the virus maturation process, and the structure of the mature capsid.  

   Abbreviated Virus Names 

  HIV-1    Human immunodeficiency virus type 1   
  HTLV    Human T-cell leukemia virus   
  MLV    Murine leukemia virus   
  MPMV    Mason-Pfizer monkey virus   
  RSV    Rous sarcoma virus             
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      20.1   Introduction 

 The  Orthoretrovirinae  (orthoretroviruses) comprise the largest subfamily of  Retroviridae  and are subdi-
vided into six genera (alpha, beta, gamma, delta, epsilon, and lentivirus). Orthoretroviruses are spherical 
membrane-enveloped viruses that bud from the plasma membrane of infected host cells (Fig.  20.1 ). The 
emergent virion is noninfectious, and is characterized by a protein shell located immediately beneath the 
envelope, which is composed of precursor Gag proteins bound to the inner bilayer leafl et of the viral 
membrane. During maturation, Gag is cleaved by the viral protease into three new proteins, called MA, 
CA, and NC. This disassembles the immature Gag shell and induces structural rearrangements that 
culminate in formation of the mature, infectious virion. The new MA proteins remain associated with 
the viral membrane, forming the matrix layer; a subset of the CA proteins assembles into a smaller, 
mature capsid; and NC condenses with the viral RNA and its associated enzymes into a compact ribo-
nucleoprotein complex within the new capsid. The mature capsid and its contents are called the core.  

 To initiate replication, the core is introduced into the cytoplasm of a new host cell after receptor 
binding and fusion of the viral and cellular membranes. The capsid then undergoes a well-ordered 
but poorly understood uncoating process that culminates in a large enzymatic complex (the 
“preintegration complex”), which reverse transcribes the RNA genome into a double-stranded DNA 
copy called the provirus, and then integrates the provirus into the host’s chromosomes. Once inte-
grated, the provirus is transcribed by cellular machinery into various spliced and unspliced mRNA 
transcripts, which are then translated into the structural and enzymatic viral proteins required to 
maintain infection and propagate new virions. 

 Orthoretroviruses include important human pathogens (e.g., HTLV-1 and HTLV-2, which cause 
T-cell leukemias). The most signifi cant of these has been HIV-1, which causes exceptionally high 
mortality rates through AIDS. The number of people living with HIV is currently estimated to be in 
excess of 33 million, with 2.7 million new infections and 2 million AIDS-related deaths in 2008 

  Fig. 20.1    Schematic of the HIV-1 replication cycle, emphasizing the stages discussed in this chapter. See text for 
details. Receptor-mediated virus entry is discussed in Chap. 10. (Adapted from Ganser-Pornillos et al.  (  2008  ) , with 
permission from Elsevier)       
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(UNAIDS  2009  ) . HIV-1 is, therefore, one of the most studied viruses and is discussed here as a 
model system for other orthoretroviruses. It is important to note, however, that valuable assembly 
principles have been discovered through studies of other orthoretroviruses (e.g., RSV, MLV). 
Furthermore, although the general principles of orthoretroviral structure and assembly are con-
served, virus-specifi c variations also exist. The virus-specifi c features presumably refl ect unique 
selective pressures or adaptations between a particular virus and its host.  

    20.2   Assembly and Architecture of the Immature Virion 

 Assembly of the immature virion is orchestrated by the precursor Gag protein (Fig.  20.2a ). In fact, 
all the information necessary for assembly of a retrovirus is encoded in Gag. For instance, recombi-
nant expression of Gag in the absence of all other viral proteins results in effi cient release of immature 
particles (Gheysen et al.  1989  ) . In addition, pure recombinant Gag proteins can assemble in vitro 
into spherical shells that resemble immature virions (Campbell and Vogt  1997 ; Campbell and Rein 
 1999 ; Gross et al.  2000 ; Campbell et al.  2001  ) .  

 Gag is organized as a series of functional “modules” that work in concert to: (1) target Gag 
molecules to assembly sites at the plasma membrane, (2) create a membrane-bound protein shell 
composed of Gag hexamers, (3) specifi cally recognize and encapsulate the dimeric viral genome, (4) 
recruit and incorporate all other virus components into the assembling particle, and (5) conscript the 

  Fig. 20.2    Organization of the immature and mature HIV-1 virions. ( a ) Schematic tertiary structural model of full-
length HIV-1 Gag. Individual domains are in different colors and are labeled on the  left . This color scheme is 
maintained throughout the chapter. ( b ) Schematic model of the immature virion. ( c ) Schematic model of the mature 
virion. Images of ( d ) immature and ( e ) mature virions preserved in vitreous ice (Reprinted from Ganser-Pornillos et al. 
 (  2008  ) , with permission from Elsevier)       
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required cellular factors and chaperones, such as the ESCRT budding machinery. The HIV-1 Gag 
protein is composed of four independently folded structural domains that are demarcated by fl exible 
regions (Fig.  20.2a ). The N-terminal domain corresponds to the mature MA protein, which is cotrans-
lationally modifi ed with a fatty acid chain (myristic acid) and facilitates Gag binding to the viral 
envelope. The MA domain (colored red in Fig.  20.2a ) targets Gag to assembly sites at the plasma 
membrane and facilitates incorporation of the envelope glycoproteins into the assembling virion. 
The two central domains of Gag correspond to the mature CA protein, which is formed by indepen-
dently folded N-terminal and C-terminal domains, which we designate as CA NTD  and CA CTD  (colored 
green and cyan in Fig.  20.2a ). These domains mediate the principal Gag–Gag contacts in both the 
immature Gag shell and the mature capsid. The fourth domain corresponds to the mature NC protein 
and, in HIV-1, is composed of two zinc fi ngers (colored blue in Fig.  20.2a ) that bind the RNA 
genome. High-affi nity NC–RNA interactions enable specifi c recognition and packaging of two cop-
ies of the genome, whereas low-affi nity interactions promote Gag assembly. HIV-1 Gag contains an 
additional region at its C terminus, called p6, which is specifi c to lentiviruses. The p6 sequence lacks 
a defi ned tertiary structure, but contains two peptide motifs (called “late domains”) that function as 
docking sites for the cellular ESCRT machinery, which facilitates the release of newly assembled 
virions from the cell surface. (Other orthoretroviral Gag proteins harbor late domains with equivalent 
functions, but at different positions in the Gag primary sequence.) HIV-1 Gag also contains two 
spacer peptides, called SP1 and SP2, which respectively demarcate the CA/NC and NC/p6 domains. 
SP1 is a critical maturation switch, and equivalent regions are found in other orthoretroviruses. 

 Retrovirus assembly appears to be initiated by just a few Gag molecules that are specifi cally 
bound to two copies of the RNA genome (Jouvenet et al.  2009 ; Miyazaki et al.  2010  ) . The molecular 
mechanism by which HIV-1 Gag specifi cally recognizes its genome is not yet fully elucidated, but 
studies of Moloney murine leukemia virus have identifi ed an RNA switch that couples genomic 
dimerization and packaging (D’Souza et al.  2001 ; D’Souza and Summers  2004 ; Dey et al.  2005 ; 
Gherghe et al.  2010  ) . Conserved sequence elements in the genomic packaging signal (called  Y ) are 
sequestered by intramolecular base pairing in the monomeric RNA and then become exposed upon 
dimerization, thereby allowing specifi c, high-affi nity binding of the RNA dimer to the NC domain 
(D’Souza and Summers  2004  ) . Upon nucleation, stochastic addition of Gag molecules extends the 
assembling lattice and curves the membrane outward, culminating in an immature particle whose 
envelope remains connected to the cellular plasma membrane by a narrow stalk. Live-cell imaging 
studies show that Gag proteins accumulate fairly rapidly at the membrane assembly site, and the 
immature shell is essentially complete about 10 min after nucleation (Jouvenet et al.  2008 ; Ivanchenko 
et al.  2009  ) . However, the newly formed virion does not bud for another 15 min, suggesting that fi s-
sion of the membrane stalk may be a rate-limiting step in virion formation (Ivanchenko et al.  2009  ) . 

    20.2.1   Functions of the Gag MA Domain 

 The MA domain of HIV-1 Gag adopts a helical tertiary fold (Massiah et al.  1994 ; Hill et al.  1996  ) , 
harbors the myristyl fatty acid modifi cation at its N terminus (Göttlinger et al.  1989  ) , directly medi-
ates contacts between Gag and the plasma membrane (Spearman et al.  1994 ; Zhou et al.  1994  ) , and 
facilitates incorporation of the envelope proteins into the assembling virion (Yu et al.  1992 ; Dorfman 
et al.  1994 ; Freed and Martin  1995,   1996  )  (Fig.  20.3 ).  

    20.2.1.1   Membrane Binding and Targeting 

 Low-angle X-ray solution scattering studies indicate that newly translated HIV-1 Gag proteins adopt 
a “folded-over” conformation, wherein the MA and NC domains are in proximity (Datta et al.  2007a  )  
(Fig.  20.3a ). In this soluble conformation, the N-terminal myristyl group (colored green in Fig.  20.3a ) 
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is sequestered in a hydrophobic pocket in MA (Tang et al.  2004  ) , which would presumably disfavor 
membrane binding. Stable attachment to the membrane requires three synergistic elements: 
(1) exposure of the myristyl group, (2) binding of the MA domain through nonspecifi c electrostatic 
interactions with negatively charged phospholipid headgroups and specifi c interactions with phos-
phatidylinositol-4,5-bisphosphate [PI(4,5)P 

2
 ], and (3) Gag oligomerization, wherein Gag adopts an 

extended conformation and begins to assemble into the immature shell (Zhou et al.  1994 ; Spearman 
et al.  1997 ; Paillart and Göttlinger  1999 ; Ono et al.  2000,   2004 ; Tang et al.  2004 ; Dalton et al.  2005, 
  2007 ; Saad et al.  2006 ; Datta et al.  2007b ; Li et al.  2007  ) . PI(4,5)P 

2
  (colored yellow in Fig.  20.3a ) is 

enriched in the plasma membrane, and depletion of the cellular pools of this phosphoinositide 
incorrectly directs HIV-1 Gag to internal membranes (Ono et al.  2004  ) . Thus, PI(4,5)P 

2
  binding 

simultaneously promotes stable membrane binding and proper targeting of Gag molecules to assem-
bly sites at the plasma membrane. 

  Fig. 20.3    The MA domain functions in binding and targeting of Gag to the plasma membrane. ( a ) Schematic showing 
soluble Gag proteins in a “folded-over” conformation, and membrane-bound assembling Gag molecules in a “beads-
on-a-string” confi guration. The boxed region illustrates the “myristyl switch” mechanism of membrane binding. 
( b ) Structural model of the MA trimer bound to the lipid bilayer. [( b ) Reprinted from Ganser-Pornillos et al.  (  2008  ) , 
with permission from Elsevier]       
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 The molecular mechanism by which PI(4,5)P 
2
  binding and myristyl exposure are coupled is now 

understood in detail (Saad et al.  2006  )  (Fig.  20.3 ). PI(4,5)P 
2
  belongs to a large class of membrane 

bilayer lipids (phosphatidylinositols), which are composed of a glycerol backbone, one saturated 
and one unsaturated fatty acid chain (which are attached to the 1 ¢  and 2 ¢  positions of the glycerol 
backbone, respectively), and a phosphoinositol headgroup (attached to the 3 ¢  glycerol position). The 
phosphoinositol headgroup binds to a basic patch on the surface of MA and confers binding 
specifi city. The 2 ¢  unsaturated fatty acid chain is extruded from the lipid bilayer and binds in a 
hydrophobic groove adjacent to the myristyl binding groove. The 1 ¢  saturated fatty acid chain does 
not interact with MA, but rather anchors Gag to the membrane. PI(4,5)P 

2
  and myristyl binding to the 

globular MA domain are mutually exclusive: upon binding, PI(4,5)P 
2
  repositions hydrophobic resi-

dues in the myristyl binding pocket, triggering exposure of the myristyl group. The exposed myristyl 
fatty acid chain then inserts into the lipid bilayer, forming a second membrane anchor. 

 It is intriguing that membrane-bound Gag proteins are anchored by two fully saturated fatty acid 
chains (Saad et al.  2006  ) . This has been suggested as a potential mechanism for partitioning mem-
brane-bound Gag into lipid microdomains (e.g., so-called lipid rafts) because rafts preferentially 
interact with saturated fatty acid chains (Brown and London  1997 ; Zacharias et al.  2002  ) . Live-cell 
fl uorescence imaging studies support this idea and show that Gag assembles at punctate sites at the 
plasma membrane (Hermida-Matsumoto and Resh  2000 ; Jouvenet et al.  2008 ; Ivanchenko et al. 
 2009  ) , which appear to correspond to lipid microdomains (Aloia et al.  1993 ; Nguyen and Hildreth 
 2000 ; Ono and Freed  2001 ; Brügger et al.  2006  ) .  

    20.2.1.2   Recruitment and Incorporation of Envelope Proteins 

 The exterior of HIV-1 virions is studded with trimeric envelope (Env) glycoprotein spikes composed 
of an ectodomain (gp120) and a transmembrane domain (gp41). The Env proteins mediate receptor-
mediated fusion of viral and cellular membranes to initiate infection. The Env proteins are translated 
by ER-associated ribosomes as a single precursor polypeptide, called gp160, which is transported to 
the plasma membrane via the cellular secretory pathway. During transport, gp160 is extensively 
glycosylated, associates into trimers, and is cleaved by the cellular protease furin into the mature 
subunits (Swanstrom and Wills  1997  ) . Incorporation of the Env proteins into the assembling virion 
is thought to be mediated by interactions between the MA domain and the cytoplasmic tail of gp41 
(Yu et al.  1992 ; Dorfman et al.  1994 ; Freed and Martin  1995,   1996 ; Murakami and Freed  2000a  ) , 
which may occur through a bridging cellular protein (Lopez-Vergès et al.  2006  ) . Passive incorpora-
tion of Env may also occur through simple mass action (Murakami and Freed  2000b  ) .   

    20.2.2   Gag–Gag Lattice Interactions 

 The immature virion contains around 2,500 copies of the Gag protein (Carlson et al.  2008  ) , which 
assemble into a spherical shell immediately beneath the viral envelope. The assembled Gag mole-
cules adopt an extended “beads on a string” confi guration, wherein the sequential domains are 
arranged with the Gag N terminus on the outermost edge of the shell, and the C terminus points 
toward the center of the virion (Fuller et al.  1997 ; Yeager et al.  1998  )  (Fig.  20.2b ). As discussed in the 
above section, the N terminus of Gag is tethered to the membrane by the MA domain. Although MA 
by itself can form trimers (Hill et al.  1996 ; Tang et al.  2004  )  (Fig.  20.3b ), it does not form an extended 
lattice in the immature virion (Wright et al.  2007 ; Carlson et al.  2008 ; Briggs et al.  2009 ; de Marco 
et al.  2010 ; Keller et al.  2011  )  and is dispensable for particle assembly (Wang et al.  1993 ; Reil et al. 
 1998 ; Gross et al.  2000 ; Briggs et al.  2009  ) . The C-terminal NC domain is also dispensable, provided 
it is replaced by a heterologous domain that is capable of self-association (e.g., leucine zipper motifs) 



44720 Assembly and Architecture of HIV

(Zhang and Barklis  1997  ) . NC itself does not appear to form direct lattice-stabilizing contacts, but 
contributes to particle formation by tethering Gag to the RNA genome (via nonspecifi c contacts, as 
opposed to specifi c binding to the dimeric  Y  packaging element), thereby increasing the effective 
concentration of the assembling Gag molecules (Campbell and Vogt  1997 ; Gross et al.  2000  ) . 

 The principal sites of lateral Gag–Gag interactions are located in the CA NTD  and CA CTD  domains, 
as well as the SP1 linker. These structural elements facilitate Gag assembly by forming a paracrys-
talline lattice of close-packed hexamers (Fig.  20.4 ).  

 The CA NTD  is an arrowhead-shaped domain composed of seven  a -helices (numbered 1–7) (Gitti 
et al.  1996 ; Tang et al.  2002 ; Kelly et al.  2006  )  and directly contributes to Gag assembly by forming 
hexameric rings (Figs.  20.2 a and  20.4 ). In reconstructed cryotomograms of immature particles, the 
CA NTD  hexamers are about 80 Å in diameter and interact across the threefold and/or twofold axes of 
the hexagonal lattice (Wright et al.  2007 ; Briggs et al.  2009 ; de Marco et al.  2010 ; Keller et al.  2011  )  
(Fig.  20.4a, b , green). The current tomograms are not of suffi cient resolution to unambiguously 
defi ne domain orientations. However, biochemical analyses have identifi ed two surfaces of CA NTD  
that are important for Gag assembly: one encompassing helices 1 and 2, and a second near helices 4 
and 7 (von Schwedler et al.  2003a ; Lanman et al.  2004 ; Mortuza et al.  2008 ; Monroe et al.  2010  ) . 
One suggested model is that the sixfold symmetric interactions are mediated by the fi rst region, and 
interhexamer contacts are mediated by the second (Wright et al.  2007 ). 

 The CA CTD  is a globular domain composed of a short 3 
10

  helix, a highly conserved sheet-turn-
helix element termed the major homology region (MHR), and four  a -helices (numbered 8–11) 
(Gamble et al.  1997 ; Worthylake et al.  1999  )  (Fig.  20.2a ). Cryotomograms indicate that in the 

  Fig. 20.4    The immature Gag lattice. ( a ) Side view and ( b ) top view of a low-resolution model of two interacting Gag 
hexamers (Wright et al.  2007  ) . The CA NTD , CA CTD , and SP1 layers are colored  green ,  cyan , and  gray , respectively. 
(Model used to generate images courtesy of Elizabeth Wright.) ( c ) Global map of the immature HIV-1 lattice (Briggs 
et al.  2009  ) . The Gag hexamers are represented by hexagons and colored according to symmetry cross-correlation on 
a scale from low ( red ) to high ( green ). (Lattice map images courtesy of John Briggs)       
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 immature lattice, CA CTD  forms a second layer of hexamers directly below and with a similar (if 
slightly smaller) spacing as the CA NTD  layer (Wright et al.  2007 ; Briggs et al.  2009 ; de Marco et al. 
 2010  )  (Fig.  20.4a, b , cyan). The CA CTD  hexamers interact across the twofold symmetry axes of the 
hexagonal lattice, and this is consistent with biochemical data showing that the isolated CA CTD  is a 
dimer in solution (Gamble et al.  1997 ; Ivanov et al.  2007 ; Byeon et al.  2009  ) . High-resolution X-ray 
and NMR structures of the isolated CA CTD  dimer have identifi ed at least two dimerization modes 
(side-by-side and domain-swapped, with at least three possible side-by-side confi gurations) (Gamble 
et al.  1997 ; Worthylake et al.  1999 ; Ivanov et al.  2007 ; Bartonova et al.  2008 ; Byeon et al.  2009  ) . 
However, the current cryotomograms cannot unambiguously discriminate which of these structures 
may exist in immature virions. 

 Cryotomograms of immature particles reveal a third layer of hexagonal order beneath the CA CTD  
hexamers, which is composed of pillars of density that extend toward the NC/RNA region (Wright 
et al.  2007 ; Carlson et al.  2008 ; Briggs et al.  2009 ; de Marco et al.  2010 ; Keller et al.  2011  )  (Fig.  20.4a, 
b , gray). The pillars are interpreted as ordered residues at the CA/SP1 boundary, which is consistent 
with the fi nding that this region is essential for assembly of immature HIV-1 particles (Kräusslich 
et al.  1995 ; Accola et al.  1998  ) . Residues at the CA/SP1 boundary have been previously predicted to 
adopt an  a -helical secondary structure (Fig.  20.2a ) to mediate quaternary Gag–Gag contacts in the 
immature shell (Accola et al.  1998 ; Worthylake et al.  1999 ; Liang et al.  2002 ; Newman et al.  2004 ; 
Morellet et al.  2005  ) . Although the quaternary arrangement of the putative CA/SP1 helices is not yet 
fi rmly established, one proposal is that this region forms a sixfold symmetric helical bundle beneath 
the CA CTD  hexamer (Wright et al.  2007  ) . Analogous regions have been identifi ed in biochemical and 
structural analyses of other orthoretroviruses (Cheslock et al.  2003 ; Keller et al.  2008 ; de Marco et al. 
 2010  ) , suggesting that structural roles of the CA/SP1 boundary residues are conserved. 

 Although our understanding of the architecture of the immature Gag shell is at an early stage,  it 
is apparent that inherent curvature of the hexagonal Gag lattice likely arises from a systematic 
decrease in hexamer-to-hexamer packing distances across the sequential CA NTD , CA CTD , and SP1 
(or equivalent) layers (Wright et al.  2007 ; Briggs et al.  2009  )  (Fig.  20.4a ). Spherical hexagonal lat-
tices cannot sustain long-range hexagonal order and must incorporate defects in order to maintain 
similar quaternary contacts across the different subunits. Quasi-equivalent icosahedral viruses and 
mature orthoretroviral capsids incorporate defects with local fi vefold rotational symmetry  (typically 
occupied by pentamers). In a hexagonal lattice, 12 such defects simultaneously accommodate 
lattice curvature and mediate shell closure. In contrast, the immature Gag lattice does not appear to 
contain pentamers and instead employs irregular defects of various geometries (Briggs et al.  2009  )  
(Fig.  20.4c ). Furthermore, the Gag shell is not completely closed, and surprisingly large regions 
(up to 50% of the virion) are devoid of ordered Gag molecules (Wright et al.  2007 ; Briggs et al. 
 2009 ; de Marco et al.  2010 ; Keller et al.  2011  ) . It is not clear why orthoretroviruses do not form 
fully closed immature shells. One proposal is that Gag assembly is in kinetic competition with bud-
ding, and that membrane scission and virion release typically occur before complete Gag shells can 
be assembled (Carlson et al.  2008  ) .  

    20.2.3   Budding 

 Virion release proceeds through the formation of a constriction in the connecting membrane, which 
produces both positive and negative curvatures in the lipid bilayer (Fig.  20.5 ). Membrane curvature 
during budding appears to not only be mediated by Gag but also by additional contributions from 
cellular proteins, and possibly, membrane lipids (Le Blanc et al.  2002 ; Wang et al.  2003 ; Carlson 
et al.  2008  ) . Abscission of the connecting membrane and release of the nascent virion requires mem-
brane fi ssion, which is facilitated by cellular machinery that normally functions in the ESCRT bud-
ding pathway (Fig.  20.5 ).  
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 The ESCRT pathway comprises protein complexes (called ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-
III, and a dodecameric AAA ATPase called VPS4) that cycle between the cytoplasm and late 
endosomal membranes (Fig.  20.5a ). On the surface of the endosome, ESCRT complexes have at 
least three functions: (1) sort protein cargos tagged with monoubiquitin into specifi c areas, (2) induce 
membrane invagination toward the lumen of the endosome and away from the cytoplasm (which 
results in formation of vesicles that are connected to the endosomal membrane, analogous to assem-
bled immature virions), and (3) facilitate budding of the vesicles (Hurley and Emr  2006  ) . During 
cell division, ESCRT complexes also facilitate abscission of the midbody, thereby separating mother 
and daughter cells (Carlton and Martin-Serrano  2007 ; Morita et al.  2007  ) . 

  Fig. 20.5    Retrovirus budding. ( a ) Schematic representation of the cellular ESCRT pathway. Known interactions 
between ESCRT complexes and ESCRT-associated proteins are indicated by the  black double-headed arrows .  Red 
arrows  connect viral late domains or native cellular recruitment factors with their corresponding complex. Recruitment 
factors (viral Gag protein, ESCRT-0, and CEP55) are colored in  green shades . Although it is known that recruitment 
of NEDD4L to viral budding sites leads to the eventual recruitment of ESCRT-III, the precise mechanism by which 
this occurs is not known. ( b ) Schematic representation of the membrane fi ssion mechanism catalyzed by ESCRT-III 
proteins and VPS4. (See text for details)       
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 The mammalian ESCRT pathway is quite elaborate, and orthoretroviruses have evolved multiple 
short peptide motifs called “late domains” that mediate different entry points into the pathway 
(Fig.  20.5a ). HIV-1 has two well-characterized late domains that are contained in the p6 region of 
Gag. These comprise the peptide sequences Pro-Thr/Ser-Ala-Pro (PTAP) and Tyr-Pro-X 

 n 
 -Leu 

(YPXL), which respectively bind the proteins TSG101 (a component of the ESCRT-I complex) 
(Garrus et al.  2001 ; Martin-Serrano et al.  2001 ; VerPlank et al.  2001 ; Pornillos et al.  2002  )  or ALIX 
(which binds ESCRT-I and ESCRT-III proteins) (Strack et al.  2003 ; von Schwedler et al.  2003b ; Zhai 
et al.  2008  ) . HIV-1 and other orthoretroviruses also recruit members of the NEDD4 family of ubiq-
uitin ligases, either via Pro-Pro-X-Tyr (PPXY) late domains (Kikonyogo et al.  2001 ; Yasuda et al. 
 2002 ; Bouamr et al.  2003  )  or via alternative interactions that have yet to be defi ned precisely (Chung 
et al.  2008 ; Usami et al.  2008  ) . These late domain interactions lead to the eventual recruitment and 
conscription of the core fi ssion machinery [composed of the ESCRT-III complex and the VPS4 
enzyme (Wollert et al.  2009  ) ], which then facilitates release of new virions from the cell surface. 

 One proposed mechanism of membrane fi ssion at the neck of the budding virion has been inferred 
from the observation that a subset of ESCRT-III proteins (also called CHMPs) self-assemble into 
tubular structures with dome-like caps, whose external surfaces are lined with positively charged 
residues and, therefore, have considerable affi nity for acidic phospholipid headgroups (Ghazi-
Tabatabai et al.  2008 ; Hanson et al.  2008 ; Lata et al.  2008 ; Bajorek et al.  2009  ) . The basic model is 
that assembly of the dome-like structure within the budding neck creates large elastic stress in the 
lipid bilayer, which drives membrane fi ssion and separation of the viral and cellular membranes 
(Fabrikant et al.  2009  )  (Fig.  20.5b ). Following release of the virion, the VPS4 enzyme uses energy 
derived from ATP hydrolysis to disassemble the ESCRT-III dome, and thereby resets the system for 
another round of membrane fi ssion (Lata et al.  2008 ; Wollert et al.  2009  ) .   

    20.3   Virion Maturation 

 Maturation transforms the noninfectious immature virion into a particle that is capable of transmit-
ting infection. This process is initiated by proteolytic processing of Gag by the viral protease (PR) 
(Fig.  20.6 ). HIV-1 PR is encoded within the Gag–Pol fusion protein, which arises from a ribosomal 
frameshift during translation at the 3 ¢  end of the  gag  gene (which occurs 5% of the time). The 
Gag–Pol proteins are packaged into virions through the immature lattice interactions mediated by 
the Gag region. The enzyme active site is created by PR dimerization, and the functional protease is 
liberated by autoproteolysis during or immediately after budding (Lapatto et al.  1989 ; Navia et al. 
 1989 ; Kräusslich  1991  ) . Virions arrested at the late budding stage display immature morphology, 
implying that budding and maturation are intimately coupled events (Göttlinger et al.  1991  ) .  

 The fi ve proteolysis sites in HIV-1 Gag are cleaved at different rates, in the order: SP1/NC > MA/
CA and SP2/p6 > NC/SP2 > CA/SP1 (Pettit et al.  1998  )  (Fig.  20.6a ). This results in a defi ned sequen-
tial release of maturation intermediates. Mutations that disrupt cleavage of individual sites or alter 
the processing order result in particles that have severely reduced infectivity, indicating that both the 
accuracy and timing of Gag processing are essential for proper maturation (Tritch et al.  1991 ; 
Wiegers et al.  1998  ) . Furthermore, doping the immature virion with Gag processing intermediates 
interferes with maturation, implying that individual Gag molecules are not cleaved at random (Müller 
et al.  2009  ) . This is consistent with the idea that PR processing is initiated at the rim of the ordered 
Gag lattice in the incompletely closed immature shell and then proceeds as a “wave” into the interior 
of the lattice (Carlson et al.  2008 ; Müller et al.  2009  ) . 

 Gag cleavage by PR disassembles the immature lattice and liberates the subunits of the mature 
capsid (the CA protein). CA is derived from the central region of the Gag precursor and is the last 
mature protein to be released as a result of sequential processing of Gag’s proteolytic sites (Fig.  20.6a ). 
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Although a precise understanding of the molecular transformations that occur during maturation 
must await a high-resolution structure of the immature Gag lattice, deuterium exchange and muta-
genesis studies indicate that the two CA domains (CA NTD  and CA CTD ) utilize highly overlapping 
interfaces to mediate interactions in both the immature and mature lattices (Lanman et al.  2003, 
  2004 ; von Schwedler et al.  2003a ; Monroe et al.  2010  ) . Indeed, the tertiary structures of these two 
domains are largely preserved in the Gag polyprotein and mature CA, except for residues in the 
immediate vicinity of the proteolytic sites (Worthylake et al.  1999 ; Tang et al.  2002 ; Newman et al. 
 2004 ; Kelly et al.  2006  )  (Fig.  20.6b ). 

 Proteolytic cleavage at the N-terminal end of CA releases the protein from the upstream MA 
domain and results in refolding of the fi rst 13 residues of CA from an extended conformation into a 
 b -hairpin (colored yellow in Fig.  20.6b ). The  b -hairpin is stabilized by a salt bridge between the new 
Pro1 imino group and a conserved acidic residue (Asp51 in HIV-1) (Gitti et al.  1996 ; von Schwedler 
et al.  1998  ) . Formation of the  b -hairpin probably destabilizes the immature CA NTD  hexamer and 
facilitates proper juxtaposition of the adjacent domains in the mature hexamer conformation (Gross 
et al.  1998 ; von Schwedler et al.  1998 ; Kelly et al.  2006 ; Pornillos et al.  2010  ) . Interestingly, it 
appears that folding of the  b -hairpin does not proceed immediately after cleavage of the MA/CA 
junction, but after the fi nal proteolytic processing step at the CA/SP1 junction (Monroe et al.  2010  ) . 
Thus, cleavage at the CA C terminus appears to be the dominant maturation switch. Indeed, muta-
genesis of this region is particularly detrimental to capsid assembly and virus infectivity (Kräusslich 
et al.  1995 ; Gross et al.  2000 ; Li et al.  2003 ; Müller et al.  2009  ) . Proteolysis of the CA/SP1 junction 
is expected to unravel the putative helical bundle in this region that helps stabilize the immature lattice, 
and indeed, the last 11 residues of CA appear to be disordered in the mature capsid (Ganser-Pornillos 
et al.  2007 ; Pornillos et al.  2009  ) . 

  Fig. 20.6    Proteolytic processing of Gag during maturation. ( a ) Schematic showing the HIV-1 Gag proteolysis 
cascade. Cleavage events that generate the mature CA termini are indicated by the red arrows. ( b ) Secondary and 
tertiary structural changes at the N-terminal and C-terminal ends of the CA domain. The depicted conformations of 
the MA/CA and CA/SP1 junctions in Gag are based on a variety of structural, biochemical, and mutagenesis studies. 
In mature CA, the N-terminal 13 residues are folded into a  b -hairpin (colored  yellow ), and the C-terminal 11 residues 
are disordered. (Structure images reprinted from Ganser-Pornillos et al.  (  2008  ) , with permission from Elsevier)       
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 Studies of other orthoretroviruses have revealed comparable structural switches at the CA termini. 
For example, folding of the  b -hairpin during maturation appears to be a general switch because 
N-terminal extensions shift the in vitro assembly phenotypes of HIV-1, RSV, and MPMV CA pro-
teins from mature-like particles to immature-like particles (Campbell and Vogt  1997 ; Gross et al. 
 1998 ; von Schwedler et al.  1998 ; Rumlova-Klikova et al.  2000  ) . Interestingly, spacer peptides 
upstream of the CA domains of RSV and MPMV appear to make important protein–protein interac-
tions in the immature lattice that are not present in HIV-1 (Joshi and Vogt  2000 ; Knejzlík et al.  2007 ; 
Phillips et al.  2008  ) . The best-characterized example is the “p10” region immediately upstream of 
RSV CA, which folds into a helix and packs against the globular CA NTD  domain (Nandhagopal et al. 
 2004  ) . This interaction is important for RSV Gag hexamerization and lattice assembly (Joshi and 
Vogt  2000 ; Phillips et al.  2008  ) . Assembly regions downstream of CA, which are analogous to the 
SP1 spacer in HIV-1, have also been identifi ed in MLV, RSV, and MPMV Gag, even though these 
proteins lack a bona fi de spacer between their CA and NC domains (Cheslock et al.  2003 ; Keller 
et al.  2008 ; de Marco et al.  2010  ) . Indeed, pillar-like densities below the CA CTD  hexamer layer are 
also visible in cryotomographic reconstructions of immature MPMV and RSV particles, although 
the MPMV pillar appears much smaller than in either HIV-1 or RSV (de Marco et al.  2010  ) . These 
examples highlight both the degree of conservation in the assembly principles of orthoretroviruses 
and the structural/mechanistic variations that different viruses use to reach the same endpoint.  

    20.4   Assembly and Architecture of the Mature Capsid 

 In the infectious retrovirion, the ribonucleoprotein genomic complex is contained within the mature 
capsid, which is composed of around 1,500 copies of the mature CA protein (Fig.  20.2c ). The archi-
tecture of the mature capsid of HIV-1 is described by the geometric principles of a fullerene cone 
(Ganser et al.  1999 ; Jin et al.  1999 ; Li et al.  2000 ; Heymann et al.  2008  ) . The body of the capsid is a 
cone-shaped two-dimensional lattice of CA hexamers. By analogy to quasi-equivalent icosahedral 
viruses, the hexagonal capsid lattice incorporates 12 pentamers to form a closed shell. The pentamers 
are also composed of CA and are distributed asymmetrically across the capsid shell. Thus, the capsid 
itself is globally asymmetric even though it is composed of locally symmetric building blocks. 

 The mature capsids of orthoretroviruses adopt different preferred shapes and are primarily cones 
in HIV-1 and lentiviruses, cylinders in betaretroviruses (e.g., MPMV), and polyhedral or “spherical” 
in others (e.g., RSV, MLV) (Vogt  1997  ) . The various shapes are a consequence of the distribution of 
the pentamers: “spherical” capsids have the 12 pentamers distributed randomly, cylinders have six 
pentamers at each end of a tube, and cones have fi ve pentamers at the narrow end and seven at the 
wide end (Fig.  20.7 ) (Ganser-Pornillos et al.  2004 ; Benjamin et al.  2005 ; Briggs et al.  2006 ; Butan 
et al.  2008  ) . This is in stark contrast to icosahedral capsids, wherein the 12 pentamers are arranged 
in a symmetric confi guration.  

    20.4.1   CA–CA Lattice Interactions 

 Electron cryomicroscopy and cryotomography of mature virions and capsids of HIV-1 (Briggs 
et al.  2003,   2006 ; Benjamin et al.  2005  )  and RSV (Butan et al.  2008  )  confi rm the essential tenets of 
the fullerene model and reveal that the hexamer-to-hexamer spacing in the mature lattice is 90–100 Å 
(Briggs et al.  2003  ) . The mature CA hexamer is distinct from the immature Gag hexamer, 
and therefore the intersubunit interactions mediated by CA NTD  and CA CTD  must rearrange during 
maturation. 
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 To a large extent, our understanding of the quaternary interactions in the mature capsid is derived 
from analyses of in vitro model systems that are assembled from purifi ed recombinant CA proteins 
(Ehrlich et al.  1992 ; Campbell and Vogt  1995 ; Gross et al.  1997 ; Kingston et al.  2000 ; Ganser-
Pornillos et al.  2007 ; Purdy et al.  2008  ) . These assemblies recapitulate the local symmetry of the 
building blocks but are also globally symmetric and are, thus, more amenable to biochemical and 
structural analyses (Fig.  20.8 ). For example, helical tubes and two-dimensional crystals composed 
of CA hexamers have provided low-resolution views of the hexagonal lattice (Li et al.  2000 ; Ganser-
Pornillos et al.  2007 ; Byeon et al.  2009  ) , whereas icosahedral assemblies of RSV CA allowed the 
fi rst visualization of the CA pentamer (Cardone et al.  2009 ; Hyun et al.  2010  ) . Biochemical and 
mutagenesis experiments have established that these in vitro assemblies faithfully recapitulate the 
lattice interactions of CA subunits in mature capsids (Gross et al.  1997 ; von Schwedler et al.  1998, 
  2003a ; Lanman et al.  2003 ; Ganser-Pornillos et al.  2004 ; Purdy et al.  2008  ) .  

 The assembly functions of the CA NTD  and CA CTD  domains in the mature capsid are clearly delin-
eated: CA NTD  forms sixfold or fi vefold symmetric rings, whereas side-by-side CA CTD  dimers connect 
each ring to its neighbors (Figs.  20.9,   20.10  and  20.11 ). Furthermore, the CA CTD  domains form a 
“belt” surrounding the central CA NTD  ring, with each CA CTD  packed against the CA NTD  of the adjacent 
subunit (Fig.  20.9 ). The quaternary intersubunit interactions in the CA hexamer, pentamer, and 
dimer have each now been visualized at atomic resolution. Thus, the architecture of the mature 
capsid is now understood in considerable detail (Fig.  20.9 ).  

  Fig. 20.7    Morphologies of representative mature capsids of different orthoretroviruses. Images and fullerene models 
of Moloney murine leukemia virus (Mo-MLV, a gammaretrovirus), Mason-Pfi zer monkey virus (MPMV, a betaretro-
virus), and HIV-1 (a lentivirus) are shown. In all cases, the capsids are organized as fullerene structures that incorpo-
rate 12 pentamers ( red ) to close the hexagonal lattice. (Virus images reproduced from Ganser-Pornillos et al. ( 2004 ), 
with permission from American Society for Microbiology)       
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    20.4.1.1   The CA NTD  Hexamer and Pentamer 

 The CA NTD  hexamer is a sixfold symmetric ring that is organized around an 18-helix barrel com-
posed of the fi rst three helices of each subunit (Mortuza et al.  2004 ; Ganser-Pornillos et al.  2007 ; 
Pornillos et al.  2009  )  (Figs.  20.9b  and  20.10a ). The repeating interaction is a three-helix bundle 
formed by lengthwise packing of helix 2 from one subunit against helices 1 and 3 of the adjacent 
subunit. In HIV-1, the center of the three-helix bundle contains a small hydrophobic core composed 
of aliphatic side chains (Fig.  20.10c ), whereas interactions at the periphery are mediated by polar 
residues. Direct electrostatic protein–protein contacts are conspicuously absent, and essentially all 
the intersubunit hydrogen bonds are bridged by water molecules (Pornillos et al.  2009  ) .  

 The quaternary organization of the CA NTD  pentamer is similar to the hexamer, except that the 
subunits form a fi vefold symmetric ring organized around a 15-helix barrel (Cardone et al.  2009 ; 
Hyun et al.  2010 ; Pornillos et al.  2011  )  (Figs.  20.9c  and  20.10b ). Even though the packing angles 

  Fig. 20.8    Gallery of in vitro assembly systems for retroviral capsids: helical tubes, two-dimensional hexagonal 
crystals, and icosahedral particles. (Images of HIV-1 assemblies reprinted from (Ganser-Pornillos et al.    2008  ) , with 
permission from Elsevier. Image of RSV particles courtesy of Rebecca Craven. Reconstructed images of HIV-1 tubes 
reprinted from (Li et al.  2000 ), with permission from Macmillan Publishers Ltd. Map used to generate  T  = 1 image 
courtesy of Alasdair Steven)       
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between adjacent subunits are different, the HIV-1 pentamer uses a similar three-helix repeat unit – 
stabilized by essentially identical hydrophobic interactions – as the hexamer (Pornillos et al.  2011  )  
(Fig.  20.10c ). 

 Switching between the CA NTD  hexamer and pentamer follows the general model for quasi-equiv-
alence as originally proposed by Caspar and Klug  (  1962  ) . Alternative packing of subunits in the two 
oligomers occurs by a simple rotation of adjacent subunits, about an axis that appears to coincide 
with the precise center of the three-helix repeat unit (Pornillos et al.  2011  )  (Fig.  20.10d ). Residues 
at the center of the three-helix repeat unit can therefore maintain essentially the same hydrophobic 
packing interactions in both oligomers, and only subtle rearrangements in the hydrogen-bonding 
interactions at the inner and outer rims of the CA NTD  rings are required. 

 The energetic landscape of hexamer vs pentamer assembly appears to be controlled by an elec-
trostatic switch (Cardone et al.  2009 ; Pornillos et al.  2011  ) . In the case of HIV-1 CA, an almost 
universally conserved arginine residue (Arg18) occupies an annulus at the centers of both the hex-
amer and pentamer. Juxtaposition of like charges creates electrostatic repulsion, which is greater for 
the pentamer because the arginine residues are closer to each other in the fi vefold ring (Pornillos 
et al.  2011  ) . Indeed, substitution of Arg18 with uncharged residues promotes pentamer formation 
in vitro (Ganser-Pornillos et al.  2004,   2007  ) . Electrostatic destabilization of the pentamer is most 
probably counterbalanced by local assembly rules and cooperativity, such that a pentamer is inte-
grated into the assembling capsid lattice only at a position where incorporation of a hexamer is 
incompatible with the local lattice curvature.  

  Fig. 20.9    Organization of the mature HIV-1 capsid. ( a ) Structural model of the complete capsid, with the CA NTD  hex-
amers in  green , CA NTD  pentamers in  light green , and CA CTD  dimers in  cyan . ( b ) Two views of the X-ray structure of 
the HIV-1 CA hexamer (Pornillos et al.  2009  ) . ( c ) Two views of the X-ray structure of the HIV-1 CA pentamer 
(Pornillos et al.  2011  )        
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    20.4.1.2   The CA CTD  Dimer 

 The CA NTD  hexamers and pentamers are linked into a continuous lattice by symmetric CA CTD  dimers 
(Fig.  20.11a ), with side-by-side interacting subunits (i.e., not domain-swapped). The affi nity of the 
mature HIV-1 CA CTD  dimer is measurable in solution, with a dissociation constant ( K  

d
 ) of ~10 −5  M 

(Gamble et al.  1997 ; Byeon et al.  2009  ) . Characterized CA proteins of other orthoretroviruses remain 
monomeric in solution (Khorasanizadeh et al.  1999 ; Campos-Olivas et al.  2000 ; Mortuza et al.  2009  )  
but also form analogous dimers under conditions that promote capsid assembly (Bailey et al.  2009 ; 
Purdy et al.  2009  ) . The CA CTD  dimer interface is mediated by symmetric packing of helix 9 across 

  Fig. 20.10    Quasi-equivalence in the pentameric and hexameric CA NTD  rings. Top views of the ( a ) hexameric and 
( b ) pentameric CA NTD  rings, with each subunit in a different color. Subunits in the pentamer and hexamer are shown 
in  darker  and  lighter  shades, respectively. The angles subtended by adjacent domains are shown explicitly for the  blue  
and  orange  subunits. One of the repeating three-helix units is outlined in  black . ( c ) Close-up view of the pentameric 
and hexameric repeat units, superimposed on helices 1 and 3 of the  blue  subunit. The aliphatic residues that form a 
small hydrophobic core are shown explicitly and labeled. ( d ) The “rotation” between adjacent subunits, in going from 
the hexamer to the pentamer. The approximate position of the rotation axis is indicated by the  red dot . Note that this 
axis is parallel to neither the pentameric nor hexameric symmetry axes. (Reprinted from Pornillos et al. ( 2011 ), with 
permission from Macmillan Publishers Ltd)       
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the dyad, and hydrophobic interactions between the 3 
10

  helix of one subunit and helix 9 of the other 
(Gamble et al.  1997 ; Worthylake et al.  1999 ; Byeon et al.  2009  ) . The lattice-stabilizing dimer inter-
face is the same as the solution dimer interface (Ganser-Pornillos et al.  2007 ; Byeon et al.  2009  ) , 
implying that the basic assembly unit of the mature capsid is composed of two CA subunits linked 
by CA CTD .    

    20.4.2   Mechanisms of Capsid Lattice Curvature 

 A key feature of the HIV-1 fullerene cone capsid is that the curvature of the hexagonal CA lattice 
changes continuously (Ganser et al.  1999 ; Li et al.  2000  )  (Fig.  20.11 ). This is most easily appreci-
ated by considering the bite angle between adjacent hexamers. The bite angles change continuously 
and range from around 135° between two hexamers connected to the same pentamer at the ends of 
the cone to around 180° in more fl at regions at the body of the cone. 

  Fig. 20.11    Proposed mechanisms for generating curvature in the mature retroviral capsid. ( a ) Structural model of the 
capsid, showing a line of connected rings. The CA NTD  hexamers are colored in  green , and CA CTD  dimers are in  cyan . 
One pentamer is shown on the  left , with the CA NTD  colored  light green . The two regions that are proposed to contribute 
to curvature generation are indicated by the  black box  (NTD–CTD interface) and the  blue box  (CTD–CTD dimer 
interface). ( b ) Flexion at the intermolecular NTD–CTD interface occurs about molecular pivots composed of helix-
capping hydrogen bonds. Shown are 17 independent X-ray structures of the NTD–CTD interface, superimposed on 
the CA NTD  domain. Rigid-body movement of CA CTD  relative to CA NTD  is indicated by the  red double-headed arrow . 
Hydrogen-bonded side chains are shown explicitly. Hydrogen bonds are indicated as  yellow lines . ( c ) Superposition 
of the X-ray structure (colored  light blue ) (Worthylake et al.  1999  )  and NMR structure (colored  cyan ) (Byeon et al. 
 2009  )  of the isolated full-affi nity CA CTD  dimer. The structures show distinct confi gurations of the dimer. The  red 
double-headed arrows  indicate putative slippage or rotation about the dimer symmetry axis ( red oval )       
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 The CA protein has the requisite fl exibility for creating such a variably curved lattice because 
the CA NTD  and CA CTD  domains are linked by a fl exible stretch of four amino acid residues. Indeed, 
NMR analyses of full-length CA proteins in solution demonstrate that the two domains can rotate 
almost independently of each other (Khorasanizadeh et al.  1999 ; Campos-Olivas et al.  2000  ) . In the 
assembled lattice, the relative orientations of the CA NTD  rings and CA CTD  dimers can also vary (Byeon 
et al.  2009 ; Cardone et al.  2009 ; Pornillos et al.  2009  ) . Unlike the soluble CA protein, however, 
movement of the two domains in the assembled lattice is more restricted. One proposal is that capsid 
lattice curvature is mediated by defi ned modes of fl exibility at two assembly interfaces: the NTD-
CTD and CTD-CTD interfaces (Pornillos et al.  2011 ) (Fig.  20.11 ). 

    20.4.2.1   NTD–CTD Interactions 

 In the assembled CA lattice, each CA CTD  domain packs against the CA NTD  domain from the adjacent 
subunit, via an intermolecular set of interactions called the NTD–CTD interface (Bowzard et al. 
 2001 ; Lanman et al.  2003 ; Ganser-Pornillos et al.  2007  )  (Fig.  20.11b ). A critical feature of the NTD–
CTD interface is that it contains a set of direct protein–protein hydrogen bonds, each of which is a 
helix-capping interaction, and connects a fl exible polar side chain in one domain with a helix termi-
nus in the other domain (Pornillos et al.  2009,   2011  ) . These helix-capping hydrogen bonds act as 
molecular pivots for limited rigid-body rotations of CA CTD  relative to CA NTD  (indicated by red dou-
ble-headed arrow in Fig.  20.11b ). In this manner, the NTD–CTD interface can restrict the movement 
of the CA CTD  dimers relative to the CA NTD  rings. Each dimer can only rotate about a fi xed axis that is 
approximately parallel to the plane of the ring, and this fl exion would allow each CA NTD  ring to adopt 
slightly different bite angles relative to its neighbors. The NTD–CTD interface, therefore, is likely 
to function by channeling the native fl exibility of the CA protein into a mechanism for generating 
variable lattice curvature. This feature is common to the hexamer and pentamer since an identical set 
of interactions is found in both capsomers (Pornillos et al.  2009,   2011  ) .   

    20.4.2.2   CTD–CTD Interactions 

 Biochemical and structural analyses also indicate that the CA CTD  domain is conformationally fl exible 
(Ternois et al.  2005 ; Alcaraz et al.  2007 ; Ganser–Pornillos et al.  2007 ; Ivanov et al.  2007 ; Bartonova 
et al.  2008 ; Wong et al.  2008  ) . For example, comparison of X-ray (Gamble et al.  1997 ; Worthylake 
et al.  1999  )  and NMR (Byeon et al.  2009  )  structures of full-affi nity CA CTD  dimers reveals slight 
variations in the structure of the dimerization helix, which occur at both the tertiary level (in terms 
of helix 9 packing against other helices in the same domain) and quaternary level (in terms of the 
helix 9 crossing angle across the dimer dyad) (Fig.  20.11c ). Flexibility of the CA CTD  dimer might 
have functional implications since twisting at the dimer interface may also dictate lattice curvature 
(indicated by red double-headed arrows in Fig.  20.11c ) (Ternois et al.  2005 ; Ganser-Pornillos et al. 
 2007  ) . Indeed, computational modeling of the HIV-1 capsid suggests that proper formation of the 
pentameric declinations requires a fl exible dimer interface (Pornillos et al.  2011  ) . 

 An electron cryomicroscopy reconstruction of helical tubes composed of HIV-1 CA hexamers 
indicates that adjacent CA CTD  domains surrounding the threefold axes of the hexagonal lattice may 
also interact via extended polar residues (Byeon et al.  2009  ) . This interaction is not observed in 
structures of fl attened lattices of CA (Ganser-Pornillos et al.  2007  )  and, therefore, appears to specifi -
cally stabilize subunit packing in a curved lattice. In the assembled capsid, it is likely that interac-
tions across the threefold interface vary in response to different degrees of rotation at the NTD–CTD 
interface (Byeon et al.  2009 ; Pornillos et al.  2009  ) .   
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    20.5   Organization of the RNA Genome 

 The morphological and structural rearrangements that occur during retroviral maturation likely 
prepare the RNA genome for proper replication upon cell entry. Consistent with this idea, the genome 
itself undergoes structural rearrangements during maturation, in which the RNA condenses with the 
new NC proteins inside the capsid and adopts a more stable structure (Fu and Rein  1993  ) . Furthermore, 
there appears to be a structural link between the genome and the capsid shell because alterations in 
capsid stability can signifi cantly perturb reverse transcription (Forshey et al.  2002  ) . Very little is cur-
rently known about the three-dimensional organization of the genome within the core, but signifi cant 
progress has been made in delineating the secondary structural elements (Watts et al.  2009  ) . This is 
an exciting unexplored area in retrovirus structure.  

    20.6   Conserved and Contrasting Features in the Design 
of Enveloped Spherical Viruses 

 As molecular machines, viruses have evolved effi cient, elegant methods to perform their vital 
functions: (1) protect the genome upon exit from an infected cell, (2) recognize a susceptible host 
cell and trigger an entry mechanism, and (3) co-opt normal cellular machinery to replicate and 
assemble progeny. For retroviruses, and in fact most viruses, the fi rst function is accomplished by 
the capsid, a protective protein shell with tightly packed subunits that exclude harmful proteins such 
as ribonucleases, and the second function is accomplished by trimeric Env glycoprotein spikes which 
recognize specifi c cellular receptors and mediate fusion of the viral envelope with the cell membrane. 

 The structures of the capsids and surface proteins from many enveloped viruses are now known 
and have begun to reveal both common and diverging features in virus architecture. As might be 
expected, many enveloped viruses have capsids and/or envelope proteins organized by the classical 
principles of icosahedral symmetry. The most striking example of this is the alphavirus family, 
where even the lipid bilayer of the virion is constrained to icosahedral symmetry (Zhang et al.  2002  ) . 
On the other hand, hepatitis B virus does have an icosahedral capsid but also a pleomorphic envelope 
with a relatively random distribution of spikes (Dryden et al.  2006  ) . Nevertheless, the envelope and 
capsid reside in close proximity, and the surface L protein mediates intimate interactions with the 
internal capsid. Like hepatitis B virus, herpesvirus has a pleomorphic envelope and an icosahedral 
inner capsid. However, a disordered tegument protein shell resides between the envelope and capsid 
(Grünewald et al.  2003  ) . Finally, orthoretroviruses appear to be an extreme case of pleomorphism 
because both the capsids and surface glycoproteins are nonicosahedral. 

 This pleomorphism has made structural analyses of orthoretroviral capsids and envelope proteins 
very diffi cult. This chapter illustrates the “bottoms-up” approach that has been used to study these types 
of structures, wherein high-resolution information on the building blocks are coupled with lower-reso-
lution electron microscopy structures and functional data to build models for the complete capsid. This 
approach requires close collaborations between structural biologists, biochemists, and virologists.  

    20.7   Future Directions 

 Future directions for studies of orthoretroviral capsid assembly include determination of higher-
resolution structures of the immature Gag lattice, characterization of the molecular rearrangements 
(both within the RNA genome and the capsid shells) that occur during the regulated maturation of 
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the virus, and dissection of the early events in the viral replication cycle. Of particular interest are 
the fate of the viral capsid once it enters the cell and how the capsid and its contents reorganize to 
form the enzymatic complex that reverse transcribes the genome and targets it to host chromosomes 
for integration.      
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  Abstract   Large, tailed dsDNA-containing bacteriophage genomes are packaged to a conserved and 
high density (~500 mg/ml), generally in ~2.5-nm, duplex-to-duplex, spaced, organized DNA shells 
within icosahedral capsids. Phages with these condensate properties, however, differ markedly in their 
inner capsid structures: (1) those with a naked condensed DNA, (2) those with many dispersed unstruc-
tured proteins embedded within the DNA, (3) those with a small number of localized proteins, and (4) 
those with a reduced or DNA-free internal protein structure of substantial volume. The DNA is translo-
cated and condensed by a high-force ATPase motor into a procapsid already containing the proteins that 
are to be ejected together with the DNA into the infected host. The condensed genome structure of a 
single-phage type is unlikely to be precisely determined and can change without loss of function to fi t 
an altered capsid size or internal structure. Although no such single-phage condensed genome structure 
is known exactly, it is known that a single general structure is unlikely to apply to all such phages.   

     21.1   Introduction 

 Viral genomes are enclosed within a capsid for protection, transfer, and infection of host cells. Most 
well-studied viruses with capsids of icosahedral, or similar, symmetry have genomes composed of 
either DNA or RNA [either single-stranded (ss) or double-stranded (ds) in both cases] that range in 
length from <4 to >1,200 kb. In some cases, the genome may consist of more than one nucleic acid 
segment. The dimensions of icosahedral capsids vary dramatically to accommodate such variations 
in nucleic acid content and may, in some viruses, be elongated, and thus depart from strict 
icosahedral symmetry. Despite wide variations in genome composition, there are numbers of virus 
components that are structurally conserved across the phylogenetic spectrum (Koonin et al.  2006  ) . 
Notably, the translocation of DNA into an empty immature capsid (the procapsid) by a viral DNA-
packaging machine is an ancient invention that is found in all kingdoms, and its mechanism appears 
to be highly conserved among many DNA viruses, including Herpes and related viruses (Salmon 
and Baines  1998    ; Sheaffer et al.  2001  ) , as well as among most tailed dsDNA bacteriophages. 

 In most large (greater than ~10 kb) dsDNA viruses/phages, ATP-driven high force-generating molec-
ular motors package the genome to high density within procapsids by a broadly conserved molecular 
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mechanism (Smith et al.  2001  ) . Generally, these molecular motors are composed of two main 
components, a portal-containing procapsid complexed with a multimeric ATPase enzyme, the terminase 
(Black  1989 ; Johnson and Chiu  2007 ; Rao and Feiss  2008 ; Rao and Black  2010  ) . The portal is situated 
at a unique capsid vertex and contains a channel, through which DNA enters into the procapsid, and 
through which DNA and protein are ejected out of the capsid, via the tail (attached to the portal) into the 
host. DNA is often packaged in conjunction with formation of the mature genome ends by nucleolytic 
cleavage from a replicative concatemer (hence the name terminase) within bacteriophage or Herpes 
infected cells; in phages packaging is by a two component terminase, or as a protein terminated linear 
dsDNA by a single protein-component-packaging ATPase (e.g., Phi29). The terminase protein(s) in 
most phages/viruses dissociate from the virion after packaging and are not part of the mature virion (i.e., 
are not structural proteins). In contrast to this, and illustrating the amazing ability of viruses to create 
variations upon a theme, is the tailless phage PRD1 and its relatives, in which an icosahedral protein 
capsid encloses a lipid bilayer membrane packed with dsDNA. The packaging proteins of these dsDNA 
phages are permanently incorporated into a special vertex of the capsid and utilize this ATP driven motor 
to achieve a packaging rate and local packing density comparable to that of the tailed dsDNA phages 
(Gowen et al.  2003 ; Karhu et al.  2007  ) . There are, of course, other icosahedral capsid phages with quite 
different packaging strategies that are often found to contain less densely packed genomes; e.g., circular 
supercoiled dsDNA containing PMS2; single-stranded DNA phage PhiX174; three-segment dsRNA 
containing outer lipid bilayer phage Phi6; not to mention fi lamentous phages and numerous others; 
however, phages of these families, which are very different from the tailed dsDNA phages utilizing 
molecular motors to densely fi ll procapsids with linear dsDNA, will not be reviewed here. 

 Most, if not all, tailed dsDNA containing bacteriophage genomes are highly condensed by the 
ATP-driven terminase complex to a remarkably characteristic and conserved concentration of 
~500 mg/ml, near to a liquid crystalline DNA state. Phage DNA packaged within the icosahedral 
capsid is thus at a concentration at least fi vefold higher than found in metaphase chromatin 
(Cerritelli et al.  1997  ) . Capsid DNA condensates can be both packaged within the infected cell, and 
unpackaged upon delivery to infected bacteria, within several minutes or less. Nevertheless, despite 
such high mobility, the metabolically inactive condensed genomes are stable, infectious, and deliver-
able from the capsid after many years of storage (Ackermann et al.  2004  ) . 

 The similar structural and functional properties of condensed genomes found among tailed 
dsDNA bacteriophages have been the subject of numerous reviews and structural models (e.g., 
Earnshaw and Harrison  1977 ; Black  1989  ) . However, it has only recently been appreciated that the 
comparable condensed genomic DNA structures are actually found among tailed bacteriophages 
with fundamentally different inner capsid environments. Phages can be broadly categorized based 
on these inner capsid differences: (1) those containing only a naked condensed DNA within the 
capsid with few or no internal proteins (e.g., lambda, HK97); (2) those with more than a thousand 
dispersed unstructured proteins embedded within the DNA (e.g., T4 and other T-evens); (3) those 
with a small number of localized proteins (e.g., Phi29); and (4) those with a reduced, or DNA-free, 
internal structure composed of more than one type of protein that has a defi ned shape and volume 
and occupies an appreciable fraction of the total capsid volume (e.g., T7, PhiKZ). Examples of 
these capsid structure types can be seen in Fig.  21.1 . As noted, despite such signifi cant and funda-
mental internal structural differences, the degree of DNA compaction found among all four types of 
phages is comparable in the condensed DNA-containing portions in the capsid interior. Studies have 
shown that the capsid internal proteins, whether structured or unstructured, found together with the 
condensed DNA are an internal part of the DNA-free precursor procapsid and associate with the DNA 
only following packaging rather than being transferred into the procapsid together with the DNA. 
Indeed, proteins with high DNA-binding affi nities found bound to the metabolically active cellular 
DNA are in fact actively excluded from being packaged together with the DNA. In all four types of 
bacteriophages, based on the T4 precedent, the capsid also most likely contains many small- 
molecule DNA counterions. These small molecules taken up into the procapsid can vary in compo-
sition due to mutational changes to the host which prevent normal polyamine synthesis but allow 



47121 Condensed Genome Structure

viral packaging with divalent cations, apparently without affecting the packaging or the  overall 
packaged DNA structure (see Black  1989  for early references).  

 In this review, emphasis will be placed on recent advances and discoveries made among these 
four classes of highly condensed genomes found in tailed bacteriophages, especially among the 
more recently discovered “environmental” phages. Experimental work bearing on structure and 
function will be emphasized over theoretical structural and biophysical modeling of the 
condensed DNA. How modeling of condensed capsid DNA structure relates to DNA packaging 
force and velocity, and to DNA ejection from the capsid have been discussed recently (Fuller et al. 
 2007 ; Rickgauer et al.  2008  ) .  

    21.2   Naked DNA Condensate Structure in Phage Capsids 

 The exact three-dimensional structural properties of the packaged double-stranded DNA in 
bacteriophage capsids remain controversial. The packaged condensate structure found among the 
four different types of phage capsids shown in Fig.  21.1  displays an ordered ~2.5-nm duplex-to-
duplex DNA spacing that arises from the broadly conserved packaging motor mechanisms (Earnshaw 
and Casjens  1980  ) . A number of models have been proposed to account for such broadly conserved 
structural features of these capsid condensates in which DNA is sometimes determined to be orga-
nized in concentric shells by X-ray scattering and cryo-EM (summarized in Mullaney and Black 
 1998 ; Comolli et al.  2008  ) . However, defi nitive evidence to choose among these structural models 
(Fig.  21.2 ) appears to be lacking. In fact, despite some generally similar features such as the degree 
of packing density and the ordered 2.5-nm duplex spacings found among DNAs organized in shells, 
at least toward the periphery of the various phage capsids, other structural, chemical, and biological 

  Fig. 21.1    Examples of different internal capsid arrangements found in tailed dsDNA bacteriophages. Tails on capsids 
are not shown. Portal complex depicted by  purple ; 2.5-nm spaced DNA depicted by  shades of blue . ( a ) lambda, HK97, 
and Phi29 have only a “naked” condensed DNA within their capsids; ( b ) the T4 capsid contains more than a thousand 
dispersed internal proteins ( yellow ) embedded within its DNA, whose copy numbers vary relative to capsid dimen-
sions, as well as several localized proteins whose copy numbers remain unchanged in different-sized capsids ( red ), 
such as icosahedral capsids (T4 i ) or giant capsids (T4 g ); ( c ) the T7 capsid has an inner core composed of three 
different proteins ( yellow ); and ( d ) the PhiKZ capsid contains an extremely large inner protein body ( purple )       
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features of packaged DNA condensates found among a number of phages argue against a single 
unitary and deterministic packaged capsid DNA structure. Signifi cant differences found among a 
number of packaged phage capsids are the following: Depending upon the phage capsid, DNA is 
oriented transverse (T7) (Cerritelli et al.  1997  )  or more nearly parallel (T4) (Earnshaw et al.  1978 ; 
Lepault et al.  1987  )  to the head-tail axis of the phage particle; the fi rst DNA end packaged is the last 
end out (lambda, T7) (Sternberg and Weisberg  1975 ; Hartman et al.  1979  )  or the fi rst end packaged 
is the fi rst end out (T4) (Black and Silverman  1978  ) , and is packaged to a comparable 500 mg/ml 
density despite being found in the capsid as a protein-free condensate or together with unstructured 
or DNA-free protein structures (Cerritelli et al.  1997 ; Mullaney and Black  1998  ) . Moreover, func-
tional DNA-containing “giant” phage capsids (Earnshaw et al.  1978  )  are packed with DNA to the 
same 2.5-nm spacing and fi nal DNA density as normal capsids. In these giant phages, the DNA is 
clearly oriented parallel to the extended long axis of the giant capsids that can be more than tenfold 
longer than wild-type T4, while maintaining the same width as normal capsids. However, a phage 
with the unusual highly positively charged base a-putrescinylthymine packages DNA to ~630 mg/
ml, except when this modifi cation is removed, showing that the DNA structure and charge critically 
determine packaging density (Scraba et al.  1983  ) . Phages with unique sequence ends such as lambda 
signifi cantly under-package deletion containing genomes of ~75% normal length to yield active 

  Fig. 21.2    Different models of packaged DNA structure. ( a ) The spool model containing longitudinally packaged 
DNA segments (Earnshaw et al.  1978  ) ; ( b ) spool or concentric shell models (Earnshaw and Harrison  1977 ; 
Cerritelli et al.  1997  ) ; ( c ) spiral-fold model (Black et al.  1985  ) ; ( d ) liquid crystal and hexagonal packing models 
(Lepault et al.  1987 ; Leforestier and Livolant  2010  ) ; ( e ) icosahedral-bend model which is the same as in ( a ) but sharp 
bends have been incorporated to follow the angular contours of the icosahedrons (Mullaney and Black  1998  ) ; ( f ) a 
model where the DNA forms 12 icosahedrally arranged  pear-shaped rings  was proposed for the large  Bacillus  phage 
G (Sun and Serwer  1997  ) . This model is based on that proposed for lambda DNA (Witkiewicz and Schweiger  1985  ) ; 
( g ) model for completion of genome packaging into shells in Phi29 based on a Monte Carlo simulation (Comolli et al. 
 2008  ) ; and ( h ) model for genome packaging with extensively knotted DNA that may arise following packaging 
(Marenduzzo et al.  2009  ) . Nb. Capsid shell is not indicated in ( b ,  f ,  g , and  h )       
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phages with looser than 2.5-nm of duplex-to-duplex overall spacing. On the other hand, headful 
packaging phages such as T4, SPP1, or P22 that lack a sequence-specifi c terminase cutting site 
package DNA to a conserved ~500 mg/ml density irrespective of deletions because a headful cut-
ting signal is communicated to the high-force packaging motor-terminase complex by the highly 
conserved portal DNA measuring device. Overall, functional fully packaged giant, more densely 
packaged positively charged base-containing DNA, and underpackaged short-genome phage capsids 
demonstrate how variable the capsid-condensate DNA structure can be among  different phages.  

 DNA condensed within capsids of diverse size is often visualized by cryo-EM to be highly 
organized within shells with apparently gentle overall curvature in outer shells (Effantin et al.  2006 ; 
Xiang et al.  2006 ; Duda et al.  2009  ) . An unresolved question is whether the DNA in such shells is 
uniformly bent in the wide outer shells even where contact is made with capsid angular icosahedral 
edges (e.g., Fig.  21.2e ). Additional discontinuities in bending are expected in the inner shells near to 
the center of the icosahedron because packed DNA is observed to have essentially equal density in 
these portions of the capsid (Leforestier and Livolant  2010  ) . This requires that DNA should be 
sharply bent below its persistence length in these regions. Overall, it appears uncertain whether DNA 
is arranged largely or exclusively with gentle bending (Fig.  21.2a, b ), or with discontinuities – less 
gentle bends (Fig.  21.2e–g ) or sharp kinks (Fig.  21.2c, d ) – throughout the structure or only in those 
regions of the structure that apparently require this. Those DNA condensate models shown in Fig.  21.2  
a–c, e, and g, whether or not they contain bends or kinks, would display DNA shells with generally 
similar overall structures in averaged cryo-EM reconstructions. It should be noted that DNA will 
readily undergo bending or kinking under certain constraints or interactions, even in the absence of 
high motor force, such as possibly with DNA-binding internal protein components of the capsid (see 
below) or domains of the main head protein itself which protrude into the capsid interior, as seen in 
the mature N4 capsid (Choi et al.  2008  ) . Similarly, the T7 capsid apparently imparts angularity in 
portions of the outermost DNA shell (Agirrezabala et al.  2005  ) . 

 Also, because of the highly energetic and rapid (up to 2,000 bp/s) packaging motor, it probably 
cannot be assumed a priori that minimum energy structures within the DNA must predominate in 
determining its structure. For example, it is frequently assumed in modeling (and other) studies that 
DNA is condensed within the capsid from outside to inside (Jiang et al.  2006 ; Petrov et al.  2007  ) . 
However, in fact experimental evidence including ion etching of the intact fully packaged particle 
apparently establishes the opposite direction of packing condensation for phages T4 and lambda 
(Black and Silverman  1978 ; Black et al.  1985 ; Mendelson et al.  1992  ) . EM observations of packaging 
intermediates in a number of phages also apparently show that the DNA is not initially preferentially 
packaged against the inner surface of the capsid, e.g., most recently in T3 (Fang et al.  2008  ) . 

 It is unlikely that cryo-EM or other techniques presently have the resolution to resolve these ques-
tions of condensed DNA fi ne structure that requires that the entire length of an individual packaged 
duplex is resolved structurally at the nucleotide level. A number of techniques including Raman 
spectroscopy and solid-state NMR show that the condensed DNA is predominantly B form 
(Overman et al.  1998 ; Yu and Schaefer  2008  ) . At the same time, evidence for some departure from 
uniform B-form structure comes from chemical evidence for kinks in the condensed DNA, in addi-
tion to known condensation below persistence length (see Black et al.  1985 ; Serwer  1986  ) . Moreover, 
additional evidence against uniform B form comes from the observed hydrolysis of packaged T4 
DNA in active phage particles by packaged staphylococcal nuclease whose enzymatic specifi city is 
incompatible with B-form DNA cutting (see below). These experiments also show that many or a 
few molecules of the packaged nuclease can diffuse within the fully packaged DNA – condensed to 
~500 mg/ml DNA contains 75–85% (vol/vol) water – to reduce it more or less rapidly, varying with 
the copy number, to ~160 bp limit digest lengths. Cryo-EM observations of such limit phage T4 head 
digests, however, show relatively small effects on DNA condensate structure. The observations also 
show the T4 DNA to be oriented differently from T7 in an elliptical coaxial spool whose long axes 
are oriented at approximately 30° tilt to the portal axis (N. Cheng, B. Mai, M.E. Cerritelli, L.W. 
Black, and A.C. Steven, personal communication). 
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 A number of other fundamental properties of packaged DNA have recently been determined. It was 
known that one unique end of the packaged phage DNA descends through the portal to be injected into 
the infected host. Such a DNA duplex descending through the portal has recently been imaged by cryo-
EM; the structure of the portal proximal DNA can also be visualized, and packaging is seen to change the 
portal structure (see below). Several studies had shown by classical electron microscopy that a single end 
is attached to the phage lambda (and other) tail(s) following disruption, thereby demonstrating that fol-
lowing packaging, but before ejection, DNA rearranges and descends through the portal and into the tail 
(Chattoraj and Inman  1974 ; Saigo and Uchida  1974 ; Thomas  1974 ; Saigo  1975  ) . Recently, it has also 
been demonstrated by fl uorescence correlation spectroscopy-Förster resonance energy transfer (FCS-
FRET) and single-molecule FRET (smFRET) analysis of in vitro packaged Förster dye pair terminated 
5- and 50-kb DNAs that the two DNA ends packaged into phage T4 capsids are held 80–90 Å apart; 
apparently both are within the portal channel of the T4 capsid (Ray et al.  2010  ) . This structure suggests 
that a loop rather than an end of DNA is translocated by the T4 motor complex. Other less direct evidence 
(knotting and ion etching of DNA) is consistent with comparable colocalization of the two packaged 
DNA ends in other phages. However, colocalization of both packaged DNA ends such as in the phage T4 
capsid also appears to place constraints on comparably packaged capsid DNA structures. How can this be 
reconciled with extensively knotted DNA derived from phage P4 capsids (Arsuaga et al.  2002  ) ? DNA 
modeling suggests that the many knots found within DNA originating from the packaged phage P4 capsid 
would be delocalized and not interfere with DNA ejection from the capsid (see Fig.  21.2h ) (Marenduzzo et al. 
 2009  ) . However, if both P4 DNA ends are also anchored at the portal, it is not clear how extensive topo-
logical knotting could occur within the capsid; rather the knots may more likely arise following release 
and rearrangement of the condensate, or at least of its ends, from the native capsid structure.  

    21.3   Phage Capsids with DNA Condensed Together with Internal Proteins 

 In addition to the condensed genome, numbers of phage capsids contain a diversity of internal pro-
teins, despite, as mentioned above, their DNA retaining conserved features, including a density of 
~500 mg/ml and displaying the characteristic 2.5-nm duplex-to-duplex spacing. These proteins vary 
in length, copy number, function, and localization within the capsid, illustrating not only the remark-
able diversity that occurs between different phages, but also highlighting the fact that genome pack-
aging occurs successfully despite numerous internal capsid conditions/states. 

    21.3.1   Phage Capsids with DNA Condensed Together 
with Dispersed Unstructured Proteins 

 The most intensively studied phage capsid internal proteins (IPs) are those of phage T4 and relatives. 
In T4, more than 1,000 molecules of three different small (~8–20 kDa) proteins are packaged into 
DNA-free proheads by a capsid-targeting sequence (CTS) mechanism (Mullaney and Black  1996  )  
(Fig.  21.3 ). IP incorporation into the procapsid is based on the affi nity of a highly conserved consen-
sus sequence found at the  N -terminus of each IP (the CTS) that is responsible for incorporation of 
these proteins into the assembly and structure determining core of the procapsid. The affi nity of the 
CTS for the core is such that it can be exploited to package diverse, nonphage proteins into the capsid 
(e.g., Fig.  21.3b , ii, iii, and iv). Processing of the assembly core by the morphogenetic protease 
(gp21) converts the essential shape-determining core protein (gp22) to small peptides, most of which 
exit the capsid, although a few of which are also retained within the mature capsid. Gp21 also modi-
fi es all of the IPs by removal of the 10–19-residue-long N-terminal CTS peptides. The internal pro-
teins are unstructured and dispersed within the DNA condensate as shown by the ability of IP-nuclease 
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fusion proteins to diffuse within and cut all the condensed DNA (Fig.  21.3c ), IP  protection from ion 
etching by the DNA (Black et al.  1985  ) , and IP release and sedimentation together with packaged 
DNA released in condensed form by dissolution of the capsid (Zachary and Black  1991  ) .  

 Thus, it appears that these proteins fi t within the conserved DNA condensate structure without 
loss of function. In addition, all three IPs can be eliminated from the capsid by mutation with only 
minor effects on procapsid assembly and shape and without signifi cantly affecting the amount of 
DNA packaged within the capsid. Packaging of each IP is independent of the presence of the two other 
IPs, and in giant particles, the IP copy numbers per capsid increase with the available volume, pre-
sumably because the interior of the giant procapsid is seen to be fi lled with a giant scaffolding-core (com-
posed of gp22) that also contains increased numbers of IPs (see Fig. 3a in Black et al.  1993  ) . 

 The three internal proteins of T4 all have a net positive charge (all have predicted p I  > 9) and are 
lysine rich relative to other T4 proteins, properties that might enhance their interaction with DNA. 
Solid-state NMR showed that there are specifi c IP-DNA contacts, and that these proteins could 
neutralize some (<5%) of the DNA charge balance (Yu and Schaefer  2008  ) . Hence, this together with 
the fact that the small internal proteins are dispensable (Black et al.  1993  )  implies that their presence 
in the capsid is not essential for the stability of packaged DNA. This is supported by the fact that in 
other T-even phages the IPs are highly polymorphic and some of the internal proteins packaged by the 
CTS mechanism are small acidic or neutral proteins (Black et al.  1993 ; Repoila et al.  1994  ) . Potentially, 
the main function of the IPs is to interact with the host in a manner that will enhance infection, as the 
T4 IPs are all injected into the host cell. Supporting this suggestion is the fact that one of them, IPI, 
protects the T4 DNA against a highly specifi c DNA modifi cation dependent host restriction enzyme 
(Bair et al.  2007  ) . Conditions or hosts in which the abundant IPII and IPIII are essential have not been 
found. The dimensions of IPI suggest it can be ejected through the portal and tail tube without unfold-
ing thereby promoting immediate inhibition of its nuclease target in the infected host (Rifat et al. 
 2008  ) . However, it appears probable that other such internal proteins (particularly larger ones) are 
ejected unfolded and are then refolded in the infected host. This is likely the case with  E. coli  phage 
P1 that may resemble the T-even phages with respect to packaged unstructured proteins, although 
little is known about their copy numbers and locations within the capsid. However, it is known that 
phage P1 injects two large and processed (60 and 200 kDa) anti-restriction endonuclease inhibitor 
proteins, dar A and dar B, to protect the injected DNA (Iida et al.  1987 ; Streiff et al.  1987  ) . 

 That such permutations can occur was demonstrated by the packaging of  b -galactosidase via an 
IPIII- b -galactosidase fusion and its subsequent ejection into, and activity within, the host cell (Fig.  21.3b , 
iv) (Hong and Black  1993  ) . Physically, it is not feasible that packaged  b -galactosidase could exit the 
capsid in its folded state. In addition, the appearance of the 540-kDa tetramer-dependent activity in the 
infected cell requires host chaperones. Hence, the ejection of the unfolded, or possibly semi-unfolded, 
protein must be followed by refolding and multimerization within the host (Hong and Black  1993  ) . 
Possibly, unfolding of both unnatural and natural internal proteins, such as  b -galactosidase and Alt, that 
are folded and active upon synthesis prior to encapsidation, is a secondary function of the high force-
generating packaging motor and the resulting DNA pressure in the full capsid. GFP can also be pack-
aged within viable T4 phage particles as CTS fusions and gradual formation of the fl uorophore in 
mature phage shows the mobility of the encapsidated proteins; the IPIII-GFP fusions in DNA full 
heads, as opposed to CTS-deposited GFP, have fl uorescent properties suggesting IPIII interacts specifi -
cally along the DNA to associate GFP monomers within the full head (Mullaney et al.  2000  ) .  

    21.3.2   Phage Capsids with DNA Condensed with Localized Proteins 

 A number of unrelated phages contain proteins within their capsids that are injected into the host 
cell, ahead, or with, the phage DNA, but in contrast to the T4 IP proteins, these proteins have more 
specifi c locales, typically in close proximity to the portal complex. Examples of localized internal 



47721 Condensed Genome Structure

proteins are found in  E. coli  phages N4 and T4, and  Bacillus  phages Phi29 and SPP1. Despite having 
similar locales, these localized inner capsid proteins have a remarkably eclectic set of functions and 
several of them are apparently multifunctional. One localized protein that stands out for its unusual-
ness is the N4 gp50, a virion RNA polymerase (vRNAP), the fi rst RNAP to be identifi ed as being 
packaged within the capsid of a tailed phage. Gp50 transcribes early phage promoters that are com-
posed of four structural motifs at hairpin/stem structures (Gleghorn et al.  2008  ) . The production of 
these structures and their binding by the vRNAP is assisted by host proteins ( E. coli  DNA gyrase and 
single-stranded DNA-binding protein) (Glucksmann et al.  1992 ; Gleghorn et al.  2008  ) . The vRNAP 
is extremely large (~380 kDa) relative to its mitochondrial and T7-like RNAPs homologues 
(Cermakian et al.  1996  )  and comprises three main domains, a central domain responsible for RNAP 
activity, an  N -terminal domain that is required for injection of the fi rst 500 bp of the genome and a 
 C -terminal domain that is required for its incorporation into the head (Kazmierczak et al.  2002  ) . 
About four copies of the N4 vRNAP are present per virion, and cryo-EM comparison of 
wild-type versus gp50-minus mutants indicate that the vRNAP is located at the base of an inner core, 
above the portal in such a manner that at least part of the vRNAP is posited close to the internal 
entrance to the portal channel (Choi et al.  2008  ) . 

 In addition to its dispersed high-copy IP proteins, T4 also has several proteins, Alt and gp2, 
whose positions within the capsid are localized. Alt is a large protein (~75 kDa) that is packaged into 
the capsids via its CTS. Alt is responsible for ribosylating host RNAP subunits (and other host pro-
teins), resulting in preferential recognition of phage early promoters over host promoters 
(Depping et al.  2005  ) . Alt is probably located above, possibly on, the portal complex as supported 
by the fact that in giant phages the copy number of Alt [about 40 copies (Black et al.  1993  ) ] remains 
constant despite increases in the copy numbers of the three IP proteins proportional to increases in 
head size (Aebi et al.  1976 ; Bijlenga et al.  1976  ) . Some fi ner details of this process remain to be 
clarifi ed, such as why does Alt obtain such a very specifi c location within the head versus the dis-
persed locations of the IP proteins? Alt has the shortest CTS sequence, although comparable in 
sequence and also processing by the morphogenetic gp21 protease to the other IPs, leading to the 
question whether different portions of the Alt protein, other than the CTS sequence, may establish 
specifi c affi nity for the portal protein. 

 N4 gp50 and Alt potentially have signifi cant effect on the packaging of DNA and its fi nal struc-
ture based on the volume they would occupy in the phage head, and the fact they are within the head 
prior to DNA packaging. Other proteins with specialized locations within the head potentially have 
less impact on the overall structure of packaged DNA as they are present in low copy number and/
or have low molecular weights. However, their presence is likely to infl uence the structure of the 
packaged DNA in specifi c regions, particularly near or within the portal complex. Notable among 
such proteins are those that are noncovalently or covalently bound to the genome termini, such as T4 
gp2 and Phi29 gp3, respectively. T4 gp2 prevents restriction of the phage genome in the host cell by 
exonuclease V (Lipinska et al.  1989  )  and likely also functions as a “genome plug” (see below) within 
the head as mutations in it produce unstable heads that leak DNA; however, the gp2 protein can be 
added to the already fully packaged head to complete active and stable phage particles (Wang et al. 
 2000  ) . Since, as mentioned above, the ends of the T4 genome have been determined to be held 
80–90 Å apart, it is likely that each copy of gp2 has a specialized location in close proximity to the 
portal. The main function of Phi29 gp3 is to act as a primer for DNA replication (Peñalva and Salas 
 1982 ; Watabe et al.  1983  ) ; however, it may also function as a genome plug (Xiang et al.  2006  ) . 

 Genome plugs are proteins whose presence prevents the packaged genome from escaping through 
the portal vertex until the appropriate time for DNA ejection or descent into the tail tube. Genome 
plug proteins that are incorporated into the head are all likely to have some small effect on the struc-
ture of the packaged genome in the region close to where they reside. Due to the essential nature of 
such protein(s), all tailed phages are likely to have proteins with these functions, but as exemplifi ed 
by T4 gp2 and Phi29 gp3, there is potentially a diversity of nonhomologous proteins that undertake 
this function. Conversely, it is also feasible that certain genome plug proteins may be conserved 
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between related and even lesser-related phages. For instance, the minor capsid protein gp7 
(NP_690662.1, also referred to as SPP1p011) of siphovirus SPP1 is a good candidate for a genome 
plug as it is present in one to two copies per virion, potentially injected into the host cell, and exhibits 
both DNA-binding capacity and affi nity with the portal protein (Stiege et al.  2003  ) . Homologues to 
gp7 exist in a wide diversity of phages (Stiege et al.  2003  ) , as illustrated by its homology to the 
myovirus Mu gpF super family (cl10072) (e-30). However, for some potential genome plug proteins, 
such as T7 gp6.7 (9.2 kDa) (Kemp et al.  2005  ) , determination of whether such a protein is widely 
conserved or not is complicated by their small size, which makes sequence comparisons diffi cult. 
It should be noted that the discussion above refers to genome plugs that are probably incorporated 
into the capsid, as this review focuses on DNA packaging and the factors that most immediately 
affect it. However, it should be noted that several phages, such as SPP1 and HK97, have neck or 
connector proteins that form rings under the portal structure which also function as genome plugs 
(and in these instances are homologous, belonging to large families) (Lhuillier et al.  2009 ; 
Cardarelli et al.  2010  ) . Potentially, some phages, such as SPP1, have several proteins, in different 
locations, that participate in this function. 

    21.3.2.1   P22: A Localized Collection of Ejection Proteins? 

 The  Salmonella  podovirus P22 also potentially has localized proteins, one or more of which may 
act as a genome plug. These proteins, gps 7, 16, and 20 (whose genes are actually clustered), are 
known to be in the mature head and injected into the host cell, hence, they are referred to as pilot/
injection or ejection proteins (Chang et al.  2006 ; Lander et al.  2006  ) . Potentially, these ejection 
proteins are responsible for densities localized in the central channel of the portal, and/or in the 
channel of the tail hub (Chang et al.  2006  ) ; however, these densities observed by cryo-EM may, at 
least in part, be also due to the extended, large (12 × ~80 kDa) portal structure itself whose crown 
projects well into the interior of the capsid (Tang et al.  2011  ) . The proteins within the P22 head 
are of particular interest as its genome is packaged as a coaxial spool (Zhang et al.  2000 ; 
Chang et al.  2006 ; Lander et al.  2006  ) , apparently in a similar manner to that of the podoviruses 
below (e.g., T7) whose heads contain inner cores which are likely to have a major infl uence on the 
structure of packaged DNA. However, unlike those phages the P22 capsid apparently does not 
contain a large core, except for the large portal mentioned. Large portal proteins have been indi-
cated as a cause of coaxial spooling in simulation studies (Petrov et al.  2007  ) . Hence, it will be 
interesting to determine the impacts of the P22 portal and its ejection proteins on DNA packaging 
and structure.   

    21.3.3   Phage Capsids with Multiprotein Internal Structures 

 The capsids of some podoviruses and myoviruses have been determined to contain multiprotein core 
structures within the densely packaged DNA. These structures are roughly cylindrical in shape, 
positioned above the connector complex, and typically occupy a considerable volume in the central 
region of the capsid, normally occupied by dsDNA in other phages, such that they are large enough 
to be visualized by normal electron microscopy. Their presence raises numbers of questions as to 
their function(s), particularly their impact on packaged DNA structure, and the packaging and ejec-
tion processes. Of the known core structures, that of the  E. coli  podovirus, T7, is a paradigm, illus-
trating that these structures can be morphologically complex and have functions of major consequence 
to various stages of the phage lifecycle. 
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 The 510-Å-diameter T7 capsid contains a 265-Å-high and 175-Å-wide inner core that is 
surrounded by about six coaxial/concentric rings of dsDNA (Cerritelli et al.  2003a ; Agirrezabala 
et al.  2005  ) . The T7 core encloses a channel/cavity (varying in diameter from 35 to 110 Å) that is 
continuous through to the outer side of the capsid as a consequence of its docking onto the portal 
complex. In mature capsids, this inner channel contains a density attributed to a terminal segment of 
DNA (Agirrezabala et al.  2005  ) . The core structure is not a simple cylinder, but is composed of three 
domains, each with a different symmetry 12-, 8-, and 4-fold (Cerritelli et al.  2003b ; Agirrezabala et al. 
 2005  ) . The 12-fold symmetrical domain most probably represents the connector complex, whereas 
the other two domains are composed of three proteins gps 14 (21 kDa), 15 (84 kDa), and 16 
(144 kDa), present in 10–12, 8, and 4 copies, respectively (Cerritelli et al.  2003a ; Agirrezabala et al. 
 2005 ; Kemp et al.  2005  ) . The genes encoding these three proteins are clustered, and they are 
transcribed together (McAllister and Wu  1978  ) . 

 As the T7 core structure extends so far into the capsid, it is likely to have a signifi cant infl uence 
on the packaging of DNA into coaxial spools (Cerritelli et al.  1997  ) , possibly preventing the forma-
tion of concentric spools (Petrov et al.  2007  ) . However, the T7 core is not only important for the 
structure of DNA in the mature head, it most likely acts as a conduit during DNA packaging and/or 
release (as implied by the presence of DNA within it) and may assist the assembly of proheads into 
correct dimensions (Agirrezabala et al.  2005  ) . Indeed, evidence supports the core being multifunc-
tional, playing different and complex roles in different parts of the phage life cycle. Its component 
proteins, known to be essential and injected into the host cell (Garcia and Molineux  1996  ) , have 
been proposed to create a channel that spans the host cell envelope (i.e., become an extensible tail of 
sorts), thereby enabling the phage DNA to enter the host cell and overcome the obstacle posed by 
the short tail of the mature virion which prevents it from reaching the host cytoplasm (Molineux 
 2001  ) . Support for this includes electron microscopy of partially emptied bacteriophage T7 capsids 
showing a needle-like extension, about twice the length of the normal T7 tail (Serwer et al.  2008  ) , 
the  N -terminal domain of gp16 has transglycosylase activity (Moak and Molineux  2000 ; Moak and 
Molineux  2004  ) , and membrane localization experiments have shown that gp14 localizes to the 
outer membrane, whereas gp15 and gp16 are found predominantly in both soluble and cytoplasmic 
membrane-bound forms. Notably, recent studies have demonstrated that a DNA-gp15-gp16 motor is 
responsible for the translocation of the fi rst 850 bp of the T7 genome into the host cell (Chang et al. 
 2010a  ) . Another interesting feature of the three T7 core proteins is that their injection into the host 
implies that they would need to almost completely disassemble to be able to exit the head via the 
narrow connector channel (Kemp et al.  2005  ) . Hence, the T7 core structure is likely to be intriguing, 
not only for its morphogenesis, but also for its disaggregation pathway. 

 Core structures have been identifi ed in other podoviruses, such as  Prochlorococcus  phage P-SSP7, 
another member of the subfamily  Autographivirinae  to which T7 belongs, as well as in podoviruses 
that are more distantly related to T7 and belong to genera outside of its subfamily, such as  Salmonella  
phage Epsilon15 and  E. coli  phage N4 (Lavigne et al.  2008  ) . While the cores of these phages are not 
as well described as the T7 core, there is increasing evidence that they share a number of character-
istics. Notably, the DNAs of all these phages, or at least the most outermost strands that have been 
resolved, have coaxial spools, or hexagonal packing (Leforestier and Livolant  2010  )  a formation that 
must most certainly be affected by the presence of the core in each phage. The core structures of 
these phages are all likely to contain an inner channel in which a terminal segment of DNA resides, 
either based on the observation of densities interpreted as DNA in Epsilon15 (Jiang et al.  2006  )  and 
P-SSP7 (Liu et al.  2010  )  or the presence of cylindrical structure as for N4. Interestingly, the extreme 
terminus of the DNA that descends into the portal in P-SSP7 is split into single-stranded DNA 
(Liu et al.  2010  ) . The core proteins of Epsilon15 and P-SSP7 are also probably injected into the host 
cell, based on the absence of core density in empty particles (Chang et al.  2010b ; Liu et al.  2010  ) . 
In addition, Epsilon15 particles adsorbed to host cells gain a tubular density in the host periplasm 
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(in conjunction with the disappearance of the core), suggesting that, as in T7, the Epsilon15 core 
protein(s) form a tunnel through which the phage DNA passes to the host cytoplasm (Chang et al. 
 2010b  ) . 

 However, in addition to shared common features with the T7 core, the cores of Epsilon15, P-SSP7, 
and N4 also display dissimilarities to the T7 core. These differences include size differences, the 
Epsilon15 core is slightly smaller than that of T7 (200 Å high and about 180 Å) (Jiang et al.  2006  ) , 
while the N4 core is much smaller (110 Å in height and ~80 Å in width) (Choi et al.  2008  ) . The 
Epsilon15 core potentially lacks symmetry (Jiang et al.  2006  ) , and no symmetry could be identifi ed 
for the P-SSP7 core (Liu et al.  2010  ) , although both these results could be a result of the diffi culties 
of resolving the components of such small structures. The N4 core structure is apparently different 
from that of T7, and is composed of at least two components, an upper disk-like structure above a 
lower, longer cylindrical density that sits above a density attributed to the vRNAP (see above) 
(Choi et al.  2008  ) . 

 Better comparisons of the cores of these phages with those of T7, and other phages, will be 
enhanced when the core proteins, and their copy numbers and functions are known. Currently, no 
protein in any of these three phages has been structurally allocated to the core, although candidates 
for core proteins exist in Epsilon15 and P-SSP7 based on other considerations. For instance, 
Epsilon15 gp17 has been named a core protein (Chang et al.  2010b  ) , probably based on it being 
identifi ed as a component of the phage particle by mass spectrometry (MS) (Jiang et al.  2006  ) , and 
in an appropriate copy number (7.5 copies) (Kropinski et al.  2007  ) . Epsilon15 gp15 is also a good 
candidate for a core protein, being identifi ed by MS (Jiang et al.  2006  )  and present in the virion in 
about 20 copies (Kropinski et al.  2007  ) . Epsilon gp14 is another potential core candidate having 
homology to the T7 core protein gp14 using Hidden Markov Modeling (2.5 × 10 −12 ) (our 
observation). Proteins identifi ed by MS in P-SSP7 (gp15, gp16, and possibly gp14, equating to pro-
teins 33, 34, and 35, respectively) are also good candidates for core components in this phage 
(Liu et al.  2010  ) . It is also of note that the genes encoding the main candidates for inner core proteins 
in Epsilon15 and P-SSP7, like T7, are located within the same genome locale, a characteristic of 
phage virion genes with related functions (such as head genes). Such clustering of genes with related 
functions enables their transcription, and subsequent translation, to occur at a time appropriate for 
morphogenesis. Gene clustering may also protect essential structural protein interactions from being 
lost by recombinational exchanges with related coinfecting bacteriophages genomes. Currently, 
there is less indication of candidates for the components of the N4 core; however, it also has proteins 
identifi ed as a component of the virion by MS whose functions are yet to be determined (e.g., gps 
51, 52, 54, and 67) (Choi et al.  2008  ) . Similarly, it will need to be determined whether the N4 
vRNAP, which sits below the core, is technically a part of the core or not. 

 Of the proteins known to be components of a core structure in a mature capsid, there is no set of 
proteins, or even a single protein, that is strongly conserved at the sequence level (such as at the level 
of conservation seen between the major head proteins or terminase proteins of many tailed phages) 
between the different types of podoviruses with cores discussed above. This diversity of core proteins 
suggests that their current functions are also likely to be highly diversifi ed. However, it is possible that 
some core proteins could share a distant ancestor, but have diverged greatly from that original state. 
This is reminiscent of scaffold proteins, found within the procapsid but not the mature capsid, between 
which there is typically little or no indication of a common ancestor at the sequence level in phages of 
different types. However, the fact that all share a conservation of structure (highly alpha helical) and 
function, argues otherwise (Steven et al.  2005  ) . Considering the T7 precedent, where each of the core 
proteins has function(s) individualized to enable/enhance infection of its host, diversity in core pro-
teins could potentially be akin to the diversity seen in phage tail fi ber proteins, and in the T-even inter-
nal proteins. These proteins are under pressure constantly to adapt to changes in the host to preserve 
the ability of that phage to infect that host. Whether the core proteins in different phages have different 
impacts on the packaging, structure, and release of DNA, or whether they retain certain traits or struc-
tural elements to keep changes in DNA interactions to a minimum, remains to be determined. 
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    21.3.3.1   Inner Bodies Found in Giant Myoviruses 

 A group of  Pseudomonas  phages, which includes PhiKZ, EL and 201phi2-1, also contains a multi-
protein inner structure within their unusually large ( T  = 27) capsids, based on electron microscopic 
observations (Krylov et al.  1984 ; Matsko et al.  2001  )  (Fig.  21.4 ). This structure, or inner body, is 
considerably larger than that of the T7 inner core, being roughly 90-nm in length and 35-nm in 
diameter in PhiKZ (Krylov et al.  1984  ) . In fact, the volume occupied by this structure is potentially 
greater than the total capsid volume of some smaller phages. The PhiKZ inner body has a spring- or 
spool-like appearance and may disappear after phage particles adsorb to bacteria (Krylov et al.  1984  )  
(Fig.  21.4c ). However, whether this structure has an inner channel and/or is anchored to the portal 
complex, as in the T7 core, is yet to be determined. Recently, mass spectrometric studies of PhiKZ 
and EL (Lecoutere et al.  2009  ) , and 201phi2-1 (Thomas et al.  2008,   2010  ) , have supported earlier 
indications that these phages were structurally complex, based on the numbers of different proteins 
identifi ed in their virions (>62). These phages also have an exceptionally large number of different 
proteins associated with their heads, even in comparison with T4 whose mature capsid is composed 

  Fig. 21.4    The inner body found in the large myovirus, PhiKZ, and its relative 201phi2-1. ( a ) Electron micrograph of 
disrupted heads of the PhiKZ mutant ts759. Image reproduced from Krylov et al.  (  1984  ) ; ( b ) electron micrograph of 
partially disrupted PhiKZ particles.  Arrow  indicates the inner body. Image reproduced from Matsko et al.  (  2001  ) ; 
( c ) electron micrograph of a PhiKZ particle disrupted by freeze–thawing.  Arrow  indicates inner body released from 
disrupted head. Image reproduced from Krylov et al.  (  1984  ) ; ( d ) cryo-electron micrograph of 201phi2-1. The  large 
white arrow  highlights bubbles which formed in the head apparently around the protein body. Image reproduced from 
Thomas et al.  (  2008  )        
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of 13 different proteins (Black et al.  1993  ) . The latter observation is based on (1) the identifi cation 
of 30 proteins in a tailless mutant of PhiKZ (Lecoutere et al.  2009  )  and (2) that nineteen 201phi2-1 
(Thomas et al.  2010  )  and eighteen PhiKZ (Thomas and Black, unpublished) proteins are processed 
at a cleavage motif that ends in a glutamic acid residue comparable with the morphogenetic protease 
processing motif (LxE or IxE) in T4 head proteins. The latter suggests these proteins are processed 
by a T4-like prohead morphogenic protease, and are therefore head proteins. Overall, in these 
phages, there are enough different proteins to account for the capsid shell (including vertex and 
portal structures) as well as protein mass to account for the inner body structure.  

 The function(s) of the inner body of PhiKZ, and those of its relatives, is unknown, but potential 
functions include roles in DNA compaction, packaging and/or injection, or in strengthening of the 
large capsid (Krylov et al.  1984  ) . Two other potential functions for the inner body are that it acts to 
regulate capsid size [i.e., analogous to the shape-determining T4 morphogenetic core (or to a tail 
tape measure protein)] and/or represents a reservoir of proteins that are injected into the host cell to 
aid the initial steps of infection and replication. A good candidate for a protein with the latter 
function is the multisubunit vRNAP conserved and packaged within each of these phages 
(Thomas et al.  2008  ) . There are many unknowns regarding the inner bodies of PhiKZ and its rela-
tives; however, based on the structural and functional complexity of the T7 core, the structure and 
function(s) of these large inner bodies represent fascinating subjects for further studies. One particu-
larly intriguing aspect to resolve will be if the size of these inner bodies is constant in different 
members of this group of phages, or whether the size, composition, and even orientation within the 
capsid varies from phage to phage. Thus far, it appears there are variations, for instance between 
PhiKZ and EL, because not all structural proteins are identifi able as homologous between these two 
phages (Lecoutere et al.  2009  ) . Also, it has been observed that the capsids of these two phages have 
apparently very similar dimensions (Hertveldt et al.  2005  ) , whereas their genome lengths vary by 
nearly 70 kb. Since the density of packaged DNA appears to be similar in these phages, a larger inner 
body in EL, relative to that of PhiKZ, may play a role in determining packaged genome size.    

    21.4   Conclusions 

 Despite the generally common features of DNA packaging, such as the packaging motor itself and 
the resulting conserved density of DNA packaged within capsids, there are clearly different pack-
aged DNA structures found in different large, tailed dsDNA phages. However, the reasons for these 
differences are in many cases still obscure. For instance, for certain phages, such as T7, the inner 
core is thought to have a major impact on coaxial spooling of the DNA within the capsid. While the 
large portal of P22 (gp3, 12 × 82 kDa) forms a complex that apparently extends well into the capsid 
and may similarly impart coaxial spooling (Tang et al.  2011  ) , the core or portal is unlikely to be the 
only factor to result in this structure. Thus in the case of HK97, there does not appear to be an unusu-
ally large portal subunit (gp5, 12 × 47 kDa) for this to occur, and HK97 does not have a core, although 
its DNA is coaxially spooled (Duda et al.  2009  ) . Overall, while the packaged DNA structure is nec-
essarily expected to be signifi cantly affected by the presence of inner head proteins, either structured 
or unstructured, often removal of these proteins (e.g., of over 1,000 T4 internal proteins) has no 
signifi cant effect on either packaging or DNA ejection. Moreover, it is unknown whether observed 
differences in packaged DNA structure, such as the transverse packaging in T7 versus the more 
nearly parallel packaging found in T4 capsids, relate to the variable speeds and mechanisms (motor 
or nonmotor driven) DNA ejection into host bacteria that are observed; e.g.,  ³ 10–15 min in T7 
(Molineux  2001  )  to less than 2 min in T4 (Kalasauskaite et al.  1983  )  for complete ejection. For bio-
physical modeling studies of DNA condensation to prove more valuable for understanding both 
packaging and ejection, more experimental evidence from studies of different phages should be 
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incorporated into the models or reasons should be given for excluding such evidence (e.g., see 
experimental determination of the direction of T4 and lambda DNA packaging condensation 
above). 

 In spite of conserved features of the packaged DNA structure, internal/injected capsid proteins 
have been observed in numbers of unrelated phage groups, suggesting that they may be even more 
common than currently appreciated. These capsid proteins are diverse, present in different copy 
numbers, found in discrete structures or dispersed within the DNA, and with different modes of 
entry into host cells and different functions, which are often only essential functions in a narrow set 
of specifi c hosts or conditions for a given phage [e.g., T4 IPI (Rifat et al.  2008  ) ]. The diversity of 
inner capsid proteins in different phages with specialized locations shows some common themes, 
including that these proteins are apparently often packaged within close proximity to the portal 
channel for injection into the host cell. As already noted, these proteins enter the DNA-free precur-
sor prohead before the DNA is packaged. The presence of portal-localized inner proteins raises a 
number of interesting questions, particularly as to how DNA packaging occurs around or through 
them. Do any of these proteins have any specifi c interactions with packaged DNA? Or conversely, 
do some of these proteins have limited DNA interactions so as to prevent any hindering of their 
injection into the host cell, possibly ahead of the DNA? Other questions regarding these proteins 
include the mechanisms by which they are targeted into their respective capsids. In the T4-like 
phages, it is clear that affi nity of an N-terminal CTS peptide for the major shape-determining scaf-
folding core protein allows virtually any protein to which the CTS is joined to be incorporated into 
the prohead. But what of other phages, do they still utilize targeting affi nity with the core or scaffold, 
or with other proteins? Supporting the use of other proteins was the fi nding by Stiege et al.  (  2003  )  
that their candidate for the SPP1 genome plug (gp7) is apparently incorporated into the capsid via its 
affi nity for the portal protein. A related intriguing feature of injected capsid proteins to be resolved 
is the mechanisms by which large proteins such as Alt, Dar, N4, and PhiKZ RNAPs, and even a 
nonphage protein such as  b -galactosidase, are apparently unfolded within the capsid, probably while 
the DNA is being packaged, to allow their ejection through the narrow portal and tail tube channels. 
Could this unfolding be a secondary but essential function of the DNA packaging motor mechanism 
that, through high DNA pressure within the fully packaged capsid, promotes the ejection of unfolded 
or partially unfolded large proteins that are then refolded upon injection to display their sometimes 
essential enzymatic functions in the host cell? 

 Ejection of highly structured inner capsid core proteins, whose structure persists within the 
densely packaged DNA environment (e.g., T7 and possibly PhiKZ), raises the question of how such 
structures are disassembled to allow exit from the capsid. The role of the T4 core in determining 
head size suggests the possibility that a comparable sizing mechanism may operate in even larger 
capsids, e.g., may be one function of the capsid inner body in PhiKZ-related phages. However, it is 
likely that the proteins forming such bodies have multiple functions, including incorporation and 
ejection of proteins that enhance infection.      
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  Abstract   Large dsDNA bacteriophages and herpesviruses encode a powerful ATP-driven DNA-
translocating machine that encapsidates a viral genome into a preformed capsid shell or prohead. 
The key components of the packaging machine are the packaging enzyme (terminase, motor) and the 
portal protein that forms the unique DNA entrance vertex of prohead. The terminase complex, com-
prised of a recognition subunit (small terminase) and an endonuclease/translocase subunit (large 
terminase), cuts viral genome concatemers. The terminase–viral DNA complex docks on the portal 
vertex, assembling a motor complex containing fi ve large terminase subunits. The pentameric motor 
processively translocates DNA until the head shell is full with one viral genome. The motor cuts the 
DNA again and dissociates from the full head, allowing head-fi nishing proteins to assemble on the 
portal, sealing the portal, and constructing a platform for tail attachment. A body of evidence from 
molecular genetics and biochemical, structural, and biophysical approaches suggests that ATP 
hydrolysis–driven conformational changes in the packaging motor (large terminase) power DNA 
motion. Various parts of the motor subunit, such as the ATPase, arginine fi nger, transmission domain, 
hinge, and DNA groove, work in concert to translocate about 2 bp of DNA per ATP hydrolyzed. 
Powerful single-molecule approaches are providing precise delineation of steps during each translo-
cation event in a motor that has a speed as high as a millisecond/step. The phage packaging machine 
has emerged as an excellent model for understanding the molecular machines, given the mechanistic 
parallels between terminases, helicases, and numerous motor proteins.   

     22.1   Introduction 

 Large dsDNA viruses include the tailed bacteriophages and the eukaryotic herpes-, pox-, and 
adenoviruses. For the best understood of these viruses, the bacteriophages and the herpesviruses, 
viral DNA molecules are packaged into preformed empty shells, called procapsids or proheads. For 
many of these viruses, the viral DNA substrate for the packaging process is in the form of end-to-end 
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multimers (called concatemers) that must be cut to generate unit-length virus chromosomes. The 
cutting of concatemeric DNA occurs during DNA packaging. The tailed phages and herpesviruses 
produce a DNA packaging enzyme that contains the endonuclease activity that cuts concatemers 
into virion DNA molecules. These viral enzymes are called terminases because they produce virus 
chromosome ends. Terminases are complex, being composed of large and small subunits, which in 
turn form oligomers. The large subunit contains the endonuclease as well as an ATPase that powers 
DNA packaging. The small subunit contains a DNA-binding motif that targets the enzyme to a 
cleavage site on the concatemer. Although terminases have several other activities crucial to DNA 
packaging, the name terminase persists. 

 As late DNA replication produces concatemers, the procapsid components assemble an icosahe-
dron that is generally formed of many copies of a major capsid protein. Of the 12 fi vefold vertexes of 
the icosahedron, one is the unique portal vertex, which is occupied by a dodecameric portal protein. 
The portal protein assembles into a truncated cone-shaped structure, with 12 portal protein monomers 
arranged radially, creating a central channel through which DNA enters and exits the shell. The portal 
also serves as an initiator for assembly of the major capsid protein and the scaffolding protein(s) into 
an icosahedral lattice. In parallel, the terminase after cutting a concatemer remains bound to the newly 
created chromosome end and docks on the portal vertex of a procapsid. Formation of the ternary pro-
capsid–terminase–DNA complex, or the packaging machine, activates terminase’s powerful ATPase 
that fuels the machine to translocate the DNA into the procapsid (or prohead). After the interior of the 
shell is fi lled with DNA (“headful” packaging), the endonuclease cuts the DNA, completing DNA 
packaging. Terminase then undocks from the portal while remaining bound to the concatemer, poised 
to capture another prohead and package the next chromosome on the concatemer (Fig.  22.1 ). All these 
events occur precisely and effi ciently in about 5 min during the late phase of phage life cycle.  

 Virus genome packaging thus is a complex and dynamic process, and the mechanisms are beginning 
to be understood. As genome packaging has been the subject of recent reviews (Rao and Feiss  2008 ; 
Sun et al.  2010  ) , we focus here on the most recent progress while summarizing the previous work.  

  Fig. 22.1    Head assembly of large icosahedral bacteriophages. The dodecameric portal vertex acts as an initiator of 
head assembly. The major capsid protein polymerizes around a scaffolding core into a prehead. The core is removed 
to produce an empty unexpanded prohead. The packaging motor–DNA complex docks on the portal and initiates 
packaging. The prohead expands after about 10–25% of the DNA is packaged. After headful packaging that encapsi-
dates one viral genome, the motor cuts the concatemeric DNA and dissociates from the DNA-full head. The head 
completion proteins assemble on the portal to seal off the DNA-full head and provide a platform for tail assembly       
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    22.2   DNA Packaging by Large DNA Viruses: 
Variations on a Common Theme 

    22.2.1   Genome Recognition 

 Different phages use somewhat different strategies to process concatemers and assemble the trans-
location machine. Accordingly, some fi ndings are phage specifi c, and others are general. For the 
related enteric phages P22 and Sf6, along with the  B. subtilis  phage SPP1, packaging is initiated 
when the small terminase recognition subunit binds to a specifi c site, called  pac , and the endonu-
clease makes a cut nearby. Translocation ensues, and when the procapsid is “fi lled” with DNA, the 
concatemer is again cut to terminate the packaged chromosome. This downstream cut is made when 
~105% of viral genome sequence has been packaged, which means that this sequence-nonspecifi c 
cut occurs at a sequence beyond the  pac  site. The resulting virion chromosomes have terminal 
redundancies, with only the fi rst in the series along the concatemer having a cut near  pac . Coliphage 
T4 also uses the headful packaging strategy, but the  pac  recognition sequence, which is not yet 
known, is even less stringent, and multiple chromosomal sites may be used (Lin and Black  1998  ) . As a 
result, the ends of the terminally redundant genomes are nearly random (circularly permuted). 

 The terminase of  l , a temperate  E. coli  phage, introduces nicks, staggered by 12 bp at the  cosN  
site, generating identical chromosomes with 5 ¢ -ended, 12-base-long cohesive ends that allow the 
molecule to cyclize upon infection. To ensure accurate nicking,  cosN  is fl anked by  cosB , a binding site 
for the recognition subunit.  cosB  thus is required for initiation.  cosQ  is a third subsite that is required 
for proper nicking at termination (Catalano et al.  1995  ) . The chromosomes of related coliphages T3 
and T7 have unique, terminally redundant DNA molecules and, like  l , require elaborate DNA signals 
for DNA processing and packaging (Fujisawa and Morita  1997  ) . The direction of translocation is 
polarized, both for the phages and herpesviruses, refl ecting the asymmetry of the DNA signals 
(Chattoraj and Inman  1974 ; Feiss and Bublitz  1975 ; Newcomb et al.  2009 ; Yang et al.  2008a  ) . 

 The packaging strategies for  B. subtilis  phage phi29 and adenoviruses are similar to the extent 
that a terminal protein is covalently attached to the 5 ¢  ends of the viral genome that primes DNA 
replication. Since phi29 does not produce concatemeric DNA, the gp16 “terminase” has the ATPase 
activity but lacks the cutting activity. Also, phi29’s terminal protein, gp3, plays a role analogous to 
that of the recognition subunit, as it interacts with gp16 to escort the chromosome for packaging. An 
additional curiosity of phi29 is that a homo-oligomeric RNA ring docks on the portal protein of the 
procapsid and, in turn, provides a platform for assembly of the gp16 oligomer (Grimes et al.  2002  ) .  

    22.2.2   Virions 

 Virion DNAs of tailed, dsDNA phages and herpesviruses are packed to the density of crystalline 
DNA, about 0.5 g/cc (Earnshaw and Casjens  1980  ) . The internal shell pressure is calculated to be as 
high as 50 atmospheres due primarily to extensive DNA bending and electrostatic repulsion 
(Evilevitch et al.  2008 ; Qiu et al.  2011 ; Smith et al.  2001  ) . The DNA inside the icosahedral shell is 
tightly packed in concentric layers, starting with the inner surface of the shell, with the layers 
toward the center being less ordered (Comolli et al.  2008  ) . The last-packaged DNA segment is 
poised to be the fi rst to exit through the portal; in many phages, it can be cross-linked to the tail. In 
cryo-EM reconstructions, this end of the DNA appears to be wrapped around the wide end of the 
portal P22 (Johnson and Chiu  2007 ; Lander et al.  2006  ) . For many phages, following the undocking 
of terminase from the portal, additional proteins, the connector (“neck”) proteins, assemble on the 
portal protein to assist in DNA retention and to create a platform for tail-binding (the term “connec-
tor” has often been used to indicate the portal, but here we adopt the recently proposed designation 
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which refers to proteins that add to the portal and connect the fi lled head to the tail). These late steps 
in head assembly are discussed in detail by Tavares et al. in another chapter of this book.  

    22.2.3   Energetics and Kinetics 

 To provide the energy required to package DNA to such high density, phage packaging motors 
generate forces up to about 100 pN, as shown by optical tweezers experiments. This force ranks the 
DNA packaging motors as the most powerful biological motors yet described (Fuller et al. 
 2007a,   b ; Smith et al.  2001  ) . The overall energy budget for packaging the phi29 and T3 genomes is 
about 2 bp packaged/ATP consumed (Guo et al.  1986 ; Morita et al.  1993  ) . In addition to being pow-
erful, the packaging motor translocates DNA at a high velocity: T4’s 170-kb DNA is packaged at an 
average rate of about 900 bp/s;  l ’s 48.5-kb genome, at 600 bp/s; and phi29’s 19-kb DNA, at about 
125 bp/s. These observations lead to the suggestion that the packaging velocity is adjusted so that 
genome packaging can be completed in a few minutes. That the motor velocity is controlled is also 
supported by the isolation of mutants with altered translocation rates (Duffy and Feiss  2002 ; 
Tsay et al.  2009 ; Tsay et al.  2010  ) . Fast packaging rates make sense for viruses with life cycles last-
ing about 30 min, which may also reduce host nuclease damage to concatemers in the process of 
being packaged. A comparison of the work done by the packaging motor (about 39 pN/nm) with the 
energy available from ATP hydrolysis (about 120 pN/nm) indicates that the translocation motor’s 
effi ciency is about 30% (Smith et al.  2001  ) . The packaging motor encounters increasing resistance 
as the shell becomes increasingly packed with DNA. As a result, the velocity slows, and for phi29, 
the velocity approaches zero as the extent of fi lling approaches 100% (Smith et al.  2001  ) .  

    22.2.4   Promiscuity 

 The phage packaging motor exhibits a certain degree of promiscuity with respect to the DNA sub-
strate as well as the head intermediate on which it assembles. The motor is specifi c for double-
stranded DNA; single-stranded DNA, DNA–RNA hybrids, and double-stranded RNA cannot be 
packaged. However, the motor tolerates signifi cant abnormalities in the double helical structure 
(Moll and Guo  2005 ; Oram et al.  2008  ) . Nicks, short single-strand gaps either at the ends (up to 
12 nt) or in the middle (up to 10 nt), are tolerated. The motor seems to capture the 5 ¢ –3 ¢  strand of 
DNA in the direction of translocation and track along its length. In the case of phi29 motor, the most 
important contacts are apparently made with two adjacent phosphates, as the motor loads ATP 
(Aathavan et al.  2009  ) . Then the motor can traverse the next 10 bp, equivalent to one complete trans-
location cycle of the pentameric motor (see below), without necessarily making specifi c contacts 
with DNA. Surprisingly, in this 10-bp stretch, the motor can translocate even a single-stranded, aba-
sic DNA, a three-stranded D-loop, and even a neutral non-DNA polymer. Whether this level of 
promiscuity is a common feature of all packaging motors remains to be shown. 

 An empty unexpanded prohead is considered to be the head intermediate in vivo on which the 
packaging motor–DNA complex normally assembles and initiates DNA translocation. In phage T4, 
this head intermediate would have undergone all the proteolytic head maturation cleavages that 
degrade the internal scaffold. However, in the T4 system, the expanded head and the partially full 
head or even the full head are as effi cient as the unexpanded prohead in assembling the motor and 
driving DNA translocation (Rao and Black  1985 ; Zhang et al.  2011  ) . In fact, the virion’s packaged 
DNA can be emptied and refi lled with DNA in vitro. Thus, the capsid shell might be a rather passive 
component, and the putative conformational changes in the portal are reversible, leading to promis-
cuous assembly of the packaging motor.  
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    22.2.5   Translocation Machine 

 In a number of in vitro DNA packaging systems, terminase, proheads (shell and portal), DNA, and 
ATP are the minimal requirements for DNA translocation. For SPP1, both the terminase subunits are 
required, whereas for T4, the large terminase (gp17 ATPase/nuclease) alone is suffi cient, although 
the small terminase (gp16) is essential in vivo. 

    22.2.5.1   The Shell 

 The icosahedral prohead shell, also known as the procapsid, uses the portal protein as the assembly 
initiator. Proper shell assembly by the major capsid protein generally requires the assistance of a scaf-
fold protein. The scaffold assists in proper shell curvature and closure. Scaffold mutants show aberrant 
polyheads or spiral shells due to failure to close (Casjens and Hendrix  1988  ) . Following completion of 
the shell, scaffold protein molecules exit the shell interior through openings in the portal shell and/or 
proteolysis by the virus-encoded protease. The prohead shell is an immature form of the virion head 
shell. Maturation of the shell accompanies DNA packaging and involves a local rearrangement of each 
major capsid protein in the lattice. The transitions accompanying prohead maturation are well under-
stood for HK97 (Huang et al.  2011 ; Lee et al.  2008  ) . Although the HK97 shell has the idiosyncrasy of 
forming covalent cross-links between major capsid protein monomers, the fold of the major capsid 
protein is evolutionarily conserved among many tailed dsDNA phages and the herpesviruses. After 
these local rearrangements, the shell is more angular, thinner, and expanded so that the interior volume 
is increased. The inter-subunit interactions are greatly strengthened, stabilizing the integrity of the 
capsid shell against the internal pressure of the tightly packed DNA. Shell expansion occurs early dur-
ing DNA packaging. For example, in phage  l , a pausing of DNA translocation occurs when about 30% 
of the DNA has been packaged (Fuller et al.  2007b  ) . The pause is argued to be due to increased resis-
tance to translocation prior to shell expansion. Many phage head shells contain “decoration” proteins 
that fi ll lattice openings produced by shell expansion. The decoration proteins, like gpD of  l  and gpSoc 
of T4, further strengthen the head shell. In the  l  case, gpD is essential for viability unless the virus DNA 
is shorter than 78% the wild-type length. In the absence of gpD, packaging of full-length chromosomes 
leads to a shell failure presumably due to rupture of the lattice by the internal pressure of the packed 
DNA (Fuller et al.  2007b ; Sternberg and Weisberg  1977 ; Wendt and Feiss  2004 ; Yang et al.  2008b  ) . 

 Does the shell protein, particularly the sites lining the inner wall of capsid, participate in the 
organization and condensation of DNA? The cryo-EM structures of phage capsids show that 
the DNA strands that are in close proximity to the capsid wall are well ordered and the order progres-
sively disappears toward the center of the shell. This suggests that the inner capsid surface might 
nucleate DNA condensation through interactions with the fi rst translocated DNA.  l  mutants that 
package but fail to retain full-length chromosomes are candidates for having defects in such inner 
wall–DNA contacts (Katsura  1989  ) .  

    22.2.5.2   The Portal 

 In the prohead, the narrow end of the portal cone protrudes from the fi vefold shell vertex, and the 
wide end is in the prohead’s interior. Many viral portals have been studied by cryo-electron micros-
copy (see Rao and Feiss  2008  for references), and the atomic structures have been determined for the 
phi29, SPP1, and P22 portals (Lebedev et al.  2007 ; Olia et al.  2011 ; Simpson et al.  2000  ) . Though 
there is little sequence identity among portal proteins, the overall shape and structure of the portals, 
including that of herpesviruses, are well conserved (Fig.  22.2 ).  

 The stem of portal contains two extended  a -helices, called  a 3 and  a 5 in SPP1, angled about 40° 
from the channel axis. In the dodecamer, the  a 3- and  a 5-helices form a palisade lining the channel. 
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The wing, above the stem, contains a long curved  a -helix,  a 6, one end of which extends into the 
channel. The wing domain contains the N-terminus, and the SPP1 portal’s C-terminus forms a globu-
lar “crown” domain. The C- and N-termini of phi29’s gp10 are similarly positioned, but these domains 
are much smaller. Below the stem is an  a  b  stalk structure, which protrudes from fi vefold shell vertex. 
It is the portal’s most solvent-exposed element. The terminase–DNA complex that is formed follow-
ing concatemer cleavage docks on this exposed narrow end of the portal, though the molecular details 
of this interaction are not understood. In the phi29 motor, the pRNA ring is sandwiched between the 
portal protein and the gp16 ATPase (Ding et al.  2011 ; Guo et al.  1987 ; Zhao et al.  2008  ) . The 
P22 portal has an additional  a -helical domain at the C-terminus that is conserved among all the mem-
bers of the P22 family phages (Olia et al.  2011  ) . It consists of an ~120 amino-acid-long glutamine-

  Fig. 22.2    Structure of phage portal.  Front  ( a ) and  top  ( b ) views of P22 (12-fold), SPP1 (13-fold), and phi29 (12-fold) 
portal structures. ( c )  Left : single portal subunits from each phage showing subdomains and the conserved core struc-
ture (subdomains are labeled using the SPP1 portal terminology;  blue , P22 portal;  green , SPP1 portal;  pink , Phi29 
portal).  Rightmost  picture shows superimposition of the core structures showing structural conservation of all the 
portals despite negligible sequence identity.    The N- and C-termini of SPP1 and Phi29 portals are labeled       
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rich  a -helix that assembles into an  a -helical barrel and extends into the interior of the capsid. Mutants 
that lack the barrel domain can package genome-length DNA, but the virus particles are noninfec-
tious. Thus, the barrel domain is not essential for translocation, but it might help ordering the DNA 
inside the capsid and ejection of DNA into the host cell during infection. 

 The  a 6-helix connects to  a 5 via a 15-residue-long loop, the tunnel loop. The structure of the 
SPP1 gp6 channel loops is complicated by the fact that the gp6 atomic structure was of a 13-mer. 
In the 13-mer structure, the channel loops are ordered. To derive a structure for the dodecameric 
virion form of gp6, a pseudoatomic model was constructed by deleting one monomer. A conse-
quence of the monomer deletion was that the channel at the level of the loops was constricted to 
~18 Å, which means that different loops have to assume different conformations in order to 
accommodate dsDNA. In fact, the dodecameric pseudomolecular structure shows clashes at the 
channel loops, suggesting that the loops are not conformationally identical (Lebedev et al.  2007  ) . 
Consistent with this hypothesis, the tunnel loops of the phi29 portal are not seen in the crystal 
structure, suggesting that the loops are fl exible. Mutational changes of loop residues do not inter-
fere with packaging but rather affect DNA retention in the head following completion of packag-
ing (Grimes et al.  2011  ) . 

 The phi29 portal can be inserted into planar lipid bilayers where it forms a pore through which 
DNA molecules can passively, but unidirectionally, translocate (Jing et al.  2010  ) . Unidirectional 
DNA movement is consistent with the proposed role of the channel loops in DNA retention following 
completion of translocation. Saturation mutagenesis of the SPP1 portal identifi ed mutants that were 
assembly competent but packaging defective (Isidro et al.  2004a,   b  ) . The mutations primarily affected 
residues lining the channel and included residues of the channel loops. Recent work shows that pro-
heads with these mutant portals do not have a binding defect for the ATPase/nuclease (Oliveira et al. 
 2010  ) . The SPP1’s ATPase/nuclease, gp2, binds more strongly to gp6 in procapsids than to isolated 
gp6, suggesting that incorporation of gp6 into procapsid results in conformational changes. 

 Conformational changes in the portal, in large part, are thought to drive the sequential transitions that 
eventually produce a stable head that houses the viral genome as well as attaches to the tail injection 
machine (Fig.  22.1 ). In T4, heads in which about six of 12 portal subunits are replaced by gp20-GFP 
fusion protein are blocked in expansion (Baumann et al.  2006  ) . In SPP1 and P22, portal conformational 
variants underpackage (~95% of genome per head) or overpackage (~105% of genome per head) DNA 
in the head (Casjens et al.  1992b ; Orlova et al.  1999  ) . In phage P22, a segment of packaged DNA spools 
around the portal, forcing a conformational change that apparently signals the motor to make the head-
ful termination cut and disengage from the DNA-full head (Lander et al.  2006  ) . Another portal confor-
mational change primes DNA delivery following the binding of neck proteins (Zheng et al.  2008  ) , 
although this has been refuted by recent structural comparisons made by Olia et al.  (  2011  ) . 

 These portal conformational changes are not necessarily irreversible, as was previously thought. 
The promiscuous nature of packaging machine assembly indicates that the portal has unusual con-
formational plasticity. Other observations such as (1) the ectopically expressed and packaging-naïve 
P22 portal (gp10) interacting with the connector protein (gp4) which is supposed to be specifi c for 
the post-packaging state (Olia et al.  2006  )  and (2) phage lambda proheads reversibly interconverting 
between unexpanded and expanded conformations (Yang et al.  2008b ; C. Catalano, personal com-
munication) are consistent with the conformational fl exibility of both the portal and the shell.  

    22.2.5.3   The Motor 

 The motor proteins were named as terminases because they were originally discovered as endonu-
cleases that cut concatemeric DNA and generate termini of the packaged genome. The oligomeric 
holoenzyme is composed of a still unknown number of small terminase and large terminase sub-
units. We will also refer to these as the recognition and ATPase/nuclease subunits, respectively. 
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      Recognition Subunit 

 The small terminase subunits selectively recognize viral DNA molecules in a pool that, in most 
cases, includes host nucleic acids. Small subunits position the large subunit endonuclease on the 
viral DNA for proper cutting. 

 Where information is available, the phage  l  terminase being the best studied, the terminase–viral 
DNA complex is inherently asymmetric, making the direction of DNA polarized. Small terminase 
has an N-terminal domain (NTD) that is involved in DNA recognition (de Beer et al.  2000  ) , a central 
domain for oligomerization (Kondabagil and Rao  2006  ) , and a C-terminal domain that interacts with 
the large terminase subunit (Al-Zahrani et al.  2009 ; Frackman et al.  1985 ; Gao and Rao  2011  ) . 
Oligomerization produces multimer rings that vary in size from octamers to decamers (or larger) 
(Gual and Alonso  1998 ; Lin et al.  1997 ; Nemecek et al.  2007 ; Zhao et al.  2010  ) . The atomic struc-
ture of the Sf6 gp1 octamer is a vase-shaped molecule with a wide base and a central channel 
(Fig.  22.3 ; Zhao et al.  2010  ) . Although the channel is proposed to be involved in DNA translocation, 
its 10-Å width at the narrowest point is too narrow to accommodate dsDNA, unless the native oligo-
meric state is different from that of the  E. coli –expressed protein or the channel dynamically expands 
during packaging. For the known structures of the NTDs of the  l  and Sf6 recognition subunits, the 
domains consist of three  a -helices followed by two long  a -helices that extend down and pack against 
each other to line the central channel. The C-terminal domain contains two  b -strands that, with the 
strands of neighboring subunits, form a  b -barrel or “neck,” whereas the NTDs form appendages that 
hang down from the wider end of the vase.  

 For Sf6’s gp1 and  l ’s gpNu1, DNA binding is specifi c for  pac  and  cosB  sequences, respectively. 
Specifi c binding in  l  gpNu1 is due to interactions between gpNu1’s winged helix-turn-helix (wHTH) 
motif and the target DNA sequences, called R sequences (de Beer et al.  2002 ; Feiss et al.  2010  ) . gpNu1’s 
NTD purifi es as a dimer with C2 symmetry, allowing the helices of the HTH motifs to dock in the 
major grooves of the R3 and R2 binding sites of  cosB , an interaction dependent on the presence of a 
sharp DNA bend at I1, the IHF binding site between R3 and R2 (de Beer et al.  2002  ) . Whether the Sf6 
gp1– pac  interactions involve similar multiple binding sites remains to be determined. 

 Although the terminase recognition subunits of Sf6, T4, P22, SPP1, and  l  apparently have a con-
served quaternary structure, the details of concatemer cutting differ greatly, as exemplifi ed by  pac  
phages Sf6, P22, and SPP1. The  pac  site of phage P22 is perhaps the simplest yet documented – a 22-bp 
asymmetric sequence (Wu et al.  2002  ) . The initiating  pac  cleavages occur at six different sites that are 
spaced at 20-bp intervals and extend in both directions (Casjens et al.  1987,   1992a  ) . The initiating 

  Fig. 22.3    Structure of phage SF6 small terminase. ( a ) Octamer ring structure of the small terminase showing three 
domains, N-terminal DNA-binding domain ( yellow ), central oligomerization domain ( cyan ), and C-terminal  b -barrel 
domain ( magenta ). ( b ) Single subunit showing the three domains (the colors are matched with the oligomer). 
( c ) Surface view cross section showing basic ( blue ) and acidic ( red ) residues and the central channel. The diameter at 
various positions of the central channel is shown       
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 cleavages of Sf6, a relative of P22, are widely distributed over a 1,800-bp segment that likely contains 
 pac . Such a broad distribution suggests that cleavage occurs after a short period of DNA translocation 
by the Sf6 terminase. SPP1’s  pac , like  cos , is complex, consisting of two binding sites,  pacL  and  pacR , 
for the gp1 recognition subunit fl anking the  pacC  cleavage site (Chai et al.  1995  ) . However, there is little 
to suggest that the  pac  and  cos  complexes are structurally related. For example, the gpNu1 binding sites 
of  cos  are all on one side of the  cosN  nicking site. Remarkably,  pacL  is large, approximately 100 bp, 
contains a sharp intrinsic bend, and does not show sequence identity with the smaller (30 bp)  pacR . 
Chai et al. proposed that multiple gp1 oligomers assemble on  pacL  and  pacR  (Chai et al.  1995  ) . 

 Do the oligomeric rings assemble to encircle the DNA prior to cleavage, or the DNA loops 
around the oligomer through interactions with NTDs? Is the small terminase central channel involved 
in active translocation? Does the small terminase assemble into rings in vivo, or does it assemble in 
association with the ATPase/nuclease subunit? On this latter point, the lambda terminase assembly 
studies are germane, as it appears that a gpA 

1
 /gpNu1 

2
  heterotrimer is an active assembly species 

(Maluf et al.  2005  ) . A lot need to be learned to answer these questions as well as defi ne the nucleo-
protein structures that assemble on  cos  and  pac  sites.  

      ATPase/Nuclease Subunit 

 The large terminases consist of two functional domains, an N-terminal ATPase domain and a 
C-terminal nuclease domain, which are connected by a fl exible linker (Duffy and Feiss  2002 ; 
Kanamaru et al.  2004 ; Ortega et al.  2007  ) . Early biochemical studies showed that the purifi ed large 
terminase subunits from various phages possess an ATPase activity, and sequence gazing indicated 
the presence of one to three ATPase Walker A and B signature sequences, reviewed in Rao and Feiss 
 (  2008  ) . Extensive sequence alignments of terminases and helicases later showed only one strictly 
conserved ATPase center near the amino-terminal end of essentially all large terminases (Fig.  22.4 ; 
Mitchell and Rao  2004 ; Mitchell et al.  2002  ) . The alignments further showed that this ATPase center 
contained additional conserved signature motifs such as the adenine-binding motif, catalytic car-
boxylate, and coupling motifs (Goetzinger and Rao  2003 ; Mitchell and Rao  2006  ) .  

 A search for the ATPase center in  l  gpA, using the 8-azido-ATP cross-linking analogue, found that 
residues Y46 and K84 in the N-terminus are involved in ATP binding (Hang et al.  2000  ) . Mutagenesis 
showed that codon changes at 46 and 84 produced defects in DNA packaging, consistent with the pres-
ence of an ATPase center involved in DNA packaging (Dhar and Feiss  2005 ; Hang et al.  2000 ; Tsay et al. 
 2009  ) . A parallel genetic analysis of candidate Walker A and B sequences in T4 gp17 identifi ed T4 
gp17 ATPase center’s catalytic residues (Mitchell and Rao  2006  ) . Extensive combinatorial mutational 
analyses that followed led to the establishment of this ATPase center as the likely provider of energy 
for DNA translocation [Fig.  22.4 ; motifs (Goetzinger and Rao  2003 ; Mitchell and Rao  2006  ) ]. 

 Mutant terminases that are translocation competent but endonuclease defective have defects affect-
ing the C-terminus of the large subunit (Alam et al.  2008 ; Arens et al.  1999 ; Davidson and Gold  1992 ; 
Hwang and Feiss  1996 ; Hwang and Feiss  2000 ; Kuebler and Rao  1998  ) . Again, sequence alignments 
and extensive mutational analyses suggested that a Mg-coordinated triad of acidic residues in the 
C-domain is responsible for the DNA cleavage (Alam et al.  2008 ; Rentas and Rao  2003  ) . Structural 
modeling suggested that the terminase nuclease center is related to that found in resolvase/RNAse H 
superfamily (Ponchon et al.  2006  ) . The recently determined atomic structures of T4’s gp17 and the 
nuclease domain structures of SPP1 and herpesvirus nuclease domains confi rmed the above func-
tional organization of the large terminase structure (Fig.  22.5 ; Nadal et al.  2010 ; Smits et al.  2009  ) .   

      The ATPase Center 

 Useful crystals of the ATPase domain and intact gp17 were obtained using the ATP-binding but 
nonhydrolyzing mutant protein D255C/E256D (Fig.  22.4 ; Sun et al.  2007,   2008  ) . The ATPase center 
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consists of all the basic features of a typical nucleotide-binding fold (Rossmann et al.  1974  ) , a six-
stranded  b -sheet with interspersed  a -helices that orient all the catalytic residues into an ATP-binding 
pocket (Iyer et al.  2004  ) . The ATPase domain has two subdomains: subdomain I, consisting of the 
six  b -strands arranged as  b 3- b 2- b 4- b 5- b 1- b 6, with the Walker A motif at the start of the  a 1-helix 
connecting  b 1 and  b 2 and the Walker B motif at the C-terminus of  b 4 (Sun et al.  2007  )  and subdo-
main II, discussed below, comprising residues 1–58 and 314–360. The Walker A sequence [consen-
sus = G/A-XXXXGK(T/S)] is highly conserved among the terminase ATPase centers. The Walker A 
segment forms a phosphate-binding loop in which the €-amino group of Lys coordinates the  b  and  g  
phosphates of ATP and Thr/Ser with the Mg–ATP complex. The Walker A motif of  l  gpA is a vari-
ant Walker A sequence (76-KSARVGYS-83) in which Lys is replaced by a Tyr at position 82 and 
the fi rst residue of the sequence (residue 76) is a Lys rather than a Gly or Ala. Modeling studies 
indicated that gpA Lys76 could coordinate the ATP phosphates (Draper and Rao  2007  ) . Consistent 
with this proposal, a mutant enzyme with the highly conservative Lys to Arg change at 76 has a 
profoundly lethal defect in DNA translocation (Duffy and Feiss  2002 ; Tsay et al.  2009  ) . The Walker 
B motif is a  b -strand of four hydrophobic residues terminated by an Asp residue that coordinates 
the Mg 2+  of the Mg–ATP complex. The Asp-Mg 2+  positions the  b  and  g  phosphates of ATP for 

  Fig. 22.4    The N-terminal ATPase center of the phage T4 DNA packaging motor. ( a ) The sequence signatures of the 
N-terminal ATPase center of phage T4 large terminase gp17 are conserved in other phage and viral large terminases. 
The secondary structure is shown at the  bottom  ( cylinder ,  a -helix;  arrow ,  b -strand;  line , coil). ( b ) The structure of the 
T4 gp17-ATPase domain showing the classic NBD and RecA-type ATPase fold consisting of six parallel  b -strands. 
The bound ATP molecule is shown in  black . The adenine-binding loop ( green ) adopts a different conformation in the 
apo form ( cyan ). ( c ) The ATPase active center showing the catalytic residues mapped by mutagenesis studies (the 
colors of the residues match the colors shown in sequence alignments)       
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  Fig. 22.5    The headful nuclease center in the C-domain of the DNA packaging motor. ( a ) The sequence signatures of 
the C-terminal nuclease center of large terminases. The secondary structure is shown at the  bottom  ( cylinder ,  a -helix; 
 arrow ,  b -strand;  line , coil). ( b ) The X-ray structures of the C-terminal nuclease domains of three large terminases 
from RB49, SPP1, and human herpesvirus 5. All show a conserved structure with RNAse H-fold that is found in 
resolvases. The structural elements that form the nuclease catalytic center are shown in colors, which correspond to 
the colors of conserved residues shown in ( a) . Mg ions that coordinate with the catalytic residues are shown in  yellow . 
( c ) Schematic showing similar positioning of the catalytic triad residues (side chains shown in  red ,  blue , and  green ) 
from all three structures. It shows the pentacovalent phosphorane intermediate formed during the cleavage reaction. 
( d ) Surface view of the RB49 C-domain showing the DNA-binding groove. The acidic region ( dark red  at the  top ) is 
the catalytic center containing the acidic residues. A series of basic residues line the DNA groove with their side 
chains oriented in a position to interact with the backbone phosphates       
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nucleophilic attack by a water molecule that is coordinated in turn by the catalytic carboxylate of a 
Glu residue. In terminase ATPases, the catalytic Glu is adjacent to the Asp of the Walker B motif. 

 In SF2 helicases, there are additional motifs that are concerned with movement along the ssDNA 
or ssRNA substrate. One of these motifs, the C-motif (aka motif III), couples ATP hydrolysis to the 
nucleic acid binding and movement. The characteristic C-motif sequence contains a highly con-
served amino acid triplet, with Thr or Ser most frequently found at the third position. SF2 helicases 
have two domains with a cleft between them. The N-terminal domain 1 contains the ATPase motifs 
including the C-motif, along with a nucleic acid–binding motif. Hydroxyls of motif C’s Thr and Ser 
residues interact with the Walker B motif. The C-terminal domain 2 contains several helicase motifs 
including a nucleic acid–binding motif. Upon ATP binding, the cleft closes, forcing movement of the 
C-motif segment and, in turn, domain 2. ATP hydrolysis and dissociation of ADP and P 

i
  returns 

the molecule to an open-cleft confi guration. This conformational transition is accompanied by 
migration of the helicase along the nucleic acid. C-motif mutations generally uncouple ATP hydro-
lysis from translocation (Cordin et al.  2006  ) . 

 The C-motif is found in terminase large subunits, 25–30 residues downstream of the Walker B 
(Fig.  22.4 ; Draper and Rao  2007  ) . In T4’s gp17, combinatorial mutagenesis studies of the 285-TTT-
287 triplet show that a Thr or Ser in the third position is essential for enzyme function. Changing 
gp17’s critical third Thr, Thr-287, to Ala or Asp abolishes the endonuclease and DNA translocation 
activities, the latter due to inability to turn over ATP (Draper and Rao  2007  ) . The conserved triplet 
in  l  gpA is 212-GST-214 and the gpA change G212S (in the fi rst residue of the triplet) produces a 
lethal stalled translocation phenotype (Duffy and Feiss  2002  ) . 

 The large terminase is also proposed to have an adenine-binding motif 10–25 residues upstream 
of Walker A (Mitchell et al.  2002  ) , later named the Q-motif (Tanner et al.  2003  )  (Fig.  22.4 ). Mutant 
helicases in Q-motif residues lose affi nity for ATP as well as the nucleic acid substrate (Cordin et al. 
 2004  ) . GpA and gp17 have YQ residues appropriately positioned upstream of Walker A, and in 
gp17, these and additional residues form a “loop” that shows signifi cant movement in the apo and 
ATP-bound states. Mutational studies in gpA suggest that this motif is important for DNA binding 
and translocation. The Y46F change translocates only part of the chromosome due to a greatly 
increased rate of DNA slipping and lowered ability to generate force to complete DNA fi lling (Dhar 
and Feiss  2005 ; Tsay et al.  2009  ) .  

      The Endonuclease Center 

 The structural cores of various terminase nuclease domains, which can nearly be superimposed 
(although the amino acid sequences show no major conservation overall), is a fi ve-stranded mostly 
anti-parallel  b -sheet fl anked by  a -helices on both sides (Fig.  22.5 ). These elements form an RNAse 
H-fold that has been found in numerous RNAse Hs, resolvases, and integrases. There is a DNA-
binding groove edged with basic residues that are proposed to have electrostatic interactions with 
backbone phosphates. At one end of this groove is a deep valley, the catalytic center in which a triad 
of acidic residues, plus a fourth acidic residue coordinate with two Mg 2+  ions. This structure is 
similar to that found in RNase H nuclease active sites where four conserved acidic residues coordi-
nate two Mg 2+  ions that are positioned 4 Å apart (Fig.  22.5c ). Mg 2+  ion A is proposed to coordinate 
with the attacking water molecule and Mg 2+  ion B to stabilize the transition state (Nowotny and 
Yang  2006  ) . 

 It is crucial that the endonuclease of terminase be controlled such that it is inactive during trans-
location and active at the initiation and termination steps of DNA packaging. Unlike the RNase H 
enzymes, the gp17 and G2P nucleases contain a C-terminal  b -hairpin structure. G2P’s  b -hairpin 
protrudes into the DNA groove, potentially clashing with the binding of dsDNA. This  b -hairpin 
appears to be mobile, based on (1) comparison of the structures of Mn 2+ -bound and metal-free G2P 
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nucleases and (2) the different hairpin orientations in gp17 and G2P and the disordered nature of this 
region in RB49 and herpesvirus structures. Normal mode analysis shows several low-energy states 
with the  b -hairpin showing signifi cant movements (Smits et al.  2009  ) . It was proposed that the 
 b -hairpin movement controls endonuclease activity by governing the access to DNA groove 
(Smits et al.  2009  ) . More recent analysis of the T4 structures, however, suggests that this model may 
be plausible only in the context of the isolated nuclease domain. In the full-length gp17, where the 
C and N domains are linked via a fl exible hinge, normal mode analysis does not show such  b -hairpin 
movement. Instead, a rather rigid body motion of the nuclease domain centered at the hinge is 
predicted. 

 Comparison of the X-ray structures of gp17 and cryo-EM reconstruction of prohead-docked gp17 
suggested that gp17 exists in two conformational states, tensed and relaxed. As the full-length gp17 
could be crystallized only in the tensed state, a relaxed state structure was modeled by molecular 
dynamics simulations (Ghosh-Kumar et al.  2011  ) . Analysis of these two structures suggested that 
the  b -hairpin movement does not clash with the bound DNA in either state. In fact, in the relaxed 
state, the  b -hairpin moves away from the DNA groove and forms new contacts with the ATPase 
subdomains I and II. However, intriguingly, the topology of the DNA groove residues is different in 
the relaxed and tensed states. In the tensed state, K529 ( b -hairpin residue) and the four positive resi-
dues, K490, K493, R494, and K496, that line one side of the DNA groove are ~21–23 Å from R406 
or K468 that line the other side of the groove. In the relaxed state, however, K529 is predicted to 
move ~5 Å away, while the four positive residues move ~4 Å closer to R406, “compressing” the 
DNA groove. The orientation of the catalytic triad residues (D401, E458, and D542) do not, how-
ever, change. These analyses predict that the topology of DNA-binding residues is what is important 
for nuclease regulation, the tensed state groove allowing stable DNA binding whereas the com-
pressed groove in the relaxed state being the least active. Biochemical results showing interconver-
sion of tensed and relaxed states in the presence of different regulators, gp16, ATP, salt, and Mg, are 
consistent with this model. 

 The above analyses imply that one of the mechanisms by which the headful nuclease is regulated 
is by inter-domain communication (Ghosh-Kumar et al.  2011  ) . A “communication track” consisting 
of residues from subdomain II, hinge, and  b -hairpin is proposed to relay conformational signals 
from the ATPase center to the nuclease center. Different networks of interactions form when the 
protein interconverts between tensed and relaxed states, remodeling the nuclease groove into active 
or inactive states. This track also seems to be fundamentally important for driving DNA movement. 
The  cos  cleavage regulation in  l  gpA might also be consistent with this model. Near the C-terminus 
of gpA is a basic leucine zipper (bZIP) DNA-binding motif, a dimerization interface with two 
 a -helices forming a parallel coiled coil. The adjacent basic region, N-terminal to the coiled coil, is a 
17-residue segment with two basic residue segments separated by a short sequence containing a 
highly conserved asparagine. This might make sequence specifi c contacts with DNA as mutant gpAs 
in this region are specifi cally nuclease-defective (Davidson and Gold  1992  ) . One of the acidic resi-
dues, D579, which is predicted to coordinate Mg 2+ -B (Alam et al.  2008  ) , is located in the upstream 
basic segment of bZIP. It is conceivable that a similar regulatory mechanism via inter-domain com-
munication alters the positioning of these nuclease center residues in coordination with DNA 
translocation.  

      The Translocation Center 

 The crystal structure of the full-length T4 gp17 shows additional features. First, as mentioned above, 
there is the predicted fl exible “hinge” that connects the ATPase and nuclease domains. Previous bio-
chemical studies showed that splitting gp17 into two domains at the linker retained the respective 
ATPase and nuclease functions, but DNA translocation activity was completely lost. Second, the 
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N- and C-domains have a >1,000-Å 2  complementary surface area consisting of an array of fi ve charged 
pairs and hydrophobic patches. Third, the gp17 has a bound phosphate ion in the crystal structure. 
Docking of B-form DNA guided by shape and charge complementarity with one of the DNA phos-
phates superimposed on the bound phosphate aligns a number of basic residues, lining what appears 
to be a shallow translocation groove. Thus, the T4 gp17 C-domain appears to have two DNA grooves 
on different faces of the structure: one that aligns with the nuclease catalytic site and the second that 
aligns with the translocating DNA. Mutation of one of the groove residues (R406) showed loss of 
DNA translocation activity, but the ATPase and nuclease activities are retained. It is unclear if the 
SPP1 and herpesvirus C-domains contain this second translocation groove. While the deeper nuclease 
groove with the acidic catalytic triad patch is easily discernable from the surface views and DNA 
docking (Smits et al.  2009  ) , the translocation groove is shallow and not so obvious. Therefore, further 
mutagenesis analyses need to be performed to confi rm the dedicated nuclease and translocation DNA 
grooves in T4 gp17 and if a second translocation groove exists in other large terminases. 

 A functional T4 DNA packaging machine could be assembled by mixing proheads and purifi ed 
gp17. The monomeric gp17 docks onto the portal and assembles into a pentameric translocation 
motor. The machine (motor plus portal) can now capture DNA and begin translocation and continue 
to do so until the head is full. Cryo-EM reconstruction of the packaging machine showed two extra 
rings of density at the portal vertex that are not seen with proheads alone (Fig.  22.6 ). The upper ring 
is fl at, resembling the ATPase domain structure, and the lower ring is spherical, resembling the 
C-domain structure. This was confi rmed by docking of the X-ray structures of the domains into 
the cryo-EM density (Fig.  22.6 ). The motor has pentamer stoichiometry, with the ATP-binding sur-
face facing the portal and probably interacting with it. It has an open central channel that is in line 
with the portal channel and the translocation groove of the C-domain faces the channel. There are 
minimal contacts between the adjacent subunits suggesting that the ATPases may fi re relatively 
independently during translocation. The same basic architecture is seen in the presence or absence 
of ATP or in the actively packaging machine when all the components including DNA are present 
(S. Sun and M. Rossmann, personal communication).  

 The phi29 packaging motor also shows pentameric stoichiometry (Fig.  22.6 ); however, it is more 
complex due to the presence of pRNA (Morais et al.  2008  ) . The pRNA molecule fi rst interacts with 
the portal causing a conformational change in the capsid protein that apparently exposes binding sites 
for pRNA. The pRNA molecules then interact with the capsid subunits, forming a pentameric ring, 
matching the fi vefold symmetry of the icosahedral capsid vertex (Ding et al.  2011  ) . In fact, extensive 
interaction between pRNA and capsid was evident in the 12.5-Å reconstruction. The appendages of 
the pRNA molecules that hang down serve as docking sites for the packaging ATPase molecules. As 
a result, the pentameric pRNA is sandwiched between the portal and ATPase subunits. 

 Hexameric and tetrameric packaging motor symmetries have been reported. In the case of phi29 
motor, six prohead-bound fl uorescent pRNA molecules were counted (Shu et al.  2007  ) . A tetrameric 
holo-terminase complex was reported in the case of phage  l , which is active for  cos  cutting and 
DNA packaging (Maluf et al.  2006  ) . However, it is not known if this complex assembles as a tetramer 
on the prohead. More work needs to be done to establish if the pentamer stoichiometry is universal 
and if it is absolutely essential for translocation mechanism.    

    22.2.6   Mechanism 

 Of several models proposed to explain the mechanism of viral DNA translocation (see review by 
Rao and Feiss  2008  ) , the terminase-driven mechanism is the most supported by structural and 
biochemical evidence. In this model, the terminase not only provides energy but also actively 
translocates DNA. Conformational changes in the large terminase would cause changes in the 
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DNA-binding affi nity allowing binding and release of DNA coupled to movement, a mechanism 
reminiscent of the inchworm-type translocation by helicases. Most detailed mechanisms, though 
still speculative, have been postulated for the T4 and phi29 packaging machines. 

 The T4 gp17, as described above, consists of two domains: an N-terminal ATPase domain with 
two subdomains and a C-terminal nuclease/translocase domain. The ATPase center in subdomain I 
(NsubI) is the “engine” that provides energy by “burning” ATP fuel. The C-domain has a transloca-
tion groove, which is the “wheel” that moves DNA. The smaller ATPase subdomain II (NsubII) is 
the transmission domain that couples the engine to the wheel via a fl exible hinge. The motor has an 
arginine fi nger, a “spark plug” that fi res ATPase when the motor is locked in the fi ring mode, and a 
C-motif that is part of a communication track that couples ATP hydrolysis to DNA movement. The 
charged pairs at the domain interface act as an alternator, generating electrostatic force through con-
formational changes (Fig.  22.7 ).  

 The motor exists in two conformational states, relaxed and tensed. In the relaxed state, the hinge 
is extended (cryo-EM structure). Binding of ATP to NsubI increases the affi nity of the translocation 
groove to bind DNA (a) and locks the motor in translocation mode and brings the arginine fi nger into 

  Fig. 22.6    Cryo-EM structure of the DNA packaging machine. ( a ) Cryo-EM reconstruction showing bound gp17 
( boxed ) at the portal vertex of phage T4. ( b ) A zoomed view of the cross section of the packaging motor. ( c ) The X-ray 
structures of the N-terminal ATPase domain ( yellow ) and the C-terminal nuclease domain ( cyan ) are fi tted into the 
cryo-EM density and a piece of DNA is inserted into the center of the channel. ( d ), ( e ), and ( f ) are the cryo-EM recon-
structions of the phi29 DNA packaging machine (portal, pRNA, and ATPase are shown in  cyan ,  pink , and  purple , 
respectively) (see Morais et al.  2008  for details)       
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position, fi ring ATP hydrolysis (b). The repulsion between the negatively charged ADP(3−) and 
P 

i
 (3−) drives them apart, causing NsubII to rotate by 6°, aligning the charge pairs between the N- 

and C-domains (c). This attracts the C-domain–DNA complex, causing 7 Å upward movement, 
attaining the tensed conformational state (X-ray structure) (d). As a result, the DNA is translocated 
into the capsid by 2 bp. Product release and loss of negative charges cause NsubII to rotate back to 
original position, misaligning the ion pairs and returning the C-domain to the relaxed state (e). 

 Translocation of 2 bp brings the translocation groove of an adjacent subunit into alignment with 
the backbone phosphates. DNA is then handed over to the next subunit by the matching motor 

  Fig. 22.7    A model for the electrostatic force–driven DNA packaging mechanism. A schematic representation show-
ing the sequence of events that occur in a single gp17 molecule to translocate 2 bp of DNA [see text and Sun et al. 
 (  2008  )  for details]. Shown in the center is a schematic of gp17 molecule–DNA complex with various parts of the 
motor labeled       

 



50522 The Bacteriophage DNA Packaging Machine

and DNA symmetries. Thus, ATPase catalysis causes conformational changes which generate 
electrostatic force, which is then converted to mechanical force. The pentameric motor translocates 
10 bp (one turn of the helix) when all fi ve gp17 subunits fi re in succession, bringing the fi rst gp17 
subunit once again in alignment with the DNA phosphates. 

 The basic features of the ATPase motor protein seems to be universally preserved in all phages 
and herpesviruses, even though there is no major overall sequence similarity. Alignments of signa-
ture motifs and structural modeling show that the domain architecture is very similar in all the large 
terminases, and most of the ATPase and nuclease functional motifs are present (Draper and Rao 
 2007 ; Mitchell et al.  2002  ) . However, there is uncertainty about some of the motifs. For instance, 
although the crystal structures of the nuclease domains of phage SPP1 and CMV are very similar to 
that of the T4 and RB49 C-domains, the presence of charged pair residues and a separate DNA 
groove for translocation are not so obvious. 

 The single-molecule data from the phi29 packaging machine are also consistent with the above 
mechanism. However, high-resolution optical tweezers data suggest that only four of the fi ve sub-
units fi re in each cycle, translocating 2.5 bp per ATP hydrolyzed. The fi fth subunit might be holding 
the DNA between translocation cycles when the subunits are being reloaded with ATP. In fact, when 
the ATP concentration is lowered to ~5  m M, the rate of reloading slows down considerably, resulting 
in a micropause, or “dwell,” which is then followed by a “burst” of four rapid and successive ATPase 
fi rings. In this model, the motor is strictly coordinated with alternating dwell and burst phases; how-
ever, the mechanism is unknown. The hydrolytic phase is triggered only when the motor is fully 
loaded with ATP, resulting in 10 bp “steps” separated by pauses. Within each 10-bp step, four 2.5-bp 
substeps could be resolved, each presumably corresponding to a single ATP hydrolytic event. 

 Processive translocation requires that the DNA be held in place between successive translocation 
events. Otherwise, the translocated DNA could come out or, at late stages of packaging, even ejected 
out when the internal pressure mounts. There have been suggestions that portal might be involved in 
holding the DNA, perhaps by closure of the channel in coordination with the terminase pushing 
DNA into the capsid, one model suggesting compression of DNA (Oram et al.  2008  ) . In the latter 
model, closure of the portal channel at the same time the terminase applies force “crunches” DNA 
in the motor channel. Opening of the channel relieves compression, causing movement of DNA into 
the capsid. There is some evidence suggesting that the DNA length might be decreased by ~20% 
when the motor tries to translocate a fl uorescently labeled Y-DNA structure trapped in the motor 
channel (Ray et al.  2010  ) . However, it is unclear if the apparent crunching is due to unsuccessful 
attempts by the packaging motor to force a branched DNA structure through a narrow translocation 
channel or if it is part of the normal mechanism that translocates a linear DNA substrate. Another 
aspect of the mechanism that has not yet been determined is the extent of DNA rotation during trans-
location. At minimum, rotation would be necessary to accommodate the winding of DNA inside the 
capsid to fi t in the icosahedral capsid geometry.   

    22.3   Concluding Remarks 

 The virus packaging machine is one of the fastest and most powerful molecular machines known. 
More than 30 years of biochemical, molecular genetics, and structural analyses now lead researchers 
into an exciting phase to tease out the mechanistic details. The structures of all the components of 
the packaging machine, head, portal, large terminase, and small terminase, have now been deter-
mined. It is hoped that before long we will have all these structures from a single phage. 

 Central to the packaging mechanism are the conformational transitions in the large terminase that 
couple ATP hydrolysis by one of the domains to DNA movement by another domain. However sim-
plifi ed, this revelation allows us to focus on the right questions that might ultimately lead to 
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reconstruction of the mechanism in near atomic detail. However, we have a long road to tread to 
realize this goal. Many basic questions still remain poorly understood. For instance, the terminase 
complexes at different stages of packaging must be different and dynamically change. What are the 
stoichiometries of these complexes and how are these modulated? What is the mechanism of pack-
aging initiation which in large part governed by the small terminase? Does the small terminase have 
a mechanistic role in translocation? Where exactly is it located in the packaging machine? How are 
changes in ATPase site communicated to the translocation groove to modulate DNA-binding affi n-
ity? What are the precise distances the domains move during a single translocation event? How do 
the motor subunits communicate and coordinate ATPase fi rings? What is the structural basis for 
symmetry mismatch between portal and motor? Does the portal channel expand and contract? Is the 
DNA structure altered during translocation? Powerful biophysical strategies such as the optical 
tweezers and fl uorescent techniques which can analyze single packaging motors, in combination 
with molecular genetics, biochemical, and structural analyses, are making it possible to address 
these fundamental questions. The results should unravel the mechanism in exquisite detail and keep 
the virus packaging fi eld exciting for many years to come.      
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  Abstract   The tailed dsDNA bacteriophage ø29 packages its 19.3-kb genome into a preassembled 
prolate icosahedral procapsid structure using a phage-encoded macromolecular motor. This process 
is remarkable considering that compaction of DNA to near crystalline densities within the confi ned 
space of the capsid requires that the motor work against considerable entropic, enthalpic, and DNA 
bending energies. The heart of the bacteriophage ø29 packaging motor consists of three macromo-
lecular components: the connector protein, an RNA molecule known as the pRNA, and an ATPase. 
The pRNA is thus far unique to ø29, but the connector and ATPase are homologous to portal and 
terminase proteins, respectively, in other tailed dsDNA bacteriophages. Despite decades of effort 
and a wealth of genetic, biochemical, biophysical, structural, and single particle data, the mechanism 
of DNA packaging in bacteriophage ø29 remains elusive. In this chapter, we describe the develop-
ment of a highly effi cient in vitro DNA packaging system for ø29, review the data available for each 
individual macromolecular component in the packaging motor, and present and evaluate various 
packaging mechanisms that have been proposed to explain the available data.     

   23.1   Introduction 

 The ability to interconvert various forms of energy is an essential feature of living systems. Biological 
molecular motors accomplish this task by coupling the making and breaking of high-energy covalent 
bonds to conformational changes in large macromolecules. These conformational changes in turn 
drive a diverse array of biological phenomena, including muscle contraction, protein synthesis, 
nucleic acid manipulation, and the generation and maintenance of concentration gradients and elec-
trostatic potentials. Understanding how molecular motors interconvert energy at the atomic scale 
provides insight into the fundamental question of how energy is harnessed in biological systems. 
Furthermore, characterizing the assembly pathways of molecular motors illuminates the mecha-
nisms by which energy transduction systems are constructed and maintained in nature. There are 
only a few well-characterized biological molecular motors. These generally fall into two classes (1) 
rotary motors, such as the F 

1
  ATPase and bacterial fl agellar motor, which turn a spindle by a rotary 
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conformational change mechanism and (2) linear motors, like those required for muscle contraction, 
where conformational fl uctuations result in translation of the motor with each step. This chapter 
describes a third, hybrid class of molecular motors, viral DNA packaging motors, where rotary 
events are converted into translational movement. In this type of motor, several energy-generating 
ATPase subunits are arranged as a ring, and coordinated hydrolysis of ATP molecules around this 
ring induces a rotary pattern of conformational changes in the motor that are coupled to the translo-
cation of double-stranded DNA (dsDNA) into preformed viral capsids. 

 The process of genome encapsidation is remarkable considering that the length of DNA to be 
packaged is approximately 150 times the width of the capsid itself (Earnshaw and Casjens  1980  ) . 
Hence, considerable entropic, electrostatic, and bending energies must be overcome to package DNA 
to near-crystalline densities within the confi nes of the virus shell and against pressures estimated to 
exceed 6 Mpa (Smith et al.  2001  ) . Indeed, viral DNA packaging motors are among the most powerful 
biological motors known, capable of generating forces up to nearly 100 pN (Smith et al.  2001 ; Fuller 
et al.  2007 ; Rickgauer et al.  2008  ) . Furthermore, there is the nontrivial topological requirement that 
packaged DNA must also exit freely during genome ejection; knots and tangles cannot be tolerated 
since the portal for DNA entrance and exit is only large enough to accommodate passage of a single 
dsDNA helix. It is thus not surprising that early hypotheses regarding genome packaging proposed 
that the viral capsid must be assembled around condensed DNA (Kellenberger et al.  1959  ) . 

 The virally encoded ATPases that power genome encapsidation are a subgroup of the large ASCE 
( A dditional  S trand  C atalytic  E  (glutamate)) ATPase family whose members are involved in various 
macromolecular remodeling tasks including: cell division; chromosome segregation; DNA recombi-
nation, strand separation, and conjugation; and the generation and maintenance of concentration 
gradients and electrostatic potentials (Mitchell et al.  2002 ; Burroughs et al.  2007 ; Singleton et al. 
 2007 ; Thomsen and Berger  2008  ) . Thus, understanding the mechanisms by which these motors 
operate will elucidate the general principles of molecular partitioning and energy transformation in 
biological systems. Furthermore, although the oligomeric rings of virally encoded ATPases are simi-
lar to the ubiquitous ASCE macromolecular translocases, they are capable of generating consider-
ably greater forces than other ASCE ATPase-based motors. Hence, insights gained from the study of 
viral packaging motors will not only shed light on the basic mechanistic principles of a broad class 
of macromolecular motors but can also illuminate how these principles have been adapted by viruses 
to generate and control the large molecular forces necessary for genome encapsidation. 

 Research on virus DNA packaging motors have converged on a few probable motor mechanisms 
that differ primarily in (1) the identity of the force-generating component, (2) the mechanics of the 
force-generating step, (3) the mode of coordination between motor components, and (4) the nature of 
substeps in one complete mechanical cycle of the motor. This chapter will examine genome packaging 
in dsDNA viruses based on available structural, biophysical, computational, genetic, and biochemical 
data that describe the self-assembly and mechanism of viral DNA packaging motors. These aspects of 
motor function will be examined in the bacteriophage ø29 DNA packaging motor, an outstanding 
model system for studying genome packaging due to its compositional simplicity, well-defi ned genet-
ics, high in vitro packaging effi ciency, and general experimental accessibility (Grimes et al.  2002  ) . 

 A comprehensive understanding of the ø29 dsDNA packaging motor requires examining its 
mechanism at three levels (1) the chemical level, i.e., the mechanism of catalysis employed by the 
ATPase; (2) the mechanical level, i.e., the conformational changes of motor components that drive 
DNA translocation; and (3) the mechanochemical level, i.e., how the catalytic cycle of the ATPase 
is linked to coordinated mechanical movement of the various motor components. In addition to 
inspiring rationally designed molecular motors and illuminating basic biological questions regard-
ing (1) molecular recognition and self-assembly; (2) coordinated protein–protein and protein–nucleic 
acid interactions; (3) nucleic acid translocation and compaction; and (4) conversion of chemical 
energy into mechanical motion, research on the ø29 packaging motor has the potential to inform 
rational design of therapeutics that inhibit genome packaging motors in medically important eukary-
otic viruses such as herpesviruses, adenoviruses, and poxviruses.  
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    23.2   Overview of Bacteriophage ø29 

    23.2.1   The ø29 Life Cycle and Assembly Pathways 

 Bacteriophage ø29 is a dsDNA bacteriophage belonging to the  Podoviridae  family. The mature 
phage consists of a prolate,  T  = 3,  Q  = 5 prolate icosahedral head elongated along a fi vefold axis of 
symmetry and measuring 540 Å long by 450 Å wide with a shell thickness of approximately 16 Å. 
Attached to the head is a pseudo sixfold symmetric, 380-Å long tail (Tao et al.  1998 ; Morais et al. 
 2005 ; Xiang et al.  2006  ) . The phage recognizes and binds to its  Bacillus subtilis  host by virtue of this 
short noncontractile tail. Hydrolytic enzymes incorporated into the tail structure help ø29 degrade 
and penetrate the approximately 250-Å thick external peptidoglycan cell wall and membrane of the 
Gram-positive  Bacillus  host (Xiang et al.  2008 ; Cohen et al.  2009  ) . The phage then ejects its genome 
through the tail and into the bacterial cytoplasm where the genome is replicated, and the phage-
encoded structural and nonstructural proteins are expressed, thus setting the stage for assembly of 
progeny ø29 virions (Fig.  23.1 ).  

  Fig. 23.1    Life cycle and assembly pathway of bacteriophage ø29. Sequential steps in the bacteriophage ø29 life cycle 
and assembly pathway are shown as a cartoon. A  Bacillus subtilis  host cell is represented as a  green rectangle , various 
particles along the assembly pathway are shown as cross sections of cryoEM surface renderings, and individual phage 
components are either labeled directly or can be identifi ed via the graphical key above the  B .  subtilis  cell. Different 
steps in the assembly pathway are labeled accordingly, and the order of is events indicated by  black arrows        
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 The assembly of ø29 particles occurs by a well-ordered pathway (   Anderson and Reilly  1993 ; Tao 
et al.  1998 ; Grimes et al.  2002  ) . Proheads, the fi rst particles assembled during morphogenesis, con-
sist of a dodecameric head–tail connector protein, or gene product 10 (gp10), approximately 150 
copies of the scaffolding protein (gp7), 235 copies of the major capsid protein (gp8), 55 trimeric 
head fi ber proteins (gp8.5), and a pentameric phage-encoded 174 base RNA (pRNA). The 19.3-kb 
phage genome, covalently attached at either end to gene product 3 (DNA-gp3), is then threaded 
through a central channel of the connector and encapsidated within the prohead. Genome packaging 
is powered by a phage-encoded ATPase (gp16), analogous to the large terminase subunit in other 
phage systems, which transiently assembles at the connector/pRNA vertex. The scaffolding protein 
exits as DNA enters the shell, although the route and mechanism of exit remain unclear (Morais 
et al.  2003  ) . Unlike many other tailed dsDNA bacteriophages, ø29 packages a unit-length genome 
and does not undergo signifi cant structural changes during genome packaging (Xiang et al.  2006 ; 
Tang et al.  2008  ) . Upon completion of packaging, the ATPase and pRNA detach from the head, and 
the lower collar (gp11), appendages (gp12), and tail knob (gp9) subsequently attachto form the 
phage tail and thus complete virus maturation.  

    23.2.2   ø29 as a Model System for Genome Packaging 

 There are several advantages inherent to the ø29 system for studying genome packaging. First, it is 
relatively easy to produce large quantities of ø29 particles. The burst size of wild-type ø29 is greater 
than 1,000, and mutant phage infections can produce up to 5,000 proheads per cell (Grimes et al. 
 2002  ) . In contrast, phage lambda produces only a few hundred proheads per cell. Additionally, ø29 
is one of the smallest and simplest tailed dsDNA bacteriophages, and its 19.3-kb genome encodes 
only about 20 genes. Hence, the small size of the ø29 genome affords the opportunity to uncover the 
structure and function of every gene. For comparison, consider that phage T4’s 170,000-kb genome 
codes for approximately 200 genes. Similarly, the availability of conditional lethal mutants in every 
gene makes ø29 easy to manipulate and adapt to emerging technologies. Furthermore, the ø29 con-
nector and ATPase components are small (~60% the size of other phages), suggesting that they 
represent the essential minimum for motor operation. Perhaps most importantly, an extraordinarily 
effi cient in vitro packaging system has been developed for ø29 (Guo et al.  1986  )  in which nearly 
every prohead is active and every DNA can be packaged. Thus, compositional simplicity, combined 
with a large burst size and the high effi ciency of in vitro packaging make the ø29 system amenable 
to complete dissection of the motor mechanism. 

 DNA packaging, defi ned as production of DNA fi lled heads, can be initiated by mixing purifi ed 
proheads, DNA-gp3, recombinantly expressed ATPase, and ATP. The extent of packaging can be 
determined by assaying for head fi lling via DNase protection; addition of DNase I will result in 
digestion of unpackaged DNA (Guo et al.  1986  ) , whereas packaged DNA is protected in the viral 
capsid. Hence, the effi ciency of packaging can be determined by extracting the packaged DNA and 
quantifying it on an agarose gel. It was shown that packaging takes about 4 min to complete, and that 
the motor translocates approximately two base pairs of dsDNA per ATP hydrolyzed. By analyzing 
packaging of restriction digests, it was demonstrated that ø29 preferentially packages the left end of 
DNA-gp3, suggesting that the left end is the fi rst end to enter the capsid (Bjornsti et al.  1983,   1984 ; 
Grimes and Anderson  1989  ) . 

 Using fi berless proheads that have ejected their scaffolding proteins, a minimal packaging system 
can be constructed that consists of only fi ve macromolecular components: (1) the capsid protein, (2) 
the connector, (3) the pRNA, (4) the ATPase, and (5) the DNA-gp3. The relative arrangement of 
these components in ø29 particles (Fig.  23.2 ) was initially proposed from cryoEM reconstructions 
of wild-type ø29 proheads (Tao et al.  1998 ; Simpson et al.  2000 ; Morais et al.  2001,   2005,   2008  ) . 
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The major capsid protein is arranged as a  T  = 3,  Q  = 5 prolate icosahedral lattice on the surface of the 
capsid. The dodecameric connector protein replaces a major capsid protein pentamer at a unique 
vertex situated in an icosahedral endcap along the long axis of the phage. The pRNA also binds this 
unique vertex, where it circumscribes the protruding narrow end of the connector as a fi ve-mem-
bered ring. Five RNA spokes emanate from this central ring, extending away from the phage at a 
slight angle from the particle’s central axis. The packaging ATPase binds the distal end of these 
pRNA spokes to form a presumably pentameric ring at the unique packaging vertex. These initial 
observations and predictions were later confi rmed and refi ned in a series of cryoEM reconstructions 
that defi nitively located the different components of the packaging motor. Briefl y, cryoEM recon-
structions were determined for various ø29 particles that were engineered to lack different compo-
nents of the motor such as the connector, the ATPase, full-length 174-base pRNA, or to lack different 
domains within the pRNA. The resulting reconstructions were then subtracted from reconstructions 
of particles containing an intact motor such that the residual density in the difference maps provided 
molecular envelopes for individual motor components and domains within components (Fig.  23.2 ) 
(Morais et al.  2008  ) .  

 Hence, the connector, pRNA and ATPase form three concentric rings, and the DNA-gp3 is 
believed to be threaded through a continuous channel along their shared central axis and into the 
phage capsid. This overall picture of the motor not only provides a general context for understanding 
the structure and function of individual macromolecular motor components but also provides a 
framework for understanding how different motor components interact with each other to coordinate 
the mechanochemical cycle of the motor. Below, the structures and functions of individual motor 
components are examined in greater detail to illuminate their potential roles in both motor assembly 
and DNA translocation.   

  Fig. 23.2    Molecular envelopes of the bacteriophage ø29 motor components. Three-dimensional reconstruction of a 
ø29 prohead complexed with the packaging ATPase. The particle is shown in a cutaway view, where its front half has 
been removed to facilitate visualization of the dsDNA packaging motor. The capsid is shown in  gray , the connector in 
 green , the pRNA in  magenta , and the ATPase in  blue . The dsDNA genome, shown as  spheres  that have been colored 
by element, was modeled into the central channel of the connector. The inset shows a close-up of the packaging motor 
at a skewed angle. Molecular envelopes for various motor components were obtained via cryoEM difference maps 
(Morais et al.  2008  )        
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    23.3   Components of the ø29 DNA Packaging Motor 

    23.3.1   The DNA-gp3 

 As mentioned above, the ø29 genome is one of the smallest and simplest dsDNA bacteriophage 
genomes, consisting of approximately 19.3 kb that code for about 20 genes. The early genes required 
for initial DNA replication are located at the ends of the genome, whereas the late genes coding for 
structural and morphogenetic proteins are expressed from the opposite strand in the middle of the 
genome (Mosharrafa et al.  1970 ; Schachtele et al.  1973  ) . A distinguishing feature of ø29 is the require-
ment for a protein primer to initiate DNA replication. As a result, ø29 gene product 3, gp3 is covalently 
attached to the fi rst adenine of each 5 ¢  end of the ø29 genome via gp3 serine (Harding et al.  1978 ; Salas 
et al.  1978 ; Yehle  1978  ) . Limited proteolysis of gp3 with trypsin or protease K reduces packaging two- 
and threefold, respectively, suggesting that gp3 is also necessary for effi cient DNA packaging (Bjornsti 
et al.  1983 ; Grimes and Anderson  1989  ) . Similarly, restriction fragments containing gp3 are packaged 
at least ten times more effi ciently than fragments lacking gp3 (Grimes and Anderson  1989  ) . 

 Available structural and biochemical data regarding genome organization within capsids (Xiang 
et al.  2006 ; Tang et al.  2008  )  indicate that the gp-3 attached to the left end of the genome is likely fi rst 
to enter the capsid during packaging and last to leave upon ejection. Similarly, gp-3 bound to the right 
end should be last to enter the shell during encapsidation and fi rst to leave upon genome ejection. The 
passage of gp3 through the central channel of the connector is remarkable in that the smallest dimen-
sion of gp3 is greater than the diameter of the connector channel (Kamtekar et al.  2006 ; Xiang et al. 
 2006  ) . Presumably, gp3 must be at least partially unfolded to pass through the narrow channel of the 
connector. There is some controversy regarding the location of the right-end gp3 in mature phage; one 
group reports that gp3 is lodged in the central channel of the connector (Xiang et al.  2006  ) , while 
another group reports that it is located in the central channel of the tail just below the connector (Tang 
et al.  2008  ) . Regardless of the exact position of the right-end gp3 in mature phage, the ø29 packaging 
motor must at least recognize and package the left-end gp3 along with the phage DNA, and subse-
quently inject it into the host cell cytoplasm upon genome ejection to initiate a new replication cycle.  

    23.3.2   The Connector 

 The ø29 connector protein, analogous to the “portal” proteins in other phage systems, is remarkable 
in that it plays an essential role in nearly every step of the phage life cycle. In addition to providing 
a conduit for DNA entrance and egress, the connector nucleates capsid assembly, directs formation 
of an elongated prolate icosahedral shell (Hagen et al.  1976 ; Camacho et al.  1977 ; Guo et al.  1991a  ) , 
and provides the site of attachment for the virus tail during phage maturation. As a consequence, the 
connector must selectively interact with the scaffolding protein, the capsid protein, the pRNA, the 
DNA, the lower collar, and the appendages at different stages of the assembly pathway (Guo et al. 
 1991a ; Simpson et al.  2000 ; Morais et al.  2001,   2005,   2008  Xiao et al.  2005 ; Xiang et al.  2006 ; Atz 
et al.  2007 ; Tang et al.  2008 ; Fu and Prevelige  2009  ) . Given the central importance of connector 
proteins in every aspect of the phage life cycle, it is not surprising that the structures of phage con-
nector proteins are highly conserved in spite of often undetectable sequence homology (Valpuesta 
and Carrascosa  1994 ; Simpson et al.  2000 ; Lebedev et al.  2007 ; Zheng et al.  2008 ; Lander et al. 
 2009  )  (Fig.  23.3f ). Indeed, cone-shaped connectors were some of the earliest defi ning morphological 
features observed in negative stained electron micrographs of tailed dsDNA bacteriophages.  

 The structure of isolated recombinantly expressed ø29 connectors has been studied by a variety 
of biophysical methods, including atomic force microscopy (Muller et al.  1997  ) , cryoEM of two-
dimensional arrays (Valpuesta et al.  1999  ) , immune-electron microscopy (Valle et al.  1999  ) , and 
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X-ray crystallography (Simpson et al.  2000,   2001 ; Guasch et al.  2002  ) . Although 13-fold symmetric 
connectors have been reported (Tsuprun et al.  1994  ) , both X-ray crystallography and cryoEM indi-
cate that connectors form 12-fold symmetric dodecamers (Simpson et al.  2000 ; Morais et al.  2001 ; 
Xiang et al.  2006 ; Tang et al.  2008  ) . The 12 monomers assemble a hollow cone-like structure where 
the 12-fold symmetry axis is coincident with the conical axis (Fig.  23.3a, b ). The connector structure 
can be further divided into three approximately cylindrical regions that differ in height and radius: 
the narrow end, central part, and wide end have external radii of 33, 47, and 69 Å and heights of 25, 
28, and 23 Å, respectively. Hence, the connector measures ~75 Å along its conical axis, and its width 
varies from ~140 Å at its wide end to ~65 Å at the narrow end. The diameter of the connector’s 

  Fig. 23.3    Crystal structure of the bacteriophage ø29 connector protein. ( a ) Three-dimensional structure of the ø29 
shown as a  ribbon diagram . The direction of view is looking down the 12-fold symmetry axis from the narrow end of 
the connector. A single subunit is shown with its wide, central, and narrow domains in  green ,  red , and  yellow , respec-
tively. ( b ) Side view of the connector with the central 12-fold symmetry axis shown as a white line. ( c ) Fit of the X-ray 
structure of the connector to cryoEM density of the prohead. The backbone of the connector is shown as  yellow wire ; 
a pRNA density is outlined with  green  mesh. A DNA molecule was modeled in the central channel of the connector. 
The capsid, one of the fi ve contacts between the pRNA with the capsid, and the partially disordered residues 229–246 
and 287–309 in the connector are indicated. ( d ) Stereodiagram of a pair of monomers. One monomer is in  blue  and 
the other as described in ( a ). Six  a -helices are labeled, along with the N- and C-termini. ( e ) Electrostatic surface 
potential of opposite faces of a monomer showing the complementarily charged surfaces that interact between the 
subunits. ( f ) Internal electrostatic surface of the connector showing its primarily negative charge. ( g ) External electro-
static surface showing negatively charged regions at opposite ends of the connector and the relatively hydrophobic 
region in the center that interacts with the capsid. Parts ( a – c ) were modifi ed from Simpson et al.  (  2000  ) ; parts ( d – f ) 
were modifi ed from Simpson et al.  (  2001  )        
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 central channel increases from approximately 36 Å at the narrow end to about 60 Å at the wide end, 
large enough to accommodate smooth passage of an extended dsDNA helix. Fitting the X-ray struc-
ture of the connector into cryoEM reconstructions of ø29 proheads shows that the wide end of the 
connector resides within the viral head, the central region is adjacent to the virus shell and the 
pRNA, and the narrow end protrudes from the head and interacts with the central ring of the pRNA 
(Simpson et al.  2000 ; Morais et al.  2005,   2008 ; Ding et al.  2011  )  (Fig.  23.3c ). 

 The 309 residue connector monomer resembles a seahorse, where the wide domain corresponds to 
the head; the central domain, the body; and the narrow domain, the tail (Fig.  23.3d ). Residues 158–202 
comprise the narrow-end domain, forming mostly an antiparallel  b -sheet that interacts with the 
 central ring of the pRNA. The central domain (residues 11–14, 130–157, and 203–226) consists of 
an antiparallel three-helix bundle twisted in a left-handed superhelix around the central 12-fold axis 
at an angle of approximately 40. The wide-end domain (residues 1–10, 229–246, and 286–309) 
adopts a more globular mixed  a / b -structure that is fl exibly attached to the central domain, and con-
tacts the inner surface of the head and the pRNA (Simpson et al.  2000 ; Ding et al.  2011  )  (Fig.  23.3c ). 
Residues 1–10, 229–246, and 286–309 are not visible in the crystal structure, suggesting that these 
regions are disordered in recombinantly expressed connectors. However, the second and third disor-
dered regions are visible in cryoEM maps where they are located on the inside of the channel at, and 
just above, the junction of the wide and narrow domains, respectively, consistent with the locations 
of analogous elements in the connector proteins from bacteriophages SPP1 and P22 (Orlova et al. 
 2003 ; Lebedev et al.  2007 ; Lander et al.  2009  )  (Fig.  23.3c ). 

 Calculated electrostatic potentials show that the connector monomer has one predominantly neg-
atively charged surface and a complementary net positively charged surface, promoting the circular 
interactions necessary for formation of a closed ring-like structure (Fig.  23.3e ). The exterior surface 
of the central region is predominantly hydrophobic, whereas the exterior surfaces of the wide- and 
narrow ends have negatively charged patches (Fig.  23.3f, g ). With the exception of two lysine rings, 
the surface corresponding to the central channel is negatively charged. It has been proposed that the 
net negative charge of this surface acts as a focus to center the opposing negatively charged DNA as 
it passes through the connector channel (Simpson et al.  2000  ) , and that the positively charged lysine 
rings play a direct role in packaging by interacting with the negatively charged phosphate backbone 
of the translocating DNA (Guasch et al.  2002  )  (see also Sect.  23.5 ). 

 Comparison of connector structures fi tted into cryoEM reconstructions of mature ø29, wild-type 
proheads, and particles lacking pRNA indicates that the conformation of the connector is strongly 
infl uenced by the attachment/detachment of the pRNA and the tail structure (Fig.  23.4a–c ). For 
example, in the absence of pRNA, the outer and inner diameter of the central region and narrow end 
increases compared to connectors in particles bound to pRNA (Morais et al.  2008  ) . The narrow 
domain of the connector also fl ares out in mature phage. It has been suggested that connector expan-
sion occurs in response to high pressure in fully packaged proheads, and that this expansion forces 
the pRNA off the capsid and results in an optimal connector conformation for tail attachment (Xiang 
et al.  2006  ) . However, it is not clear if this conformational change occurs prior to tail assembly, or if 
tail binding induces conformational change in the connector.  

 Additional information regarding conformational fl exibility of the connector can be obtained by 
comparing connector structures from different crystal forms, and by analyzing structural differences 
among monomers within the asymmetric unit of a given crystal form (Simpson et al.  2001  )  
(Fig.  23.4d, e ). Differences between different crystal forms are localized in the wide-end domain. 
Similarly, superposition of different monomers within a crystallographic asymmetric unit shows that 
while the central and narrow domains strictly obey 12-fold symmetry, the wide end can undergo 
rigid body rotations of up to 5.4 relative to the central and narrow domains. These conformational 
fl uctuations correspond to a “rolling” motion of the wide-end domain and were proposed as an 
essential component of a connector-based mechanism for DNA packaging (Simpson et al.  2000  )  
(see also Sect.  23.3.2 ).  



51923 The dsDNA Packaging Motor in Bacteriophage ø29

  Fig. 23.4    Conformational fl exibility of the connector. ( a ) Fit of the atomic coordinates of the connector ( red ribbon , 
Protein Data Bank accession code: 1IJG) to cryoEM density ( green  density) corresponding to the connector in mature 
phage, ( b ) to prohead-bound phage ( blue  density), and ( c ) to pRNA-free proheads ( purple  density). Comparison of 
cryoEM densities indicates conformational changes involving the central and narrow domains during phage matura-
tion. ( d ) Stereodiagram based on the superposition of the helical domains within the crystallographic asymmetric unit 
of the connector. Different colored lines represent the different axes of rotation relating any one wide-end domain to 
a reference monomer. ( e ) The variation in position of the wide-end domain in the crystallographic unit. Parts ( a – c ) 
were inspired by Xiang et al.  (  2006  ) ; parts ( d  and  e ) were adapted from Simpson et al.  (  2001  )        

    23.3.3   The pRNA 

 One of the more surprising observations to emerge from early experiments on the ø29 packaging 
motor was the sensitivity of packaging activity to ribonuclease, as comparable ribonuclease sensitivity 
has not been observed in other phage systems. Perhaps equally surprising was the explanation for 
this sensitivity, i.e., the discovery of a 174-base phage-encoded RNA molecule that is absolutely 
required for packaging (Guo et al.  1987a  ) . This RNA was shown to be a transcript from a promoter 
at the extreme left end of the genome (bases 320–147) (Guo et al.  1987a ; Wichitwechkarn et al. 
 1989  ) . Since the RNA was found to bind to proheads (Guo et al.  1987b ; Garver and Guo  1997 ; 
Simpson et al.  2000  ) , it was named “pRNA.” The pRNA is not needed to assemble proheads (Guo 
et al.  1991b  ) , suggesting that it attaches to proheads after capsid assembly. It was shown that pRNA 
binds to proheads in an Mg 2+ -dependent reaction (Wichitwechkarn et al.  1989 ; Reid et al.  1994a ; 
Trottier and Guo  1997  ) . The role of pRNA is transitory and likely limited to DNA packaging, as 
pRNA is not present in mature ø29 (Guo et al.  1987a  ) . 

 Bioinformatic analysis and secondary structure prediction indicated that the pRNA consists of two 
domains; domain I consists of the fi rst 117 bases and is separated from domain II (bases 131–174) by 

 



  Fig. 23.5    Crystal structure of the pRNA prohead-binding domain. ( a ) Predicted secondary structure of pRNA domain 
I. Nucleotides are colored:  gray , A-helix;  green , three-way junction;  violet , C-helix;  orange , CE-loop;  magenta , 
E-helix and E-loop; and  cyan , D-helix and D-loop. In  light gray  are nucleotides deleted in the fi nal crystallization 
construct. ( b ) Proposed cyclic oligomerization of the pRNA based on intermolecular base pairing at the pseudoknot. 
Although hexameric oligomerization was initially predicted, a pentameric structure is shown to refl ect the likely oli-
gomerization state on the prohead. ( c ) Stereodiagram of the crystal structure of the pRNA-binding domain. The phos-
phate backbone is shown as a coil, and the bases as fi lled slabs colored as above. ( d ) Stereoview of the intermolecular 
pseudoknot. The CE–D loop interaction mediates the continuous base stacking from the E-helix of one pRNA mono-
mer to the A-helix of its neighbor, creating an RNA superhelix. This fi gure was adapted from Ding et al.  (  2011  )        
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a 13 base single-stranded region (Bailey et al.  1990  )  (Fig.  23.5a ). Although the full-length wild-type 
pRNA is a two-domain 174-base transcript, a 120-base construct encompassing domain I and lacking 
the 54 nucleotide 3 ¢ -domain II is fully competent for packaging and assembly in vitro. Although the 
function of domain II is not currently understood, its conservation in all ø29 relatives suggests that it 
has an essential function in vivo. Seven RNA helices, designated A–G, were also predicted, with 
helices B and F residing in domain II, and helices A, C, D, and E in domain I. Three conserved loops, 
CE, D, and E, named for their position relative to the similarly named helices, were also identifi ed.  

 Packaging activity is eliminated upon removal of pRNA, but can be restored by reconstituting 
RNA-free particles with recombinantly expressed pRNA (Guo et al.  1987b  ) . Reconstitution of RNA-
free proheads with mutant pRNAs is a remarkably powerful technique, and in combination with 
bioinformatics and phylogenetic analysis, it has been used to exhaustively dissect structural and 
functional elements of the pRNA (for a comprehensive review, see Grimes et al.  2002  ) . Early experi-
ments distinguished two functional modules within pRNA domain I, one necessary for  prohead 
binding (bases 22–84), the other required for DNA packaging activity (bases 1–20 and 92–117) 
(Reid et al.  1994a,   b,   c ; Zhang et al.  1994,   1995  ) . The prohead-binding domain contains the C, E, 
and D helices and the CE, E, and D loops; all of these structural elements were shown to be impor-
tant for prohead binding, as were the base sequences within each element (Reid et al.  1994b  ) . 
Phylogenetic analysis, combined with mutagenesis and biochemistry identifi ed an essential U-rich 
three-way junction that was predicted to join helices A, D, and E in domain I (Bailey et al.  1990  ) . 
The DNA packaging domain corresponds to the majority of the pRNA A-helix; mutants in this 
region bind proheads as tightly as wild type, but are defective in DNA packaging (Reid et al.  1994b,   c ; 
Zhang et al.  1994,   1995  ) . Since many of these mutants were also defective in binding the ATPase, it 
was proposed that the pRNA A-helix provides the attachment site for the packaging ATPase. 

 Considering that quaternary structures larger than homodimers had never been observed for RNA 
(Ding et al.  2011  ) , it was surprising that recombinantly expressed pRNA formed higher-order oli-
gomers in solution (Guo et al.  1998 ; Zhang et al.  1998 ; Chen et al.  1999,   2000  ) . This oligomerization 
was demonstrated to arise from a novel intermolecular RNA pseudoknot. From examination of the 
predicted secondary structure of the pRNA, it was clear that bases 45-AACC-48 from the C–E loop 
could form Watson–Crick base pairs with bases 85-UUGG-82 from the D loop (Reid et al.  1994c  )  
(Fig.  23.5a, b ). Furthermore, phylogenetic analysis indicated that comparable base-pairing potential 
is conserved in pRNAs from ø29 relatives. To test the biological signifi cance of this potential pseudo-
knot, the CE-loop was mutated from AACC to GCGA in one mutant, and the D-loop mutated from 
UUGG to CGCU in another mutant. As expected, neither mutant alone could package DNA, yet a 
double mutant, which restores the base-pairing potential, regained full biological activity. 
Interestingly, a mixture of the two single mutants also restored packaging (Zhang et al.  1998  ) . Since 
formation of intramolecular pseudoknots would not be possible in this experiment, it was concluded 
that the pseudoknot must be an intermolecular one between neighboring pRNAs. It was further pro-
posed that formation of intermolecular pseudoknots between adjacent pRNAs would promote circu-
lar interactions resulting in an oligomeric ring-like structure (Fig.  23.5b ). 

 Structural analysis has now confi rmed many of the early predictions regarding pRNA structure 
and function. CryoEM analysis has defi nitively shown that (1) bases 22–84 form a pentameric ring-
like structure that binds to the prohead; (2) fi ve pRNA A-helices extend as spokes from this central 
ring; and (3) the packaging ATPase attaches to the distal end of the A-helix spokes (Morais et al. 
 2008  )  (Fig.  23.2 ). The recently determined X-ray structure of the prohead-binding domain of the 
pRNA confi rms the presence of the U-rich junction and, via crystal contacts between pRNA mono-
mers, the intermolecular pseudoknot (Ding et al.  2011  )  (Fig.  23.5c, d ). That such sophisticated and 
prescient structure/function predictions could be made in the absence of any direct structural infor-
mation is a testament to the power of carefully conceived genetic and biochemical experiments when 
applied to a well-characterized system. 

 Of course, structural data on the pRNA has also provided additional information that would not 
be available using other experimental approaches. The crystal structure of the prohead-binding 
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domain shows that pRNA monomers adopt an extended conformation, and that the three major helical 
elements are organized around the U-rich three-way junction (J 

u
 ); helices A and D stack coaxially, 

whereas the C-helix extends outward at an approximately 70° angle (Ding et al.  2011  )  (Fig.  23.5c ). 
At the distal end of the C-helix, the CE-loop causes the direction of the E-helix to change by about 
110°. The conformation of the E-loop is similar to an NMR-derived structure of an E-loop hairpin 
(Harris and Schroeder  2010  ) . Analysis of electron density and temperature factors in the crystal 
structure suggests the presence of two fl exible joints at the J 

u
  bulge and the CE-loop. In addition to 

confi rming the presence of all four potential Watson–Crick base pairs in the intermolecular pseudo-
knot, the structure showed that there is an additional fi fth interaction, a base triple between A 

44
  in the 

CE-loop and G 
86

  and U 
80

  in the D-loop (Fig.  23.5d ). 
 The crystal structure of the prohead-binding domain of the pRNA fi ts remarkably well into its 

corresponding density in a cryoEM reconstruction of the ø29 prohead (Fig.  23.6a ). The excellent 
agreement between the two structures not only confi rms that each is essentially correct but also 
provides insight as to how the pRNA interacts with the connector and the prohead. The structure 
fi ts into the density region corresponding to the central ring, where it makes contact with protrud-
ing narrow end of the connector (Fig.  23.6b ). The pRNA bases adjacent to the connector are con-
sistent with hydroxyl radical probing studies that showed increased cleavage sensitivity in the ring 
region of the pRNA when an Fe-BABE probe was tethered to the narrow end of the connector (Atz 
et al.  2007  ) . Furthermore, the fi tted pRNA is close to the expected position of the positively 
charged RKR residues at the N-terminus of the connector that were shown to be important for 
pRNA binding (Xiao et al.  2005 ; Atz et al.  2007  ) . Additionally, this fi tting placed the E-loop in 
density that connects the pRNA central ring to the prohead (Fig.  23.6a ). This density had been 
identifi ed as pRNA in previous cryoEM reconstructions (Morais et al.  2005,   2008  ) , but existing 
pRNA models were unable to explain which bases of the pRNA accounted for this density. The 
current fi tting clearly shows that E-loop bases G 

55
  and A 

56
  make contact with a unique-binding site 

on the capsid protein that is exposed as a result of rotation of the Ig-like C-terminal domains in 
capsid proteins circumscribing the unique motor vertex (Morais et al.  2005,   2008 ; Ding et al. 
 2011  )  (Fig.  23.6c ). The importance of these bases in prohead binding was also confi rmed via 
mutagenesis (Ding et al.  2011  ) .  

 Although pRNA monomers were independently fi tted into the cryoEM density without any prior 
assumptions, the intermolecular base-pairs were preserved in the resulting pRNA pentamer. This 
fi tting also positions the small portion of the A-helix present in the truncated construct in cryoEM 
density identifi ed as the A-helix by cryoEM (Morais et al.  2008 ; Ding et al.  2011  ) , thus allowing 
modeling of the remainder of the A-helix and construction of pseudoatomic model of entire pRNA 
domain I. This model revealed a remarkable RNA superhelix that dominates the pRNA structure and 
arises from continuous stacking of multiple helical elements from adjacent pRNA monomers; an 
E-helix from one monomer shares a common superhelical axis with a D-helix (via the intermolecu-
lar pseudoknot) and an A-helix from a neighboring pRNA monomer (Fig.  23.6d ). Hence, the basic 
structural unit of the pRNA spans two topological units, an arrangement that might mediate coordi-
nation between adjacent motor subunits. 

 The oligomerization state of the pRNA on the prohead has been a source of considerable contro-
versy, and thus merits discussion here. Although the pRNA forms tetramers in the crystallographic 
unit cell (Ding et al.  2011  ) , this arrangement is not believed to refl ect the oligomerization state on 
the prohead. A truncated construct was crystallized, with additional mutations introduced to reduce 
molecular fl exibility. Furthermore, the fourfold molecular symmetry axis is coincident with the crys-
tallographic fourfold axis. Hence, since there is no evidence for wild-type pRNA tetramers, it seems 
likely that this packing arrangement might be an artifact of either/both crystallization and/or genetic 
manipulation of the construct. 

 Wild-type pRNA oligomerizes in solution, and both hexamers and dimers have been detected by 
analytical ultracentrifugation (Guo et al.  1998 ; Zhang et al.  1998 ; Chen et al.  1999,   2000  ) . Initial 
genetic investigations into the nature of the intermolecular pseudoknots showed that two-, and three-way 
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  Fig. 23.6    Pseudoatomic structure of the pRNA on proheads. ( a ) Side and bottom views of the pentameric pRNA ring 
structure docked into its cryoEM envelope. ( b ) Side and bottom views of the pentameric pRNA ring and the dodeca-
meric connector structures fi t into their corresponding cryoEM envelopes. ( c ) Side view of the pRNA ring and a 
pseudoatomic model of the capsid protein fi t into the cryoEM envelope showing that the pRNA contacts the capsid via 
the E-loop. The connector structure was omitted for clarity. ( d ) Pseudoatomic structure of full-length pRNA. Three of 
the fi ve pRNA monomers are colored  blue ,  red , and  yellow , respectively, and part of a fourth monomer is shown in 
green. The A-helix was modeled as an ideal RNA helix and positioned via fi tting to cryoEM density. The E-helix from 
one monomer shares a common super helical axis with a D-helix (via the intermolecular pseudoknot) and an A-helix 
from a neighboring pRNA monomer. The approximate direction of the superhelical axis is shown as a  double-headed 
arrow . The strongest density in cryoEM maps is shown as a  magenta  isosurface; note that this density is near the 
intermolecular pseudoknot, demonstrating that this region is highly ordered in proheads. Parts ( a – c ) of this fi gure were 
modifi ed from Ding et al.  (  2011  )        

complementation of CE/D-loop mutants could rescue packaging, suggesting that both multiples of 
two and three are compatible with an active pRNA oligomer. Hence, the pRNA was believed to be 
hexameric because (1) six is the smallest integer that is a multiple of both two and three, (2) hexamers 
were observed in analytical ultracentrifugation, and (3) the pRNA was initially believed to bind to 
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the connector, an oligomer with 12-, and thus also sixfold symmetry. This view was recently 
reinforced by single-particle fl uorescence quenching experiments where statistical analysis of pho-
tobleaching events was used to conclude that there is an average of six pRNAs per prohead (Shu 
et al.  2007  ) . However, recent analytical ultracentrifugation experiments show that head-to-tail dim-
ers dominate in solution, not hexamers (Chen et al.  2000  ) , and it is likely these dimers are artifacts 
of recombinant overexpression since comparable dimers are not observed in X-ray or cryoEM struc-
tures of the pRNA (Ding et al.  2011  ) . 

 A hexameric pRNA also does not agree with structural results obtained from either cryoEM or 
X-ray crystallography, which clearly show pentameric and tetrameric pRNAs, respectively. Fitting 
of the X-ray structure of a pRNA into cryoEM density results in a pentameric pRNA, even for care-
fully calculated asymmetric reconstructions where no symmetry is imposed (Simpson et al.  2000 ; 
Morais et al.  2001 ; Ding et al.  2011  ) . This fi tting also indicates that although the pRNA is close to 
the connector, it makes much more extensive contacts with the fi vefold symmetric head than the 
12-fold symmetric connector. Similarly, it is has been shown that pRNA binds to connectorless 
proheads with an occupancy comparable to that seen for wild-type prohead binding, indicating that 
the pRNA’s primary-binding site is on the fi vefold symmetric capsid rather than the 12/6-fold sym-
metric connector (Morais et al.  2008  ) . Furthermore, the excellent fi t of the X-ray structure of the 
pRNA to the cryoEM structure demonstrates that two independent methods give rise to essentially 
identical structures; it is diffi cult to account for such a result if the structures are not truly similar. 
Thus, it seems that the pentameric pRNA observed in cryoEM reconstructions refl ects its true 
 oligomeric state. 

 The argument has been made that cryoEM reconstructions of ø29 will always result in uninten-
tional imposition of fi vefold symmetry, and thus that the observed pentameric pRNA is an artifact 
of unintentional symmetry averaging (Shu et al.  2007  ) . The underlying logic is that individual 
particles are aligned for averaging during reconstruction by virtue of their relatively massive fi ve-
fold symmetric capsids. Hence, small components of the motor that do not have the same symme-
try as the prohead might not be aligned for meaningful averaging during the reconstruction 
procedure, see (Morais et al.  2001  )  for a more extensive discussion. However, it is important to 
point out that improper symmetry averaging, whether intentional or unintentional, results in 
smeared out uniform density without any distinguishing features. In contrast, the pRNA structure 
determined by cryoEM has distinct features that agree with the crystallographically determined 
structure of the pRNA (Ding et al.  2011  ) . Furthermore, it was shown that subtle yet predictable 
structural changes can be introduced into the pRNA, and that these changes can then be readily 
observed in cryoEM reconstructions of proheads (Morais et al.  2008 ; Zhao et al.  2008  ) , strongly 
indicating that the reconstruction procedure faithfully reproduces the molecular structure of the 
pRNA. Finally, the dodecameric connector provides an internal control to verify that symmetry 
mismatches have been resolved in cryoEM reconstructions of ø29 proheads. In particular, the abil-
ity to resolve 12 monomers, as well as secondary structural elements within monomers, in a recent 
~8 Å asymmetric reconstruction of the packaging motor demonstrates that even relatively small 
nonpentameric components are properly aligned and averaged in asymmetric prohead reconstruc-
tions (Morais, unpublished). 

 The question of how pRNA assembles on the head also remains controversial. Based on the early 
analytical centrifugation results and pseudoknot complementarity experiments, it was assumed that 
the pRNA forms a hexameric ring which then docks onto the connector (Guo et al.  1998 ; Zhang 
et al.  1998  ) . Later results suggested that pRNA forms head-to-tail dimers in solution, but that this 
dimer is dissembled as the pRNA binds to the connector to form a hand-to-hand circular ring. 
Additional evidence for connector-based docking came from experiments showing that the fi rst 14 
amino acids of the connector are important for pRNA binding, especially the short RKR sequence 
(Xiao et al.  2005 ; Atz et al.  2007  ) . However, it was recently shown that pRNA can bind particles that 
lack connectors as well as bind wild-type particles (Morais et al.  2008  ) . 
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 An initial clue regarding pRNA assembly came from analysis of cryoEM reconstructions of the 
prohead, which show that the E-loop of the pRNA makes extensive contacts with the capsid that 
would be sterically impossible if the Ig-like domain of the capsid protein had not rotated ~180° from 
its expected position (Morais et al.  2005,   2008 ; Ding et al.  2011  ) . Hence, an assembly scenario com-
patible with all the confl icting data is one in which the pRNA initially recognizes and binds to the 
RKR residues at the N-terminus of the connector, followed by a conformational change in the capsid 
proteins surrounding the motor vertex that creates a new, tight-binding site on the capsid for the 
pRNA. This proposed conformational change likely involves the previously described rotation of the 
Ig-like C-terminal domains in capsid proteins surrounding the pRNA (Morais et al.  2005  ) , which 
would uncover the pRNA-binding site on the capsid. It was demonstrated that this conformational 
change is present in prohead particles whose pRNA has been removed by RNase digestion (Morais 
et al.  2008  ) . Further support for this assembly scenario comes from cryoEM reconstructions of pro-
heads that have never seen pRNA. It would be expected that the C-terminal Ig-like domain would 
not be rotated from its typical position since these particles are pRNA naive and thus would not have 
undergone the conformational change necessary for binding pRNA; this is indeed the case. 
Furthermore, it has been shown that when pRNA binds these particles, the Ig-like domain rotates 
from its expected position as in wild-type proheads (Morais, unpublished data). Thus, it may be that 
pRNA assembly proceeds via attachment to the procapsid fi rst, followed by formation of intermo-
lecular pseudoknots. However, since pseudoknots are absolutely required for packaging, they may 
play a role in the mechanism of translocation. Their location at the junction of helices contributed 
from neighboring monomers in the pRNA superhelix may provide a means of communication 
around the motor ring (Fig.  23.6d ).  

    23.3.4   The Packaging ATPase 

 Packaging dsDNA into a preformed viral capsid is an inherently unfavorable energetic process. The 
dsDNA helix is a relatively rigid molecule, with a persistence length of approximately 50 nM. It is 
also highly negatively charged due to its phosphate backbone. Hence, there are considerable enthal-
pic and entropic costs associated with confi ning DNA within the limited space of the viral capsid. 
Coarse-grained simulations of DNA packaging and subsequent decomposition of packaging energy 
into its principle components suggests that electrostatic repulsions contribute most of the enthalpic 
penalty associated with packaging the ø29 DNA-gp3, whereas the elastic cost of bending the DNA 
helix is modest (Petrov and Harvey  2008  ) . These analyses also indicate that the entropic cost of 
packaging accounts for approximately half of the total free energy cost of genome encapsidation. 
This is not surprising since ø29 DNA-gp3 has a radius of gyration of ~340 nm in solution compared 
to only ~15 nm inside proheads, corresponding to an ~10,000-fold volume compression; clearly, 
there must be a considerable entropic price associated with such a dramatic reduction of conforma-
tional space. Regardless of relative percentages, the enthalpic and entropic costs of genome encapsi-
dation must be paid for via the input of energy. 

 ATP is the universal energy currency of the cell, and several protein families have evolved that 
couple ATP hydrolysis to otherwise thermodynamically unfavorable reactions. The net effect of this 
coupling is to drive the linked reactions in a direction necessary to do chemical or mechanical work. 
The dsDNA viruses, including tailed bacteriophages like ø29, have co-opted polymer-dependent 
ATPases from the ASCE P-loop NTPase superfamily to couple hydrolysis of host-supplied ATP to 
the translocation of the dsDNA viral genome into the preassembled procapsid (Mitchell et al.  2002 ; 
Burroughs et al.  2007 ; Singleton et al.  2007 ; Thomsen and Berger  2008  )  (Fig.  23.7 ). The energy 
released by hydrolysis of the high-energy phosphoanhydridic bond between the  b - and  g -phosphates 
induces a conformational change in the ATPase that exerts a mechanical force that results in trans-
location of the DNA into the head.  
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  Fig. 23.7    ACSE superfamily. Proposed evolutionary relationships between ASCE P-loop NTPases are shown. Topology 
diagrams of different representative family members are superimposed on a cladogram depicting higher-order relation-
ships. The highly conserved central strands and helices forming the core of the ASCE domain are numbered and col-
ored. Strands are shown in  green  with the central strand S4 colored  yellow  and helices colored  orange . Synapomorphies 
shared across different lineages are shown in  pink , whereas nonconserved features are colored  gray  and outlined in 
 broken lines . Lines connecting different lineages represent higher-order relationships constructed by comparison of 
shared structural and/or sequence similarities.  Broken lines  represent more tenuous relationships. Viral lineages with 
packaging ATPases from a specifi c superfamily are listed following a colon below the superfamily name. Abbreviations: 
 WA  Walker A,  WB Walker B , and  Sen1  sensor-1. This fi gure is reproduced from Burroughs et al.  (  2007  )        

 The 39-kDa 332-residue ø29 packaging ATPase consists of two domains (Koti et al.  2008  ) . 
The fi rst ~200 N-terminal amino acids correspond to the ASCE P-loop ATPase domain, and the last 
~130 residues comprise the C-terminal domain. Sequence analysis suggests that the C-terminal 
domain adopts a fi ve-stranded oligonucleotide/oligosaccharide-binding fold, possibly indicating 
that the C-terminal domain could either play a role in pRNA binding (Koti et al.  2008  )  or DNA 
translocation (Sun et al.  2007,   2008  ) . Both dimers and trimers of recombinantly expressed ø29 
ATPase have been reported (Lee and Guo  2006 ; Koti et al.  2008  ) , although larger oligomeric rings 
are likely assembled on proheads (Simpson et al.  2000 ; Koti et al.  2008 ; Morais et al.  2008  ) . Since 
the ATPase has been shown to bind to the A-helix of the pRNA, it seems likely that it would also 
form pentamers on the prohead. This prediction is supported by cryoEM reconstructions that show 
a pentameric ring of ATPases bound to distal ends of the pRNA A-helices (Koti et al.  2008 ; 
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Morais et al.  2008  )  (Fig.  23.2 ). It has been shown that the ATPase can either assemble on the pRNA 
and then bind the DNA-gp3 substrate, or fi rst interact with DNA-gp3 and then attach to the pRNA 
(Koti et al.  2008  ) . It is not clear which assembly pathway is utilized in infected  Bacillus  cells. 

 Similar to other phage packaging ATPases, the ø29 ATPase has only weak ATPase activity in the 
absence of other motor components (Grimes and Anderson  1990  ) . This activity is modestly stimu-
lated by the addition of pRNA and increases even further in the presence of pRNA–prohead com-
plexes. There is no increase in activity when the ATPase is mixed with pRNA-free proheads, consistent 
with structural and biochemical results indicating that the ATPase binds to the A-helix of the pRNA 
(Reid et al.  1994b,   1994c ; Zhang et al.  1994,   1995 ; Simpson et al.  2000 ; Morais et al.  2008  ) . The 
increased activity observed for prohead–pRNA–ATPase mixtures compared to pRNA–ATPase mix-
tures indicates that the ring-like oligomerization of the ATPase upon prohead binding is important for 
catalysis. However, maximum activity is only observed in the presence of both pRNA–prohead com-
plexes and the DNA-gp3 substrate. The mechanism of DNA-enhanced ATPase activity is not well 
understood, although it has been proposed that the translocation of the helically symmetric dsDNA 
substrate through the ring channel coordinates ATPase activity around the ring (Morais et al.  2008  ) . 

 Although no high resolution structural information is available for the ø29 ATPase, considerable 
insight can be obtained from analysis of structurally homologous ATPases. The N-terminal domain 
of the ø29 ATPase contains several short sequence motifs characteristic of the ASCE P-loop NTPases, 
including an adenine-binding motif, Walker A and B motifs, a catalytic glutamate, a “phosphate sen-
sor” motif, and an arginine fi nger (Fig.  23.7 ). The ASCE P-loop NTPases are built upon a Rossmann 
fold (Rossmann et al.  1974  ) . First identifi ed in dinucleotide-binding proteins, the Rossmann fold 
consists of three or more parallel  b -strands interspersed by  a -helices. This arrangement results in the 
C-terminal ends of each strand forming one edge of a  b -sheet that is sandwiched between  a -helices. 
The conserved nucleotide-binding site is located at this edge and consists of loops connecting 
 b -strands to downstream  a -helices. The ASCE P-loop NTPases adopt a modifi ed version of this fold, 
with fi ve conserved parallel  b -strands forming a central  b -sheet that contains all of the sequence 
signatures listed above (Story and Steitz  1992 ; Story et al.  1992  ) . Consistent with the position of the 
nucleotide-binding site in the Rossmann fold, residues responsible for ATPase function are located 
almost exclusively on loops connecting the C-termini of the  b -strands to  a -helices. The position, 
sequence, and function of each of these motifs during catalysis are summarized below. 

 The Walker A and B motifs, named for their identifi cation in the sequence of the bovine mito-
chondrial F 

1
 -ATPase (Walker et al.  1982  ) , are the most highly conserved sequences in the ASCE 

P-loop NTPase superfamily. Both are involved in nucleotide-binding and activation of the nucleo-
philic water molecule. The Walker A motif, also referred to as the P-loop, is located between strand 
 b -1 and helix  a -1 and is defi ned by the consensus sequence (G/A)XXXXGK(T/S), where X can be 
any amino acid. The backbone amides of the glycine residues coordinate the phosphate groups of the 
ATP, and the  e -amino group of the conserved lysine forms ion pairs with the  b - and  g -phosphates. 
The hydroxyl group of the conserved threonine/serine coordinates a critical catalytic Mg 2+  ion that 
coordinates the  b - and  g -phosphates of ATP and activates the catalytic water nucleophile. The Walker 
B motif, located between strand  b -3 and helix  a -3, contains the consensus sequence ZZZZD/E, 
where Z is a hydrophobic residue. The conserved acidic group provides another coordinating ligand 
for the catalytic Mg 2+ , thus also playing an essential role in positioning both the ATP substrate and 
the water nucleophile for in-line attack of the activated water molecule at the  g -phosphate. The 
adenine-binding motif, ZQ, is located ~15 amino acids upstream of the Walker lysine (Mitchell et al. 
 2002  ) , where the conserved glutamine forms hydrogen bonds with the N6 and N7 nitrogens of the 
heterocyclic adenine ring (Sun et al.  2007  ) . 

 Although the spatial position of the catalytic glutamate is highly conserved, its sequence position 
varies among different branches of the ASCE superfamily. For example, in the F 

1
 /RecA, HerA/FtsK, 

and PilT ATPases, the catalytic glutamate is located on a loop between strand  b -2 and helix  a -2 
(Story et al.  1992  ) . In contrast, the catalytic glutamate in the helicase and ABC ATPases is positioned 
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immediately after the aspartate of the Walker B motif (Subramanya et al.  1996 ; Hung et al.  1998 ; 
Geourjon et al.  2001  ) . Sequence analysis of the ø29 ATPase and the bacteriophage terminase large 
subunits (TLS) ATPases indicates that their catalytic glutamates are also positioned immediately 
following the aspartate in the Walker B motif (Mitchell et al.  2002 ; Burroughs et al.  2007 ; Koti et al. 
 2008  ) , a prediction confi rmed by the X-ray crystal structure of the ATPase domain of the T4 large 
terminase domain (Sun et al.  2007  ) . Regardless of the location of the catalytic glutamate in the pri-
mary amino acid sequence, its position in three-dimensional space is highly conserved among all 
known ASCE ATPase structures. In each case, the catalytic glutamate is positioned to act as a gen-
eral base and activate a water molecule for nucleophilic attack on the  g -phosphate of ATP (Geourjon 
et al.  2001 ; Sun et al.  2007  ) . 

 Another essential motif conserved in the active site of many ASCE ATPases is a polar residue 
at the C-terminal end of strand  b -4. This residue, asparagine 159 in ø29, is proposed to function 
as a “ g -phosphate sensor” that plays a role in transmitting conformational changes to other parts 
of the protein upon ATP binding (Story and Steitz  1992 ; Yoshida and Amano  1995 ; Iyer et al. 
 2004a,   b  ) . A similar function was assigned to the switch II region of distantly related G proteins, 
members of the broader P-loop ATPase superfamily (Leipe et al.  2002  ) . In ring-forming ATPases 
like the ø29 ATPase pentamer, this sensor might function to communicate the catalytic state of a 
particular monomer to its neighbors, and hence play an essential role in coordinating the activity 
of the ring. 

 Similarly, most ASCE P-loop ATPases also utilize an “arginine fi nger” to couple hydrolysis of 
ATP to large scale conformational changes between adjacent monomers and/or domains. The argin-
ine fi nger from one monomer/domain is inserted into the active site of its neighbor, where the posi-
tively charged guanidinium group of the arginine stabilizes the pentavalent phosphoanhydride 
transition state that forms during ATP hydrolysis and promotes separation of the phosphate leaving 
group (Nadanaciva et al.  1999 ; Braig et al.  2000 ; Ogura et al.  2004  ) . This in trans activation of sub-
strate in a neighboring subunit/domain is reminiscent of the arginine (or lysine) fi ngers observed in 
GTPase-activating proteins (Wittinghofer et al.  1997  ) . 

 As with the catalytic glutamate, the primary sequence position of the arginine fi nger varies in 
different branches of the ASCE superfamily, but the spatial position is highly conserved. In the 
HerA/FitsK superfamily, the arginine fi nger is at the N-terminal end of strand  b -4 and is inserted into 
the active site of the adjacent monomer in an oligomeric ring. Similarly, the arginine fi nger in the 
Helicase superfamily is also located at the base of strand  b -4 in one of the two nucleotide-binding 
domains that comprise the overall fold of this superfamily. In this case, the arginine fi nger partici-
pates in an interdomain rather than intersubunit engagement of a neighboring active site. In the TLS 
superfamily branch of the ASCE ATPases, the arginine fi nger is in the third position of the Walker 
B motif following strand  b -3 (Burroughs et al.  2007 ; Sun et al.  2007  ) . Interestingly, the crystal struc-
ture of the T4 large terminase domain indicates that this arginine fi nger acts  in cis , via an intrasu-
bunit interaction rather than in trans (Sun et al.  2007  ) . 

 Bacteriophage ø29 and its relatives have conserved arginines at both positions, arginine 26 in the 
Walker A motif and arginine 146 at the base of strand  b -4, an observation that has led to differing 
classifi cations of the ø29 ATPase within the ASCE superfamily (Mitchell et al.  2002 ; Burroughs 
et al.  2007  ) . This distinction is signifi cant, as it has important implications regarding the mechanism 
of the ø29 ATPase, i.e., whether it functions more like a monomeric helicase, or like an oligomeric 
ring helicase/DNA translocase. Based on secondary structure prediction and identifi cation of the 
characteristic sequence motifs, it was initially assumed that the ø29 packaging ATPase belonged to 
the same superfamily as the large terminase proteins from other tailed dsDNA viruses (Mitchell 
et al.  2002  ) . More recently, it was proposed that the ø29 ATPase is more closely related to the HerA/
FtsK ATPases within the broader ASCE superfamily (Burroughs et al.  2007  ) . This assignment is 
based on not only the position of the arginine fi nger but also the absence of a nuclease domain and 
the topology of the accessory domain inserted between strands  b -2 and helix  a -2. However, this 
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classifi cation is problematic in that all other viral ATPases in the HerA/FtsK superfamily come from 
viruses that have internal lipid membranes, lack portal/connector proteins, and are constructed from 
capsid proteins utilizing the jelly roll fold. Like all tailed dsDNA bacteriophages, ø29 lacks internal 
membranes, depends on portal/connector proteins for packaging, and utilizes the HK97-fold for 
their major capsid proteins (Wikoff et al.  2000 ; Fokine et al.  2005 ; Morais et al.  2005  ) . Hence, the 
logical conclusion of grouping ø29 with the HerA/FitsK superfamily is that dsDNA packaging 
motors evolved from ancestral ASCE ATPases at two separate occasions during the evolution of 
tailed bacteriophages. 

 Regardless of the exact location of the arginine fi nger in the primary amino acid sequence, in 
three-dimensional space, it is typically positioned on the edge of the  b -sheet opposite the edge where 
the ATP-binding loops are situated. This arrangement suggests an intriguing mechanism for cou-
pling ATP hydrolysis to force generation in ring ATPases. In some members of the ASCE ATPase 
family, movement of the substrate-binding loops is coupled to twisting of the central  b -sheet. This 
 b -sheet deformation has been proposed to store elastic energy that can be used to power large motions 
in accessory domains. (Abrahams et al.  1994 ; Kabaleeswaran et al.  2006  )  Hence, controlling sheet 
deformation might provide a means for coordinating ATP hydrolysis and conformational change. 
Since the arginine fi nger and substrate-binding loops within a subunit are on opposite sides of the 
central  b -sheet, the arginine fi nger might also help transmit information regarding the catalytic state 
of the neighboring active site across this sheet to the substrate-binding loops on the opposite edge, 
thus providing a route for communication between adjacent subunits. 

 Structural information regarding arginine fi nger-dependent coordination in ASCE ATPases comes 
from the ssRNA bacteriophage ø12 packaging motor P4 (related to SF4 helicases) (Lisal and Tuma 
 2005 ; Burroughs et al.  2007  )  and from PcrA and UvrD, members of the SF1 helicase branch of the 
ASCE superfamily (Velankar et al.  1999 ; Lee and Yang  2006  ) . For these motors, structures of motor 
nucleic acid complexes in multiple ATP-bound states have been determined. These structures pro-
vide examples of how the relatively small intradomain conformational changes that occur upon ATP 
binding can be amplifi ed in an oligomeric motor. In the empty state, the two ASCE nucleotide-
binding domains are separated so that the arginine fi nger cannot reach its neighbor’s active site. 
Upon binding ATP, one of these domains rotates toward the other, facilitating insertion of the argin-
ine fi nger into the neighboring domain’s active site and subsequent hydrolysis of the ATP. In P4, this 
movement is coupled to the movement of a luminal lever that interacts with the ssRNA to propel it 
into the capsid. In the SF1 helicases, this movement is coupled to unwinding the dsDNA duplex and 
translocation along the resulting ssDNA. 

 Several mechanistic generalizations can be drawn from the above analyses of the characteristic 
functional motifs in ASCE ATPases. When applied to ø29 packaging ATPase, a picture of its role in 
genome encapsidation begins to emerge. By analogy to other ASCE ring ATPases, ATP and Mg 2+  
are bound at an intersubunit interface such that adjacent monomers both contribute residues to the 
active site. Hence, ATP binding and hydrolysis directly affect adjacent subunits, and the motor can 
thus respond to allosteric interactions between multiple ATP and DNA-binding sites. In a ring-like 
structure, this arrangement can facilitate coordination of conformational changes required for DNA 
translocation. The glycine-rich Walker A P-loop and the PQ adenine-binding motif within the active 
site cleft recognize and bind the adenine base in ATP and thus help correctly orient the nucleotide 
substrate for hydrolysis. Walker A and Walker B loops both contribute to binding the catalytic Mg 2+  
ion. The catalytic glutamate immediately following the Walker B aspartate helps to activate the 
Mg 2+ -bound water molecule for nucleophilic attack on the  g -phosphate of ATP. In order to couple 
coordinated conformational changes to particular nucleotide states, the ø29 ATPase likely uses the 
phosphate sensor at the tip of strand  b -4 to distinguish ATP from its hydrolysis products. The argin-
ine fi nger at the base of strand  b -4 stabilizes the pentavalent transition state and phosphate leaving 
group during hydrolysis and likely plays a role in coupling hydrolysis of ATP to the conformational 
rearrangements that drive DNA translocation. Because the arginine fi nger belongs to a neighboring 
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subunit, this in trans activation might also be important in initiating the next ATP hydrolysis event in 
a neighboring subunit in the oligomeric ring. Although clearly important for directional transport of 
DNA, the underlying mechanism for coordinating the sequential fi ring of ATP subunits around the 
ring is not well understood. It has been suggested that the inherent 10 

1
  helical symmetry present in 

B-form DNA might also play a role in determining the order of subunit fi ring, i.e., whichever subunit 
is aligned with a particular structural feature of DNA will be triggered to initiate ATP hydrolysis 
(Simpson et al.  2000 ; Morais et al.  2008 ; Sun et al.  2008  ) .   

    23.4   Single Particle Analysis of the ø29 DNA Packaging Motor 

 A complete description of genome encapsidation by the ø29 dsDNA packaging motor remains elu-
sive. In addition to capturing high-resolution structures of each intermediate step during DNA trans-
location, it is also necessary to correlate each catalytic step of ATP hydrolysis with the sequence of 
conformational changes that move the dsDNA substrate into the capsid. Although structural, genetic, 
and bulk biochemical assays have been instrumental in providing a framework for understanding the 
overall mechanochemistry of genome encapsidation, none of these techniques is particularly well 
suited for capturing the underlying dynamics of DNA packaging. Fortunately single-particle experi-
ments have recently allowed researchers to directly examine the dynamic properties of individual 
ø29 motor complexes at extraordinarily high spatial and temporal resolutions (Smith et al.  2001 ; 
Chemla et al.  2005 ; Fuller et al.  2007 ; Hugel et al.  2007 ; Rickgauer et al.  2008 ; Aathavan et al.  2009 ; 
Moffi tt et al.  2009  ) . 

 In particular, sophisticated optical tweezer measurements have provided essential information 
regarding the mechanochemical cycle of the motor (Smith et al.  2001  ) . In these experiments, force-
measuring laser tweezers are used to follow packaging activity of a single complex in real time. 
Briefl y, a stalled, partially packaged complex is attached to one polystyrene microsphere via the 
unpackaged end of the DNA, and this microsphere is captured in an optical trap. The phage capsid 
is then attached to a second bead, held by a pipette, which is coated with antibodies that selectively 
bind to the phage capsid. Hence, a stable tether is formed between the two beads; the virus head is 
bound to one bead, and the unpackaged end of the genome is bound to the other. Because the posi-
tions and forces applied to each bead can be precisely controlled, it is possible to monitor the changes 
in DNA length as a function of time, as well as quantitate the forces necessary to stall the motor. 
From this force–velocity data, it has been possible to extract detailed information regarding the 
mechanochemistry of the ø29 packaging motor. 

 Remarkably, it was found that the ø29 can generate approximately 100 pN of force, making it the 
most powerful biological motor reported to date (Rickgauer et al.  2008  ) . Initial optical tweezer 
experiments showed that DNA shortened in bursts exceeding 5  m m, indicating that the motor is 
highly processive (Smith et al.  2001  ) . Pauses and slips were also observed, occurring more fre-
quently as the motor works against higher forces. From the force–velocity data, it was shown that 
the rate-limiting step of the motor’s cycle is force dependent even at low loads; hence, the packaging 
rate decreases as the prohead is fi lled (Smith et al.  2001  ) . Later experiments using higher resolution 
optical tweezers indicated that the motor moves in steps of ten base pairs with intervening dwells of 
varying intervals (Moffi tt et al.  2009  ) . Closer analysis indicates that each ten-base pair step consists 
of four 2.5 base-pair substeps. Single particle packaging experiments using chemically modifi ed 
DNA substrates show that the motor is somewhat “promiscuous” and can tolerate short inserts of 
nonnucleic acid polymers in one of the two DNA strands in the double helix (Aathavan et al.  2009  ) , 
suggesting that the motor tracks along the phosphate backbone of a single DNA strand. Optical 
tweezers experiments also suggest that the DNA is not simply translated into the capsid, but is also 
negatively rotated (in the underwinding direction) during packaging (Yu et al.  2010  ) . 
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 Force–velocity data was also obtained in the presence varying concentrations of ATP, ADP, 
inorganic phosphate, and various ATPase inhibitors, allowing for the determination of kinetic param-
eters for the motor as well as their dependence on external load (Chemla et al.  2005  ) . The motor was 
shown to have a  V  

max
  of 103 bp/s, a  K  

m
  of ~30  m m, and a Hill coeffi cient of 1, showing that ATP bind-

ing is not cooperative. ADP was found to act as a competitive inhibitor for ATP, indicating that they 
share the same binding site. However, while affi nity for DNA is high in the ATP-bound state, it is low 
in the ADP-bound state. In contrast to ADP, there is almost no rate dependence on the concentration 
of inorganic phosphate, refl ecting the large equilibrium constant for product release and suggesting 
that this step is essentially irreversible. Based on these observations, the authors conclude that DNA 
translocation does not occur during ATP binding but rather is triggered by phosphate release (Chemla 
et al.  2005  ) . Furthermore, although the motor has a Hill coeffi cient of 1, analysis of ATPase inhibitor 
data indicates that the motor subunits act in a coordinated, successive fashion with high processivity.  

    23.5   Proposed Packaging Mechanisms 

 Despite the wealth of genetic, biochemical, biophysical, structural, and single particle data accumu-
lated regarding genome encapsidation by ø29, the fundamental mechanism of DNA translocation 
remains unknown. Proposed models typically fall into one of two basic categories (1) connector-
driven models, where rotation of the connector is coupled to DNA translocation and (2) ATPase-
driven models where different domains within the ATPase alternately grab and release DNA. It’s 
important to note that in all proposed models, genome translocation depends on conformational 
changes in the ATPase induced by hydrolysis of ATP. In ATPase-driven models, these conforma-
tional changes directly translocate DNA, whereas in connector-driven models, conformational 
changes in the ATP modulate the connector structure to varying degrees depending on the proposed 
role of the connector in DNA translocation. 

    23.5.1   Connector Driven Packaging Models 

 Connector-driven models were initially based largely on the ideas of Hendrix (Hendrix  1978  ) , who 
proposed that the symmetry mismatch between the fi vefold symmetric prohead shell and 12-fold 
symmetric connector would facilitate rotation of the connector. Hendrix astutely realized that given 
a pair of concentric rings with differing symmetries, the energy minima for pairwise interactions 
between subunits in adjacent rings cannot add in phase, and hence only a small energy barrier pre-
vents rotation of one ring with respect to the other. In contrast, if the number of subunits in the two 
rings is the same, then the energy minima for pairwise interactions between subunits in adjacent 
rings can add in phase, resulting in a deep energy minimum that essentially locks the two rings in 
place. Secondly, Hendrix recognized that as a helically symmetric molecule, dsDNA is a threaded 
object. Combining these observations led to the idea that the 12-fold symmetric connector would be 
relatively free to rotate in the fi vefold symmetric prohead vertex where it sits, and that rotation of the 
connector around the helically threaded DNA would thus “screw” the DNA into the capsid much as 
a nut moves on a bolt. Of course, this type of model requires that the lumen of the connector is also 
threaded in a complementary way to the helical DNA. Since there is no apparent luminal threading 
observed in any connector structures determined so far, alternative connector-based packaging 
mechanisms have been developed. 

 One variation of the Hendrix model is based on observed fl exibility of the connector protein and 
combined results from X-ray crystallography and cryoEM demonstrating that the DNA, connector, 
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and prohead–pRNA–ATPase complex form a series of concentric structures with 10 
1
 -, 12-, and 5-fold 

symmetries, respectively (Simpson et al.  2000,   2001 ; Morais et al.  2001  ) . In this model, ATP hydro-
lysis promotes lengthwise expansion and contraction of the connector that is coupled to DNA trans-
location; the connector essentially acts as an oscillating helical spring that pumps DNA into the 
prohead (Fig.  23.8 ). To achieve this ATPase induced expansion, the antiparallel three-helix bundle 
that is twisted around the central 12-fold axis in the crystal structure is proposed to “straighten” out, 
thus extending its length and becoming more parallel with the 12-fold axis. The net result is that the 
central and narrow domains of the connector extend approximately two base pairs and rotate 12° 
relative to wide end. Upon extension and rotation, one connector monomer becomes aligned to bind 
DNA. During relaxation, the wide end of the connector follows the narrow end, rotating 12° and 
causing a contraction of the connector and subsequent translocation of two base pairs of DNA into 
the prohead. Because of the 10 

1
  helical symmetry of B-form DNA, translocation of two base pairs is 

equivalent to a 72° rotation; thus, the DNA would be aligned with the next ATPase in the pentameric 
ring. Furthermore, because the 12-fold symmetric connector has rotated 12°, it is also aligned with 

  Fig. 23.8    Packaging mechanism based on connector expansion and contraction. A single cycle in the proposed packaging 
mechanism is depicted. The connector is shown as a set of  small spheres  at the narrow end and a set of  larger spheres  
at the wide end joined by a thin tube corresponding to the central helical region. One “active” connector monomer is 
shown in  red , the rest in  green . The pRNA–ATPase complex is shown by a set of four  blue spheres  and one active  red 
sphere . A DNA base that is aligned with the active connector monomer is also shown in  red . The images in the  top  
panel are end-on views looking down the wide end of the connector; the bottom images are side views corresponding 
to each top view. ( a ) The active pRNA–ATPase I interacts with the adjacent connector monomer that is properly 
aligned with the DNA. ( b ) The narrow end of the connector rotates anticlockwise by 12°, such that the narrow end of 
monomer C is aligned with ATPase II, the next ATPase to fi re; this rotation causes the connector to expand lengthwise 
by slightly changing the angle of the helices in the central domain ( white arrow  with  asterisk ). ( c ) In the fi nal step, to 
return to a low energy state, the wide end of the connector also rotates 12°, causing the connector to contract back to 
its original conformation, albeit rotated 12° ( white arrow  with two  asterisks ). Two base pairs of DNA are translated 
into the phage head during the contraction event. ATPase II and connector (C) are now position for the next cycle. This 
fi gure is reproduced from Simpson et al.  (  2000  )        
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the DNA and the ATPase for the next mechanochemical cycle. Hence, the connector functions much 
like a ratchet in this two-state model, and overall rotation of the connector is not necessarily a driving 
force for translocation, but rather needs to occur to maintain alignment between the 12-fold sym-
metric connector, the fi vefold symmetric ATPase, and the 10 

1
 -helically symmetric B-form DNA. 

After all fi ve ATPases have fi red, the connector will have rotated 60°, and the DNA will have been 
translated the length of one pitch of its helix, thus packaging ten base pairs.  

 Another variation of connector-driven packaging mechanisms envisions that the two lysine rings 
in the connector lumen alternately grip and release DNA to ensure unidirectional transport into the 
phage capsid. These two positively charged lumenal lysine rings are formed by lysine 200 and lysine 
209 (Fig.  23.9 ). The two rings are separated by approximately 20 Å, and neighboring lysines within 
the ring are about 10 Å apart (Guasch et al.  2002  ) . Considering the symmetry mismatch between the 
connector and the DNA, it can be shown that the environment of any particular connector monomer 
is necessarily similar to that of another monomer fi ve subunits around the ring. Hence, if lysine 200 

  Fig. 23.9    Packaging mechanism based on lumenal lysine rings. A schematic of the packaging motor is shown looking 
down the packaging axis from inside the procapsid. A hexameric ATPase is depicted as six  yellow circles  numbered 
A1–A6; the connector is depicted as a disk with individual subunits numbered S1–S12 and corresponding lysines 
numbered K1–K12 ( blue star ,  top panel ;  blue ball ,  bottom panel ), and the DNA is represented as  red balls  ( top panel ) 
or a  cartoon ribbon  ( bottom panel ). ( a ) The cycle begins with a lysine aligned with connector subunit S1 and phos-
phate P1. Upon hydrolysis, ATPase A1 rotates the connector 12° clockwise while the DNA translocates along the 
connector axis by two base pairs. ( b ) At 6° rotation, there is a transient interaction between the lysine from S2 and the 
DNA P2. ( c ) An additional 6° rotation allows the lysine from S2 to interact with DNA P3. This movement aligns 
ATPase A2 for the next cycle. In ( a ) there is a strong interaction between lysine K1 and phosphate P1 ( continuous line ) 
and a weak interaction between K2 and P2 because P2 is still below the ring of lysine residues ( broken line ). In ( b ), 
the 6° rotation of the connector allows K2 to tightly bind P2 if DNA is translocated by one base pair. In ( c ), an addi-
tional 6° rotation of the connector and another one base pair movement of DNA aligns K3 with phosphate P3. Hence, 
the two-base pair step size is accompanied by 12° rotation of the connector. Panels ( d – f ) correspond to side views of 
( a – c ). For simplicity, only a single DNA chain and one lysine ring are considered. This fi gure was modifi ed from 
Guasch et al.  (  2002  )        
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in connector monomer 1 is aligned with the DNA phosphate backbone, then the lysine 200 in monomer 
5 will be aligned with another phosphate on the other DNA strand. Similarly, 20 Å down the channel, 
two lysines in the lysine 209 ring can also interact with two phosphates. Hence, two portal subunits, 
four phosphates, and a pRNA/ATPase subunit can be brought into register, inducing ATP hydrolysis 
in the active ATPase subunit. Hydrolysis of ATP causes the connector to rotate 12° and translocate 
two base pairs of DNA. Presumably, rotation disrupts the lysine grip, allowing DNA to move and 
bringing another set of lysines into register with the DNA and the motor. In this model, the ATPase 
can either cause the portal to rotate, which pulls DNA into the head, or the ATPase can actively push 
DNA into the head, and the connector rotation is passive. This model requires that the ATPase is part 
of the rotor, and thus rotates with the connector to maintain motor alignment; hence, this model is 
more compatible with a hexameric ATPase rather than the pentameric ATPases that have been thus far 
observed in phage packaging systems (Morais et al.  2000 ; Simpson et al.  2000 ; Sun et al.  2008  ) .  

 Yet, another variant of a connector-based packaging mechanism was proposed for bacteriophage 
SPP1, where the sequential movement of lumenal lever loops that project into the connector channel 
actively translocates dsDNA into the procapsid (Lebedev et al.  2007  )  (Fig.  23.10 ). The pseudo 
atomic structure of the dodecameric SPP1 portal indicates that 12 long fl exible loops project into the 
central channel of the connector, and that these loops can assume at least two different conformations. 

  Fig. 23.10    SPP1 Packaging mechanism based on luminal loops. Pre- and post-ATP hydrolysis states ( top  and  bottom 
panels , respectively) of the SPP1 portal are shown schematically. A three-dimensional conical rendering of the SPP1 
connector ( left ) is opened ( right ) to provide a representation of packaging where the horizontal axis corresponds to the 
angular position inside the tunnel. Two helical repeats of B-form DNA are shown with two phosphates circled to 
provide reference points. Tilted tunnel loops are shown as  cylinders  and the DNA as  pink spheres  centered at phos-
phates. Specifi c loops are identifi ed via numbers, and three specifi c conformational states are indicated via color. 
These three states,  red ,  magenta , and  cyan , propagate around the circle of loops. A larger angular separation for the 
three loops occupying these three states provides them with access to the major groove. Transition between the top 
and bottom states requires a 12° rotation of the SPP1 portal relative to the DNA. Loops 2–12 actively move with 
respect to the DNA during this transition, whereas loop 1 does not change its position with respect to the DNA, but 
instead, moves 6.8 Å along with the DNA. This fi gure was adapted from Lebedev et al.  (  2007  )        
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It was suggested that these lumenal loops interact directly with the DNA and undergo coordinated 
sequential conformational changes that are coupled to connector rotation and DNA translocation. 
Orchestration of these conformational changes gives rise to an “undulating belt” around the DNA 
with 12 connector–DNA contacts engaged in tight grip. Here again, ATP hydrolysis causes connec-
tor rotation, and sequential conformational rearrangements of the lumenal loops that translocate 
DNA and help align the motor for the next cycle. Symmetry mismatches between the connector, and 
the DNA are also accommodated by loop fl exibility. Although there is considerable structural homol-
ogy between phage connector/portal proteins, it is unlikely that this mechanism could apply to ø29 
since the homologous loops in ø29 can be deleted with a minimal effect on packaging activity 
(S. Grimes, personal communication).   

    23.5.2   ATPase-Driven Packaging Models 

 In all the connector-based mechanisms described above, the inherent symmetry mismatch between 
the connector and the DNA requires that motor rotates in order maintain alignment of the motor and 
the DNA. However, recent experimental evidence from single particle and biochemical experiments 
indicates that the connector does not rotate during packaging (Baumann et al.  2006 ; Hugel et al. 
 2007  ) . In light of this evidence, a connector/ATPase hybrid model was proposed that does not require 
connector rotation (Morais et al.  2008  ) . In this model, conformational changes in the ATPase gener-
ate the power stroke that translocates DNA into the procapsid, and the connector provides a valve-
like function holding the DNA in place while the ATPase reloads. The primary role of the connector 
in this third type of model is to prevent slippage of the DNA via nonspecifi c connector–DNA inter-
actions and thus maintain unidirectional transport. It is not clear how this valve-like function of the 
connector would be regulated, but since the pRNA bridges the connector and ATPase, it also might 
also provide a means of communication between the two; one could imagine, for example, that the 
ATPase uses the pRNA superhelix as a lever to exert force on the connector. 

 In further contrast to rotary connector-based mechanisms, the  f 29 motor was suggested to func-
tion more like a linear motor driven directly by conformational changes in the ATPase. Genetic 
analysis, sequence alignment, and structural homology between phage ATPases and monomeric 
helicases suggest that phage DNA packaging motors could be better explained by inchworm-type 
mechanisms, in which opening and closing of the ATP-binding cleft cause movement of a DNA-
binding domain in the ATPase that is coupled to DNA translocation (Draper and Rao  2007 ; Sun et al. 
 2007,   2008  ) . In these types of models, the connector functions as little more than a passive portal to 
provide a conduit for DNA to enter the phage shell. 

 A detailed mechanism for dsDNA packaging by bacteriophage T4 was recently proposed based 
on ATPase domain motions inferred from structural analysis of the T4 ATPase (Sun et al.  2008  ) . The 
T4 ATPase consists of two functionally distinct domains. In addition to an N-terminal ASCE P-loop 
ATPase fold, the T4 ATPase also possesses a C-terminal nuclease domain necessary for cleavage of 
the concatenated T4 genome at the termination of packaging. The X-ray crystal structure of the 
N-terminal domain indicates that it is more closely related to the monomeric helicases than to hexa-
meric ATPases, whereas the C-terminal nuclease domain is a member of the Rnase H/resolvase/
integrase superfamily (Sun et al.  2007  ) . The crystal structure of the full-length protein shows that the 
two domains pack tightly together, with extensive interactions between them including six charge 
pairs and a hydrophobic core. The structure of the ATPase bound to proheads was analyzed via 
cryoEM, which, like ø29, showed that fi ve copies of the ATPase bind at the unique connector vertex 
of the phage. However, unlike ø29, there is very little contact between adjacent subunits, and thus 
the ATPase forms a pentameric ring only by virtue of binding to a pentameric vertex of the pro-
capsid. In contrast to the crystal structure, where the two domains interact extensively to form a 
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 relatively closed structure, the cryoEM structure suggested that the two domains are well separated, 
and thus each ATPase adopts a more open conformation. 

 Based on these observations, it was proposed that the two different conformations of the ATPase 
correspond to two distinct states in the DNA packaging pathway (Sun et al.  2008  )  (Fig.  23.11 ). The 
closed conformation present in the crystal structure is believed to correspond to the posttranslocation 
state, whereas the relaxed open state, obtained via independent fi tting of the two ATPase domains 
into cryoEM density, represents the pretranslocation state. Comparison of the two structures shows 
that the C-terminal domain in the open state is translated approximately 7 Å along the packaging 
axis, similar to the two-base pair step size of the motor. Hence, if the C-terminal domain movements 
were coupled to binding and release of DNA, then this two state conformational switch might pro-
vide a means of translocating the dsDNA genome into the procapsid. It was proposed that the 
C-terminal domain has a high affi nity for DNA in the open state. Upon binding DNA to the C-terminal 
nuclease domain, a cis-arginine fi nger located at the base of strand  b -3 is inserted into the active site 
to trigger ATP hydrolysis. Hydrolysis is believed to be coupled to conformational change that aligns 
complementary charges in the N- and C-terminal domains; electrostatic forces then cause the sub-
unit to close, and the DNA-bound C-terminal domain moves 7 Å along the packaging axis to pack-
age two base pairs of dsDNA. Since translocation of two base pairs is equivalent to a 72° rotation, 
the next subunit in the pentameric ATPase ring will be aligned with DNA for the next translocation 
cycle (Fig.  23.11b ).   

  Fig. 23.11    T4 packaging mechanism based on electrostatic interactions. The T4 ATPase N-terminal subdomain I, 
subdomain II, and C-terminal domain are shown as  green ,  yellow , and  cyan ovals , respectively. Electrostatic interac-
tions between the C-terminal domain and the N-terminal subdomains I and II are shown as fi ve- and four-pointed stars, 
respectively. The linker between the N- and C-terminal domain is shown as a  cyan line . ( a ) The C-terminal domain 
waits to bind DNA. ( b ) DNA binding causes the C-terminal domain to approach the N-terminal domain. A conforma-
tional change in the N-terminal domain inserts the arginine fi nger into the ATPase active site to trigger hydrolysis. 
( c ) Hydrolysis of ATP causes the N-terminal subdomain II to rotate by about 6°, resulting in alignment of charge pairs 
and induction of an electrostatic attraction that moves the C-terminal domain and the bound DNA two base pairs. ( d ) Upon 
release of ADP and Pi, the C-terminal domain returns to its original position and DNA is released. The next subunit 
in the pentameric ring is now aligned for DNA translocation. ( e ) DNA base pairs outside, entering, and inside the 
procapsid are shown as  yellow ,  red , and  white arrows , respectively. Subunits in the pentameric ATPase are shown as 
 stars , colored according to whether they are hydrolyzing ATP ( red ), ready to hydrolyze ATP ( blue ), or have already 
hydrolyzed ATP ( white ). Hydrolysis of ATP at position 1 translocates two base pairs of DNA ( left ), hydrolysis at posi-
tion 3 translocates two more base pairs ( middle ), and the ATPase at position 5 is now ready to fi re. This fi gure is 
reproduced from Sun et al.  (  2008  )        
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    23.5.3   Models with Noninteger Step Sizes 

 Applying the T4 packaging model described above to ø29 is problematic for a number of reasons. 
Firstly, the ø29 ATPase does not have a C-terminal nuclease domain since it packages a unit-length 
genome. Given the central importance of this domain to the proposed packaging mechanism, it is 
hard to imagine how a homologous mechanism might work in ø29. It is possible that the small 
C-terminal oligonucleotide-binding domain of ø29 fulfi lls a function similar to that of the nuclease 
domain in the T4 ATPase, but additional research is required to refute or confi rm this possibility. 
Secondly, single particle experiments have demonstrated that the ø29 packaging motor moves in 
ten-base pair bursts, where each burst consists of four noninteger 2.5-base pair steps (Moffi tt et al. 
 2009  ) . A step size that is a noninteger number of base pairs is incompatible with any mechanism 
wherein each subunit in the ATPase ring makes specifi c and interactions with the DNA. Thus, resolv-
ing the mechanistic details of ø29 DNA translocation may be more complex as it requires integration 
of a noninteger step size and the reconciliation of a four-step cycle within the structural framework 
of a pentameric motor. 

 Two alternative models incorporating four 2.5-base pair steps within a pentameric motor accom-
panied the initial report of a noninteger step size (Moffi tt et al.  2009  ) . The fi rst model (Fig.  23.12a, b ) 
proposes that the motor does not make any specifi c contacts with the DNA, but instead generates 

  Fig. 23.12    Packaging mechanisms that accommodate a noninteger step size. ( a ) Schematic top view of a translocation 
model wherein every subunit interacts with the DNA ( cyan spheres ). The subunit presently interacting with DNA is 
outlined in  black  ( top view ). ( b ) Side view of ( a ) showing how the size of internal conformational changes determines 
the step size. ( c ) Top view of a schematic of a translocation model in which only two subunits contact the DNA ( black 
outline ). ( d ) Side view of the model shown in ( c ); one subunit maintains contact with the DNA (the latch) while bind-
ing of ATP induces relative subunit–subunit rotations in the other subunits that distort the ring. This distortion causes 
one subunit (the lever) to move along the DNA by ten base pairs. The DNA is then handed from the latch to the lever, 
and the release of hydrolysis products causes the ring to relax, retracting the lever and the DNA. The DNA contact is 
then handed back to the latch, the ring resets, and the cycle begins again. Because there are four pairs of subunits, the 
ring is retracted in four steps, dividing a ten-base pair step into four 2.5-base pair substeps. This fi gure is reproduced 
from Moffi tt et al.  (  2009  )        
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force via nonspecifi c steric interactions with the major groove of the DNA. Hence, the step size of 
the motor need not coincide with the helical symmetry of the DNA and is thus solely determined by 
the extent of the conformational changes that generate the power stroke. To accommodate four trans-
location steps, this model assumes asymmetry within the pentameric ring in that one of the fi ve 
subunits is different from the other four. Because the nucleotide-free state has a low affi nity for DNA 
(Chemla et al.  2005  ) , the unique subunit may be required to hold the DNA at the end of each cycle, 
preventing slippage ATP during the subsequent dwell phase.  

 In the second model (Fig.  23.12c, d ), specifi c interactions between the motor and the DNA occur 
but only for a select subset of the subunits. In the proposed model, two subunits make specifi c con-
tact with the DNA, but a different number of DNA-binding subunits can also be accommodated in 
the same general framework. The DNA is pumped into the procapsid via an “inchworm-like” move-
ment of these two subunits that is driven by sequential distortions around the ring. In short, the 
arrangement of the fi ve ATPase subunits in the motor oscillates between a closed planar ring and 
open single turn helical structures. In this way, the ten-base pair burst can be divided into noninteger 
steps. This mechanism also suggests how a four-step cycle arises from a pentameric motor; one 
subunit interface sees a unique environment due to the accumulated distortion of the other four sub-
units, perhaps resulting in its inactivation. The proposed motor structures are similar to the quaternary 
structures of other ring ATPases, but were not implicated as part of any translocation mechanism 
(Singleton et al.  2000 ; Skordalakes and Berger  2003  ) . 

 A comprehensive “push-and-roll” model was recently proposed that explicitly couples ATP 
hydrolysis with the coordinated conformational changes that drive packaging (Fig.  23.13 ). Although 
this model is primarily based on results from single particle experiments, it is also compatible with 
available structural, genetic, and biochemical data (Yu et al.  2010  ) . In this model, genome encapsi-
dation is not simply the result of translating DNA along the central axis of the phage, but rather 
requires that the DNA also roll around the inner lumen of the ATPase ring; hence, packaging com-
bines a “push” and a “roll.” Based on geometric arguments and packaging simulations, it was dem-
onstrated that this push-and-roll mechanism can explain how a planar pentameric packaging motor 
translocates the DNA in bursts of four 2.5-base pair power strokes.  

 Lacking a high-resolution structure of the ATPase, the authors constructed a homology model 
based on the P4 ssRNA packaging motor in bacteriophage ø12 (Mancini et al.  2004 ; Lisal and Tuma 
 2005  ) . Predicated on this model, it was suggested that during each power stroke, a positively charged 
lumenal lever loop from one subunit is electrostatically steered to the DNA backbone as in P4 
(Fig.  23.13a ). Upon engagement with the DNA, the lever then pushes sterically, orthogonal to the 
backbone axis; assuming B-form DNA geometry, this push will cause the right-handed DNA helix 
not only to be translated in the packaging direction but also to be rotated in a left-handed direction 
(Fig.  23.13b, c ). Thus, the DNA movement consists of two steps, a vertical step along the packaging 
direction and a horizontal step in the tangential direction of the DNA cross section (Fig.  23.13b ). It 
is not entirely clear how ATP hydrolysis is coupled to force generation by the lumenal levers, but it 
was proposed that, similar to the F 

1
 -ATPase, movement of loops in the active site is coupled to twist-

ing of the central  b -sheet, and that this deformation is stored as elastic energy that can be used by the 
lumenal levers to apply a force on the DNA (Abrahams et al.  1994 ; Kabaleeswaran et al.  2006 ; Yu 
et al.  2010  ) . 

 The proposed reaction scheme begins with one subunit bound to DNA (Fig.  23.14 ). Assuming 
that the subunit initially interacting with DNA is in an ATP-bound state, then the electrostatic cou-
pling between the lever and the DNA will be tight (Chemla et al.  2005 ; Moffi tt et al.  2009  ) , thus 
holding the DNA in place and preventing slippage. It has been shown that affi nity for DNA decreases 
in the ADP-bound state (Chemla et al.  2005  ) . Hence the lever affi nity for DNA would decrease upon 
ATP hydrolysis at end of the power stroke that accompanies Pi release (Chemla et al.  2005  )  causing 
the DNA to roll to the lever on the adjacent subunit. If the next subunit in the ring is in the ATP-bound 
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state, it has a high affi nity for DNA and can thus accept the incoming DNA. The proposed rolling 
motion thus carries the DNA from one subunit to the next. Similar to P4, each power stroke also 
causes the arginine fi nger in the active subunit to be inserted into the active site of its neighbor, thus 
promoting hydrolysis in the next subunit around the ring (Lisal and Tuma  2005 ; Kainov et al.  2008  ) . 
However, because ADP release is slow, when it comes time for the fi fth subunit to fi re, subunit 1, the 
next subunit in a pentameric ring is still bound to ADP, thus having a low affi nity for DNA and ren-
dering it incapable of accepting the rolling DNA substrate. As a result, at the end of every four power 
strokes, the cycle pauses, constituting a dwell phase before the fi fth subunit can fi re, during which 
time four ATPs are loaded into the catalytic sites. The next burst phase of four power strokes starts 
once spontaneous ATP hydrolysis takes place in the fi fth site without insertion of an arginine fi nger. 
A necessary consequence of this mechanism is that the order of subunit fi ring changes each cycle. 
For example, if the subunit fi ring order of a particular cycle is 1, 2, 3, 4 then the fi ring order in the 
subsequent cycle will be 5, 1, 2, 3, and so on. In summary, the push-and-roll model naturally accounts 
for the observed frequency and duration of the dwell phase, explains how a four 2.5-base pair step 
cycle arises from a planar pentameric motor, and provides a new perspective on how a multimeric 
ATPase might transport DNA.    

  Fig. 23.13    Push-and-roll packaging mechanism. ( a ) Model of the proposed ATPase ( green ribbon ) lumenal lever 
(magenta isosurface) interacting with DNA; this model is based on the structure of the ssRNA packaging motor P4. 
( b ) DNA movement generated by the power stroke. A schematic top view of the DNA and the motor ring is shown 
( left ) with ATPase subunits labeled S1–5, and the hydrolysis state of each is in parentheses: T, ATP-bound; D, ADP-
bound. During the power stroke (T → D), the motor lever pushes the DNA up by 2.5 base pairs (out of the paper) and 
rotates it by   q   

push
   »  −30°. DNA rolls to the next subunit upon disengaging the lever resulting in an additional DNA 

rotation of   q   
roll

  = +18° (when  R  
p
 / R  

n
  = 5/4, see below); hence, each power stroke results in a total DNA rotation of −12°. 

A coordinate trace of a point on the DNA during packaging is shown on the right for the special case when the ratio 
of the radial cross section of the DNA ( R  

n
 ) to the radius of the lumen of the ATPase ring ( R  

p
 ) is 5/4: the DNA is rotated 

by   q   
push

 (1 → 2) +   q   
roll

 (2 → 3) =   q   
total

   »  −12° for every 2.5 base pairs translocated. The actual trajectory is likely to be more 
like the  red line  where the rolling commences before the push has completed. ( c ) The net DNA rotation predicted for 
each power stroke depends on the relative size of the motor ring cross section to that of the DNA ( R  

p
 / R  

n
 ): a negative 

(underwinding) rotation of the DNA occurs if  R  
p
 / R  

n
  < 1.4, there is no rotation when  R  

p
 / R  

n
   »  1.4, and a positive (over-

winding) DNA rotation when  R  
p
 / R  

n
  > 1.4. This fi gure was adapted from Yu et al. ( 2010 )       
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    23.6   Summary and Prospectus 

 The ø29 motor is arguably the best characterized DNA packaging motor, and new results regarding 
the mechanism of the motor can be interpreted in light of a rich background of sophisticated genetic, 
biochemical, structural, and single particle data. Research on the ø29 packaging motor is thus poised 
to move the DNA packaging fi eld from speculation regarding the nature of the force-generating step 
to a detailed description of the coordinated conformational changes that drive DNA packaging. As 
our description of the mechanochemical cycle of the ø29 packaging motor becomes more and more 

  Fig. 23.14    Dominant reaction scheme of the push-and-roll model. ( a ) A schematic top view of the ATPase pentamer 
( upper left ) and the direction of power stroke fi ring within a cycle versus the direction of the fi rst subunit shifts in 
subsequent cycles ( lower left ) proposed in the model. ( b ) A cooperative ADP release mechanism would link four ADP 
release and ATP-loading events sequentially around the motor ring. The reaction cycle consists of a burst phase and a 
dwell phase. The burst phase includes four sequential 2.5-base pair power strokes at four consecutive catalytic sites. 
During the dwell phase, four consecutive ATP loadings and several non-ATP-binding events occur. A power stroke 
accompanies the T → D transition (Pi release) when the subunit is bound to DNA ( thick continuous line ). Each power 
stroke requires the next subunit ( thin continuous line ) is in the ATP-bound state (T) to receive the “rolling” DNA when 
it arrives at the end of the previous power stroke. After four rapid sequential power strokes in the burst phase, the 
motor must pause in the dwell phase because the next subunit is still in the low DNA affi nity ADP-bound state (D). 
The fi rst ADP release in the dwell phase is slow, but the following ADP releases are rapid if ATP binds quickly and 
accelerates ADP release at the next site (see  b ). Although the fi rst power stroke after the four ATPs are loaded is also 
slow, the ensuing power strokes (second to fourth T → D) happen very quickly in the next burst phase since insertion 
of an arginine fi nger from the preceding subunit promotes catalysis. This fi gure was adapted from Yu et al. ( 2010 )       
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complete, it is worth asking which aspects of the motor mechanism and assembly pathway are 
 common to all dsDNA viruses and which are uniquely adapted to challenges faced by ø29. Ignoring 
close relatives, ø29 shares very little sequence similarity with other viruses or bacteriophages. 
Furthermore, interpreting bacteriophage relationships in the context of Darwinian evolution is com-
plicated by the considerable infl uence of horizontal gene transfer on phage evolution (Hendrix  2002  ) . 
Nonetheless, recent structural data shows that the tailed dsDNA bacteriophages and herpesviruses 
utilize the same basic protein folds for their capsid (Zhou et al.  2000 ; Jiang et al.  2003,   2008 ; Fokine 
et al.  2005 ; Morais et al.  2005 ; Agirrezabala et al.  2007 ; Dai et al.  2010  )  and portal proteins (Simpson 
et al.  2000 ; Orlova et al.  2003 ; Lebedev et al.  2007 ; Lander et al.  2009 ; Chen et al.  2011  ) , whereas 
bioinformatics analysis indicates that the virus/phage-encoded ATPases that power dsDNA packag-
ing all adopt the characteristic the ASCE superfamily fold (Mitchell et al.  2002 ; Burroughs et al. 
 2007  ) . Hence, regardless of whether vertical or horizontal gene transfer has dominated phage evolu-
tion, it seems clear that all tailed phages utilize similar macromolecular components to package their 
DNA, pointing to a common mechanism of genome encapsidation. 

 There are, however, features of the ø29 packaging motor that are unique to ø29. These include the 
requirement for a phage-encoded pRNA, packaging of a unit-length genome, and the covalent attach-
ment of gp3 to the ends of the ø29 genome. Clearly, other phages have evolved such that the role of 
the pRNA is carried out by proteins, or domains within proteins. Although it has been speculated 
that the pRNA is a vestige from an RNA-dominated world, it is not clear whether the pRNA evolved 
to replace a protein component, or whether the analogous protein components in other phages 
evolved to replace a pRNA. Similarly, regarding the requirement for gp3, it is not clear if the ø29 
motor evolved to accommodate a polymerase that requires a protein primer (Blanco and Salas  1996  ) , 
or if the genome replication machinery evolved to accommodate the specifi city requirements of the 
packaging motor. Furthermore, because ø29 replicates nonconcatenated unit-length DNA, the ø29 
ATPase does not require or possess any nuclease activity, and thus the ø29 motor must also utilize a 
different mechanism to terminate packaging than phages that encapsidate a concatenated multimeric 
genome. Indeed, this relative simplicity is a feature that makes ø29 an excellent model system for 
studying packaging; in addition to utilizing motor components that represent the bare minimum for 
a functional packaging motor, ø29 also carries out a simplifi ed, and thus more easily dissected, pack-
aging reaction. 

 As described above, genetic studies have identifi ed all the components of the ø29 packaging 
motors (Grimes et al.  2002  ) ; structural, biochemical, and bioinformatics analyses have identifi ed and 
characterized specifi c residues within these components that are critical for motor function, and 
biochemical, structural, and single particle analyses suggest ways that these components operate in 
a highly coordinated manner (Chemla et al.  2005 ; Aathavan et al.  2009 ; Moffi tt et al.  2009 ; Yu et al. 
 2010  ) . Yet, despite the wealth of accumulated data on genome packaging in ø29 and other dsDNA 
viruses, several aspects of DNA packaging remain obscure. Most importantly, it is still not known 
exactly how these molecular components interact with each other in a coordinated fashion to drive 
genome translocation. 

 As a fi rst step toward understanding the conformational changes that drive packaging, it is neces-
sary to determine high-resolution structures of the entire motor complex in different steps of the 
mechanochemical cycle. These structures would help identify the interactions between specifi c 
amino/nucleic acids within and between motor components. Since these contacts likely guide both 
motor assembly and coordination, this structure would provide valuable information regarding these 
two critical aspects of motor function. Due to the size and complexity of a multisubunit packaging 
motor, the most tractable approach to obtaining its atomic structure is to determine high-resolution 
structures of isolated motor components by X-ray crystallography and then fi t these structures into 
subnanometer resolution cryoEM reconstructions of the intact motor complexes trapped in different 
stages of the packaging pathway. 
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 As discussed above, atomic resolution structures of the ø29 connector and the prohead-binding 
domain of the ø29 pRNA have been determined (Simpson et al.  2000 ; Ding et al.  2011  ) , and thus 
only the atomic structure of the ATPase remains unknown. Using cryoEM, the structure of a ø29 
connector–pRNA complex has been determined to sub-nanometer resolution (Morais et al., in prep-
aration), and thus it is likely that a similar complex that includes the ATPase can be reconstructed to 
a comparable resolution. At this resolution, secondary structural elements are easily recognized, and 
atomic resolution structures can be fi t with great accuracy and reliability (Rossmann et al.  2005  ) . 
Hence, should an atomic resolution structure of the ATPase become available, it will likely be pos-
sible to quantitatively fi t the structures of the ATPase, connector, and pRNA into their corresponding 
densities in a cryoEM reconstruction of the entire motor complex for at least the ground state of the 
motor. The resulting pseudoatomic structure would map amino acid residues at component inter-
faces, identify interactions that guide motor assembly and coordinate its activity, suggest biochemi-
cal experiments to test specifi c packaging hypotheses, and serve as a reference for determining the 
conformational changes that drive packaging. 

 As with any mechanical device, the ø29 DNA packaging motor cannot be fully appreciated with-
out some sense of how the different components and domains within components move relative to 
one another. The ability to visualize the packaging motor during DNA translocation would provide 
invaluable insight into the mechanism of packaging by showing how the different motor components 
move, interact with each other, and interact with the DNA. Direct visualization of conformational 
change has been extremely challenging. Although NMR provides information regarding molecular 
dynamics, it is limited to molecules with molecular weights less than ~30 kDa. Conventional X-ray 
crystallography and cryoEM are not restricted by size limitations, but produce only static images 
representing the average of a large ensemble of individual molecules. Thus, unless dynamic behav-
ior can be synchronized in all molecules, it is not possible to simultaneously align all the moving 
parts in different individual molecules for averaging. Hence, macromolecules and their complexes 
are typically stalled and then imaged at different points in their enzymatic or mechanical cycle, and 
conformational changes are then inferred by interpolating between distinct static structures. For 
example, addition of  g -S ATP or AMP-PNP to ø29 particles would trap the motor in the ATP-bound, 
prehydrolysis state, whereas stalling with ADP-vanadate mimics the pentavalent transition state of 
ATP hydrolysis; comparing these structures would reveal any signifi cant conformational differences 
between substrate and transition state-bound intermediates. An advantage of this approach is that by 
stopping packaging at defi ned points, it is possible to correlate specifi c structures with discrete steps 
in the mechanochemical pathway. 

 An alternative and particularly enticing approach for visualizing the conformational changes that 
drive packaging is to fl ash-freeze actively packaging particles, image them using cryoEM, and then 
computationally sort and reconstruct different motor conformations present in the sample. Upon 
freezing, motors in different particles would be trapped in different stages of the mechanochemical 
cycle, and thus the relative positions of the motor’s moving parts will vary in different particles 
imaged. Until recently, this conformational heterogeneity would have been an obstacle in cryoEM 
analysis, i.e., unless dynamic behavior could be synchronized in all molecules (as described above), 
it would be impossible to simultaneously align all the moving parts in different individual molecules 
for image reconstruction. However, recent advances in image processing have demonstrated that it 
is possible to computationally sort different conformational species present in cryoEM micrographs 
and extract meaningful biological information from their differences (Leschziner and Nogales  2007  ) . 
In these approaches, particles are initially classifi ed according to direction of view by model-based 
projection matching and/or other well-established methods (Baker et al.  1999 ; Ludtke et al.  1999 ; 
van Heel et al.  2000 ; Frank et al.  2002  ) . Each class of particles would then be analyzed for the pres-
ence of subclasses corresponding to different conformations of the various motor components. 

 Of course, structural data alone is not suffi cient for a complete description of the motor, and a 
comprehensive understanding of the coordinated mechanochemical cycle of the bacteriophage 
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ø29 DNA packaging motor will require a highly integrated genetic, biochemical, biophysical, 
 computational, as well as structural approach. In addition to identifying mutations that completely 
abolish packaging, it would be informative to have a library of mutants that modulate, rather than 
eliminate, DNA packaging. Phage particles with altered activities could then be subjected to addi-
tional analysis via structural or single particle techniques. In this way, it may be possible to unravel 
more subtle aspects of the motor function and begin the task of determining the complete sequence 
of conformational changes that constitute the mechanochemical cycle of the packaging motor. 

 Insight provided by current and future results on ø29 and other model systems for genome 
encapsidation will inform us as to the fundamental mechanism of packaging in dsDNA viruses, as 
well as the operation of the broader class of ATP-driven, force-generating ring motors from which 
they evolved. Hence, future research on the ø29 DNA packaging motor promises to describe prin-
ciples of the mechanochemistry of a broad range of molecular motors, provide insight into how these 
principles are optimized in viral packaging motors to generate large forces, inspire novel therapeu-
tics that selectively target genome packaging to inhibit medically relevant dsDNA viruses, and stim-
ulate work in the developing fi eld of rational design of molecular machines.      
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  Abstract   Many double-stranded DNA bacteriophages and viruses use specialized ATP-driven molec-
ular machines to package their genomes into tightly confi ned procapsid shells. Over the last decade, 
single-molecule approaches – and in particular, optical tweezers – have made key contributions to our 
understanding of this remarkable process. In this chapter, we review these advances and the insights 
they have provided on the packaging mechanisms of three bacteriophages:  f  29,  l , and T4.   

     24.1   Introduction 

 A critical step in the assembly of many dsDNA viruses inside infected host cells is the packaging of 
newly synthesized viral genomes into procapsid shells. The procapsids have a small, ~3 nm diameter 
“portal” through which the ~2 nm diameter DNA must enter (Simpson et al.  2000  ) . A molecular 
motor complex transiently assembles at the portal and converts chemical energy from ATP hydroly-
sis into mechanical work needed to translocate the DNA into the procapsid. This is a remarkable 
process from a biophysical point of view because the fully packed DNA attains very tight confi ne-
ment, reaching crystalline density against huge resisting forces arising from electrostatic self- 
repulsion, bending rigidity, and entropic penalty. 

 This chapter reviews “single-molecule” studies of viral DNA packaging, which have been an 
exciting and powerful development during the last decade. In these approaches, the packaging of a 
single DNA molecule into a single viral procapsid can be measured in real time. Using “optical twee-
zers,” in particular, one can directly measure binding of the procapsid–motor–DNA complex, initia-
tion of packaging, and measure the DNA translocation dynamics with better than 1 nm displacement 
resolution and 0.1 s time resolution. One can also directly measure the forces exerted by the motor 
on the DNA with piconewton-level resolution. The optical tweezers method has now been applied to 
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the study of three systems – bacteriophages  f 29,  l , and T4 – and this approach has  provided a much 
more detailed picture of viral DNA packaging than traditional biochemical assays. 

 New fi ndings have provided insight on motor force generation, velocity and processivity, internal 
forces resisting packaging, procapsid expansion and rupture, details of the mechanochemical kinetic 
cycle and motor stepping dynamics, functional roles of structural motifs, and conformational dynam-
ics of motor units. These advances will be reviewed in detail below. Though other single-molecule 
techniques such as fl uorescence imaging and spectroscopy have been applied to the study of viral 
DNA packaging, we limit the scope of this chapter predominantly to the advances made using 
optical tweezers due to space limitations. We also emphasize that single-molecule techniques will 
likely continue to have high applicability in the fi eld of viral DNA packaging. Potential future direc-
tions, such as further extension of high-resolution and mutational studies in the  f 29,  l , and T4 systems 
and studies of packaging initiation and termination mechanisms, will be discussed in the conclusion.  

    24.2   Single-Molecule Approaches 

 Viral DNA packaging has long been studied by traditional methods from biochemistry and structural 
biology. Structural methods such as cryo-electron microscopy and X-ray crystallography can provide 
detailed information on structures of viral proteins and assemblies with atomic or near-atomic resolution 
but do not provide information on the kinetics of packaging or conformational dynamics in protein sub-
units. Ensemble biochemical techniques, on the other hand, can provide information on molecular 
dynamics. However, to measure kinetics quantitatively and accurately requires synchronizing popula-
tions of complexes, which is often diffi cult or impossible due to heterogeneity in the ensemble. This 
heterogeneity stems both from the inherent stochasticity (i.e., randomness due to thermal fl uctuations) in 
the molecular processes and from potential structural and conformational variability in individual com-
plexes. Traditionally, viral DNA packaging has been assessed in bulk biochemical reactions by quantify-
ing the amount of DNA protected by the capsid from degradation (Grimes and Anderson  1989  ) . This is 
achieved by adding a nuclease (DNase or sometimes a restriction enzyme) to a packaging reaction to 
digest any unpackaged DNA, releasing any packed DNA by treatment with proteinase K, and quantify-
ing it by gel electrophoresis. This assay can be used, for example, to determine the effi ciency of packag-
ing (the fraction of DNA successfully packaged) or estimate the total time to complete packaging. It is 
quite diffi cult, however, to go beyond these basic measurements and extract quantitative information on 
rates of packaging, how they vary in time, and how they vary among different complexes. 

 Single-molecule techniques provide a powerful complementary method for studying packaging 
kinetics in detail. Unlike traditional bulk methods, these techniques do not rely on temporal and 
population averaging, instead collecting statistics from individual packaging complexes. Moreover, 
conformational dynamics and force generation can be detected  directly  in real time with single-
molecule techniques, providing a clear advantage over ensemble methods. Techniques such as 
single-molecule fl uorescence, optical traps, and magnetic tweezers (reviewed in Neuman and Block 
 2004 ; Myong et al.  2006 ; Greenleaf et al.  2007 ; Moffi tt et al.  2008 ; Neuman and Nagy  2008 ; Joo 
et al.  2008 ; Rickgauer and Smith  2008  )  have been instrumental in deciphering the mechanism of a 
wide range of biological phenomena and have been applied to the study of viral DNA packaging in 
recent years. While much of the work has been with optical tweezers, single-molecule fl uorescence 
microscopy has also recently been employed. Single fl uorophore imaging methods were used to 
search for conformational changes and subunit stoichiometries in the  f 29 motor (Hugel et al.  2007 ; 
Shu et al.  2007  ) , and fl uorescence correlation spectroscopy and single-pair fl uorescence resonance 
energy transfer were recently used to detect packaging and conformational changes in DNA sub-
strates in T4 packaging (Sabanayagam et al.  2007 ; Oram et al.  2008 ; Ray et al.  2010a,   b  ) . This 
chapter, however, will focus primarily on reviewing fi ndings in our main area of expertise: single 
DNA molecule packaging experiments using optical tweezers. 
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    24.2.1   Optical Traps 

 Light carries momentum and thus can be used to exert forces on microscopic objects. Optical traps 
or “tweezers” use a tightly focused laser beam to trap a dielectric object such as a polystyrene 
microsphere in all three dimensions near the focal point (Ashkin  1986  ) . The trap exerts a restoring 
force proportional to the displacement of the microsphere. Typically, the position of the microsphere 
in its trap can be detected to great precision by imaging the trap light scattered by the microspheres 
onto position-sensitive photodetectors (Neuman and Block  2004  ) . This method can provide sub-
nanometer (nm) resolution of displacements and subpiconewton resolution of forces (pN = 10 −12  N). 

 Optical traps have been used to study the dynamics of a variety of different biomolecular 
processes, ranging from how individual macromolecules such as proteins, DNA, and RNA unfold 
under force (Bustamante et al.  2000 ; Cecconi et al.  2005 ; Tinoco et al.  2006  )  to how molecular 
motors translocate and exert forces (Ross et al.  2008 ; Michaelis et al.  2009  ) . Of particular interest, 
single-molecule optical trap experiments have provided novel insights into the mechanism of nucleic 
acid translocases. In a typical measurement, an individual DNA molecule is tethered between a 
microsphere held in an optical trap and a second attachment point. This attachment point can be the 
surface of a sample chamber or a second microsphere suctioned onto the end of a micropipette or 
held in a second trap (reviewed in Moffi tt et al.  2008 ; Chemla  2010 ; Fuller et al.  2006 ; Smith et al. 
 2003  ) . The tethered DNA molecule may be stretched by an applied force, and displacements of the 
trapped microsphere report on the actions of the biological system under study. Alternately, the 
instrument can be controlled by a feedback loop in order to maintain a constant force on the trapped 
microsphere. In this  force feedback  mode, the position of the trap or attachment point is actively 
controlled to apply a steady tension to the tethering molecule (Neuman and Block  2004 ; Smith et al. 
 2001  ) . Instead of detecting the displacement of the microsphere, which is constant, the readout is the 
change in separation between one trap and the second attachment point.  

    24.2.2   Single-Molecule Measurement of  f  29 Packaging 

 Bacteriophage  f 29 was the fi rst viral DNA packaging system successfully studied using single-
molecule optical tweezers measurements (Smith et al.  2001  ) . The initial approach for carrying out 
this type of measurement was to create a “stalled complex” consisting of a prohead with partially 
packaged DNA hanging out. Prior to preparing the stalled complex, one end of the  f 29 DNA was 
labeled with biotin by cutting the molecule with a restriction endonuclease and using DNA poly-
merase I to incorporate biotinylated nucleotides. Packaging was initiated in a bulk in vitro reaction 
and allowed to proceed for ~1 min until roughly 30–50% of the DNA was packaged. An excess of 
nonhydrolyzable ATP analog ( g S-ATP) was then added, which caused the motors to stall with the 
unpackaged biotin-labeled end of the DNA dangling out of the prohead. 

 The single-molecule measurements were performed by carrying out the following steps. Stalled 
complexes were fi rst attached to streptavidin-coated polystyrene microspheres via the biotin tag. Then, 
a second batch of microspheres coated with anti- f 29 antibodies was prepared. Both types of micro-
spheres were injected into a microfl uidic fl ow chamber in the optical tweezers instrument. In the initial 
work of Smith et al., the anti- f 29 microsphere was held by suction onto the end of a glass micropi-
pette, and the microsphere carrying the  f 29 packaging complex was trapped with an optical trap. The 
fl uid chamber was fi lled with a solution containing ATP, such that the nonhydrolyzable ATP was 
eluted away as soon as the microspheres were injected, whereupon stalled complexes resumed packag-
ing. When the two microspheres were brought into proximity by moving the pipette (attached to the 
chamber) with a piezo-actuated stage, the prohead bound the anti- f 29 microsphere, tethering the DNA 
between the two microspheres (Fig.  24.1a ). Successful packaging events were observed from progres-
sive shortening of the DNA tether as the motor reeled in its DNA against the force exerted by the trap, 
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  Fig. 24.1    Single-molecule viral DNA packaging assay. ( a ) Schematic of the experimental setup used in the earliest 
work. A single DNA molecule hanging out of a stalled  f 29 packaging complex was tethered at one end to a micro-
sphere held in an optical trap while the procapsid was bound to a second microsphere held by a micropipette. After 
initiating packaging with ATP, two measurement modes were used: “Constant force feedback,” where the separation 
between the microspheres was adjusted to keep the DNA stretching force constant, or “No feedback” where the sepa-
ration was fi xed and the DNA stretching force was allowed to rise as packaging proceeded. ( b ) Force versus time ( red 
line ) for a packaging event measured without feedback, reaching ~55 pN before the motor paused or stalled, and cor-
responding tether length versus time ( blue line ). Inset is a zoomed view illustrating occasional slipping events where 
the DNA moved backward out of the capsid. ( c ) DNA tether length (i.e., unpackaged DNA length) versus time during 
packaging with 5 pN force feedback (the four different colored lines indicate four different single packaging events, 
shifted arbitrarily along the time axis for clarity). ( d ) Inset is a zoomed view of the regions marked with  arrows , illus-
trating occasional pauses in translocation       
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pulling the two microspheres together. Packaging was monitored either by allowing the force to 
increase as the microspheres were pulled out of their traps by the phage (Fig.  24.1b ) or by using force 
feedback and measuring the decreasing tether length as DNA was packaged (Fig.  24.1c ).  

 This single-molecule approach has been further improved and also successfully extended to study 
the packaging motors of different viruses (bacteriophages  l  and T4). In the following sections, we 
highlight the contributions made by this assay to our understanding of viral DNA packaging through 
its initiation (Sect.  24.3 ), its early stages (Sect.  24.4 ), and completion (Sect.  24.5 ).   

    24.3   Initiation of DNA Packaging 

 During their life cycles, viruses co-opt the host cell’s own machinery to replicate their genomes and 
to express the proteins essential to their proliferation. In the case of many dsDNA viruses, including 
many tailed bacteriophages, expression of structural proteins coded by the viral genome leads to 
self-assembly of  empty  procapsid shells into which viral genomes must be packaged. Procapsids 
contain a portal ring through which DNA is imported. The fi rst step in viral DNA packaging is the 
assembly of a molecular motor complex on the portal that can translocate the DNA into the pro-
capsid (Catalano  2005  ) . Packaging motors are multicomponent, multisubunit complexes. Unlike 
many cellular molecular motors such as myosins or kinesins, viral packaging motors assemble only 
transiently for the purpose of packaging the viral DNA and then disassemble prior to the formation 
of mature infectious viruses. The transient nature of these motor complexes is one feature that makes 
them challenging to study. Here, we review features of the initiation of packaging in the phage  f 29, 
T4, and  l  systems, focusing on recent fi ndings from single-molecule studies. 

    24.3.1   Initiation in  f  29 

 The  Bacillus subtilis  phage  f 29 is one of the smallest tailed dsDNA phages, having a 19.3-kbp 
genome, and has been extensively characterized using genetic, biochemical, and structural methods 
(Grimes et al.  2002  ) . The packaging motor is situated at a unique fi vefold portal vertex in the 40-nm 
by 50-nm prolate (elongated) icosahedral prohead (Morais et al.  2005  ) . The motor complex consists 
of a dodecameric head–tail connector (“portal ring”) comprised of gene product 10 (gp10), a ring of 
RNA molecules (“prohead RNA” or “pRNA”) attached to the narrow end of the connector, and fi ve 
copies of the gp16 ATPase (Simpson et al.  2000 ; Morais et al.  2008  ) . The  f 29 genome, like that of 
human adenovirus, has a terminal protein covalently bound to each 5 ¢  end (DNA–gp3) that primes DNA 
replication and enhances DNA packaging effi ciency and selectivity (Grimes and Anderson  1989  ) . 

 DNA can be effi ciently packaged in vitro by mixing together  f 29 DNA, gp16 motor protein, and 
empty  f 29 proheads (procapsids) in a buffer containing ATP (Grimes and Anderson  1989  ) , facilitat-
ing detailed biochemical and biophysical studies. Empty proheads can be produced with a mutant 
that lacks gp16 but contain the gp10 portal ring and pRNA. The original single-molecule experi-
ments with stalled complexes were useful for initial studies (discussed in Sect.  24.4 ) but did not 
permit study of the initiation and early stages of packaging. Thus, an improved method facilitating 
measurement of packaging from initiation to completion was developed (Rickgauer et al.  2008  ) . 

    24.3.1.1   Method for Tracking Single DNA Packaging from Initiation to Completion 

 In the improved method of Rickgauer et al., complexes consisting of proheads and the packaging 
ATPase gp16 were assembled with  g S-ATP in the absence of DNA. An optical tweezers instrument 
consisting of two traps was also used, facilitating more accurate measurements of packaged DNA 
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length (Fuller et al.  2006 ; Rickgauer et al.  2006  ) . A microsphere carrying DNA was injected into the 
chamber and captured in one optical trap and a microsphere carrying prohead–gp16 complexes was 
injected and captured in a second trap. Packaging was initiated by bringing the two microspheres 
into near contact, allowing a DNA molecule to bind to a prohead–motor complex (Fig.  24.2a ). 
Binding was observed to occur within seconds and DNA translocation within 1 s of binding.  

 While the order of assembly of the components was unclear in prior bulk packaging assays, these 
single-molecule studies demonstrate an assembly pathway wherein a motor–prohead complex forms 
 fi rst  and then engages the DNA. In these studies,  g S-ATP appeared to stabilize a packaging-compe-
tent conformation of the prohead–motor complex, and ATP appeared to destabilize it, but following 
initiation the translocating complex was highly stable in the presence of ATP. As with many DNA 
processing enzymes, Mg 2+  was found to be a necessary cofactor; 1 mM Mg 2+ , beyond that com-
plexed with ATP, was necessary for initiation of packaging (Fuller et al.  2007b  ) .  

    24.3.1.2   Effect on Initiation of Packaging of the  f 29 gp3 Terminal Protein 

 Following initiation of packaging as described above, it was unexpectedly found that the initial 
end-to-end extension of stretched DNA tethers was highly variable, ranging from 30 to 100% of the 
full-length of the DNA substrate (Fig.  24.2b ) (Rickgauer et al.  2008  ) . This suggests that  f 29 DNA 
has a complex structure that does not bind the motor by a free end. The variability was shown to be 

  Fig. 24.2    Measurements of the initiation of viral DNA packaging. ( a ) Schematic of the experimental setup used to 
initiate  f 29 packaging in real time. Instead of using a stalled, partially packaged complex as in Fig.  24.1 , a preas-
sembled prohead–motor complex is “fed” DNA. Each microsphere was held in a separate optical trap. The same 
approach was used for initiating phage T4 packaging. ( b ) Measured distribution of initial tether lengths for packaging 
native  f 29 DNA with its gp3 terminal protein, or with gp3 removed by digestion with proteinase K. ( c ) Proposed 
model for gp3-mediated DNA looping at the initiation of  f 29 packaging. ( d ) Modifi ed approach used to initiate single-
molecule phage  l  packaging. A motor–DNA complex is preassembled and brought into proximity of a  l  procapsid 
(instead of preassembling a motor–procapsid complex)       

 



55524 Single-Molecule Studies of Viral DNA Packaging

due to the gp3 terminal protein since it disappeared when the  f 29 DNA was pretreated with 
proteinase K. Both left-end (15 kb) and right-end (4 kb) restriction fragments with proteolysed gp3 
were readily packaged with full tether lengths at initiation (Fig.  24.2b ). Arbitrary nonnative DNA 
molecules generated by PCR could also be packaged with no tether length variability. While non-
gp3 DNA is not packaged in vivo and packaged ineffi ciently in bulk in vitro reactions compared 
with gp3-DNA, non-gp3 DNA was effi ciently packaged in the optical tweezers assay (Rickgauer 
et al.  2008  ) . The observed variability in DNA extension immediately following initiation of DNA 
packaging in the optical tweezers is most likely due to gp3-mediated DNA looping. Electron micros-
copy shows that  f 29 DNA can form loops at its termini and that purifi ed gp16 motor protein can bind 
at DNA–gp3 loop junctions (Grimes and Anderson  1997  ) . The observed extension variability in the 
optical tweezers measurements further suggests that packaging initiates with binding of prohead–
gp16 complexes to these loop junctions (Fig.  24.2c ). A recent study of T4 packaging suggests, based 
on colocalization of the packaged DNA ends detected by single-pair FRET, that the T4 motor might 
also be capable of packaging looped DNA (Ray et al.  2010a  ) . On the other hand, it is unclear how 
such looped DNA can fi t through the portal channel since X-ray crystal structures suggest that it 
could not easily thread more than one segment of dsDNA at a time (Simpson et al.  2000  ) . 

 After initiation, no abrupt increase in DNA extension was observed, indicating that the putative 
loop does not open prior to DNA translocation. One possibility is that the section of looped DNA is 
cleaved prior to DNA translocation. Although the  f 29 genome is replicated as a monomer, related 
viral motors including  l  and T4 have endonuclease activities that are needed to excise their genomes 
from concatemeric substrates (Rao and Feiss  2008  ) . Alternatively, it has been suggested that gp16 
may have gyrase activity, based on the observation that it appears to be capable of supercoiling 
DNA–gp3 loops (Grimes and Anderson  1997  ) . It is therefore possible that cleavage of the DNA loop 
may result from stretching the DNA during gyrase action. A second possibility is that a DNA 
loop is present throughout packaging and the motor is capable of translocating DNA in one side of 
a loop while packaging the DNA from the other side of the loop.   

    24.3.2   Initiation in Phage T4 by Procapsid–Motor Complex Assembly 

 T4 is an important model for large tailed phages that exhibits distinct differences from  f 29. Notably, 
T4 has a much larger capsid size (120 × 86 nm) and must package a 9× longer genome (Rao and 
Feiss  2008 ; Fokine et al.  2004  ) . T4 is also a prototype for viruses that package DNA by a “headful” 
mechanism in which unit length DNA segments that fi ll the procapsid must be excised by the pack-
aging motor from a concatenated string of multiple T4 genomes produced by rolling circle 
replication. The T4 packaging motor consists of a terminase complex comprised of a small subunit, 
gp16, and large subunit, gp17 (containing the packaging ATPase), which appears from cryo-EM 
studies to form a pentameric ring (Sun et al.  2008  )  connected to a dodecameric portal ring (gp20). 
Notably, T4 is the only virus for which an atomic structure of the ATPase subunit responsible for 
powering DNA packaging (gp17) has been determined by X-ray crystallography (Sun et al.  2008  ) . 

 The single-molecule T4 packaging assay employed a similar strategy as used with  f 29. An effi -
cient, defi ned in vitro T4 packaging system consisting of only three components – empty proheads 
(containing a portal connector ring), the large terminase subunit (gp17, the packaging ATPase), and 
DNA – was developed by V. Rao and co-workers (Kondabagil et al.  2006  ) , also building on work by 
L. Black and co-workers (Baumann and Black  2003  ) . It was found that a packaging-competent 
prohead–motor complex could be prepared by incubating the T4 gp17 with empty procapsids in the 
presence of nonhydrolyzable  g S-ATP (   Fuller et al.  2007c  ) . These complexes were then bound to 
microspheres, and DNA molecules were attached to separate microspheres. As in the method of 
initiation developed by Rickgauer et al. for  f 29, DNA was “fed” to the T4 packaging motor by 
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rapidly bringing both types of microspheres into close proximity inside a fl ow chamber containing 
ATP (Fig.  24.2a ). Although a small terminase subunit (gp16) is needed for packaging in vivo, inclu-
sion of only the large subunit (gp17) was found to be suffi cient for effi cient in vitro packaging.  

    24.3.3   Initiation in Phage  l  by Motor–DNA Complex Assembly 

 Phage  l  has been one of the most important model systems in molecular biology for over half a 
century (Gottesman and Weisberg  2004  ) . This  Escherichia coli  virus has a 62-nm diameter icosahe-
dral capsid containing a 48.5-kbp genome. Packaging is carried out by  l  terminase, a hetero- oligomer 
composed of the viral gene products gpA (large terminase subunit) and gpNu1 (small subunit) 
(Catalano  2005  ) . Like T4, the viral DNA is copied by rolling circle replication, yielding concate-
nated genomes that must be excised. However, unlike T4,  l  terminase binds to and cleaves the DNA 
at a specifi c site ( cos  site) where packaging initiates. A stable terminase complex can be assembled 
onto DNA by adding recombinant gpA and gpNu1 proteins to form a stable intermediate referred to 
as Complex I. The gpNu1 subunit mediates the assembly of terminase at this site while gpA pos-
sesses endonuclease, strand separation, and ATPase/DNA translocation activities. Biochemical stud-
ies indicate that the proteins assemble into a stable gpA 

1
 /gpNu1 

2
  heterotrimer, and these trimers can 

assemble into a homogeneous tetrameric ring of suffi cient size to encircle dsDNA (Maluf et al. 
 2006  ) . Presumably, the terminase ring assembles at a  cos  site, then binds to the portal of a procapsid 
(to form “Complex II”), and then initiates DNA translocation. At least two accessory proteins aid 
packaging:  E. coli  IHF appears to aid the formation of Complex I, and  l  gpFI aids the formation of 
Complex II (Sippy and Feiss  2004 ; Gaussier et al.  2006  ) . 

 The strategy used by Fuller et al. to develop a single-molecule packaging assay was opposite of 
that used with the  f 29 and T4 systems. Instead of assembling a procapsid–motor complex and feed-
ing it DNA, the terminase complex was assembled on a DNA substrate containing a  cos  site (required 
for  l  packaging) near one terminus and biotin-labeled nucleotides at the opposite terminus (Fuller 
et al.  2007a  ) . This DNA was tethered to a streptavidin-coated microsphere and attached  l  procapsids 
to a separate batch of microspheres. Packaging was initiated by injecting the two microspheres into 
a microfl uidic chamber containing ATP, trapping them in separate optical traps, and bringing the two 
microspheres into proximity such that the terminase–DNA complex could bind the procapsid 
(Fig.  24.2d ). As in the  f 29 and T4 systems, DNA binding and initiation of translocation occurred 
rapidly within seconds. Although different pathways for initiation, via either a motor–DNA complex 
( l ) or motor–prohead complex ( f 29 and T4), have been observed in the single molecule studies, it 
is unclear whether multiple pathways may be followed in vivo.   

    24.4   Early Stages of DNA Packaging 

 Upon successful assembly of the packaging motor complex, the viral genome is internalized into the 
procapsid. This is accomplished in one continuous process in which the portal motor translocates the 
viral DNA using the energy of ATP hydrolysis. It is useful for our purposes to distinguish between 
“early” and “late” stages of packaging. During the initial stages, DNA encounters relatively little 
resistance to encapsidation. However, as the capsid is fi lled, internal forces resisting DNA confi ne-
ment build, and the motor operates under a signifi cant load. In this section, we will focus on motor 
function in the early stage of packaging, where there is little load on the motor, and how single-
molecule studies have revealed key aspects of its mechanism. The late stages of packaging will be 
discussed in Sect.  24.5 . 
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    24.4.1   Insights on Packaging from Structural and Biochemical Studies 

 Prior to the single-molecule measurements highlighted in this chapter, years of extensive structural 
and biochemical studies provided important insights into the mechanism of viral DNA packaging. 
An early structural model for the mechanism of the packaging motor was provided by the observa-
tion of a mismatch between the sixfold symmetry of the portal connector and fi vefold symmetry of 
the capsid vertex in which it resides. This observation led Hendrix  (  1978  )  to propose that packaging 
might be driven by a “nut-and-bolt” mechanism in which rotation of the connector (the nut) causes 
linear motion of the helical DNA (the bolt). More recently, the fi rst X-ray structures of the  f 29 con-
nector by Simpson et al.  (  2000  )  verifi ed this symmetry mismatch, though the connector was found 
to have 12-fold symmetry, rather than sixfold. The portal structure is remarkably conserved in other 
phages, hinting at a common mechanism. Based on this new structural information, several rotary 
motor models were proposed, involving such mechanisms as cyclic compression and relaxation of 
the connector (Simpson et al.  2000  ) , electrostatic interaction with lysine rings inside the portal chan-
nel (Guasch et al.  2002  ) , and sequential movement of loops (molecular levers) in the connector 
tunnel in kind of a “Mexican wave” (Lebedev et al.  2007  )  (reviewed in Rao and Feiss  2008  ) . All of 
these proposed mechanisms necessitate connector rotation to align the proper structural motifs of the 
motor with the helical pitch of the DNA during translocation and also require coordinating this rota-
tion with ATP hydrolysis in the ATPases. 

 Despite the attractiveness of these models, recent experiments have challenged these “connector-
centric” mechanisms of packaging. Portal rotation was tested directly in T4 by cross-linking the 
connector to the capsid using the Hoc protein (Baumann et al.  2006  ) . If rotation was essential for 
packaging, tethering of the connector would have abolished packaging. However, packaging effi -
ciency was comparable to that in wild-type phages. Single-molecule fl uorescence experiments in 
 f 29 led to the same conclusion. Here, portals were labeled with a single fl uorescent Cy3 dye whose 
polarized emission was used as a reporter for the orientation of the protein. In measurements of 
labeled complexes that were actively packaging, assessed by observing the translocation of tethered 
microspheres, no evidence was found for portal rotation (Hugel et al.  2007  ) . Lastly, in  f 29, muta-
tions to the connector loops predicted in one model to interact with DNA did not lead to any 
observable decrease in packaging effi ciency (R. Atz, S. Grimes, D.L. Anderson, personal communi-
cation). These studies together strongly suggest that the portal does not play an active role in DNA 
translocation. Interestingly, the  f 29 loop mutation studies indicate that mutants are more prone to 
release packaged DNA than wild-type phages, implying that the connector may be important in 
 retention  of packaged DNA, rather than in its translocation. 

 The alternative to a portal-driven packaging mechanism is that the ATPase motor component 
directly translocates DNA (Black  1989 ; Fujisawa and Morita  1997  ) . Compelling evidence support-
ing this mechanism has come from the recently solved structures of the T4 large terminase, gp17 
(Sun et al.  2007  ) . These studies, along with sequence homology analyses (Draper and Rao  2007  ) , 
indicate a similar architecture in gp17 to monomeric SF1 and SF2 DNA (and RNA) helicases. 
Comparisons of X-ray crystal and cryo-electron microscopy structures of T4 gp17 monomers 
revealed two globular subdomains separated by a “hinge.” These can adopt “relaxed” and “tensed” 
conformations separated by approximately 2 bp that correspond to the apo and nucleotide-bound 
states, respectively (Sun et al.  2008  ) . These ATP-driven conformational rearrangements in the sub-
domains support an inchworm-type mechanism for DNA translocation in which a C-terminal 
DNA-binding domain ratchets the DNA into the prohead. Further supporting this “terminase- centric” 
model of packaging, the observed conformational switch in gp17 is consistent with estimations of 
the motor step size by biochemical assays. Measurements of ATP consumption in bulk, in vitro 
packaging with phage  f 29 (Guo et al.  1987 ; Chemla et al.  2005  )  and T3 (Morita et al.  1993  )  have 
been used to determine the number of ATPs hydrolyzed per length of DNA packaged, a parameter 
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called the “coupling ratio.” These measurements revealed that on average, ~2 bp of DNA is 
packaged per 1 ATP hydrolyzed. These have been interpreted as indicating the motor steps in incre-
ments of 2 bp, consistent with the structural model of T4 gp17. 

 Despite the many insights provided by these structural and biochemical studies, many questions 
on viral DNA packaging remained open. Below, we discuss recent single-molecule optical trap 
experiments and how they have shaped our understanding of key aspects of this process: the kinetics 
of packaging, the mechanism of force generation, how ATP hydrolysis is coupled to translocation, 
how the ATPases are coordinated, the precise step size, and the interaction of the motor to DNA.  

    24.4.2   Single-Molecule Kinetics of Packaging 

    24.4.2.1   Motor Velocities with Saturating ATP at Low Force and Low Capsid Filling 

 The single-molecule optical trap assay allowed, for the fi rst time, extensive and accurate character-
izations of packaging kinetics in phages  f 29, T4, and  l  (Smith et al.  2001 ; Rickgauer et al.  2008 ; 
Fuller et al.  2007a,   c ; Chemla et al.  2005  ) . In these three systems, the observed kinetics proved to be 
far more complex than anticipated. Packaging is interrupted by pauses and slips, where the motor 
transiently disengages and reengages its DNA substrate, occurs at a rate that depends on how much 
DNA is encapsidated and on the load force applied to the motor, and can vary for individual motor 
complexes. 

 Measurements of motor velocities in the early stages of packaging (near-zero capsid fi lling, where 
there is little resistance to packaging) and at a saturating ATP concentration were carried out in all 
three systems. Force feedback was used to apply a small constant force, typically ~5 pN, to keep the 
DNA stretched and allow continuous tracking of packaging in real time (Smith et al.  2001  ) . Under 
these conditions, and in standard packaging buffer (25 mM Tris-HCl (pH 7.8), 50 mM NaCl, 5 mM 
MgCl 

2
 ), the  f 29 motor translocates at an average rate of ~145 bp/s (Rickgauer et al.  2008  ) . Solution 

conditions can affect motor velocity (Fuller et al.  2007b  ) ; average speeds were found to vary between 
170 bp/s (at 5 pN load) with 100 mM NaCl and 114 bp/s with 0 NaCl. As discussed further below, 
velocities are also dependent on the load force applied by the optical trap. Using a ramped DNA 
stretching method, Rickgauer et al. were able to extract packaging rates at near-zero applied load, 
revealing a slightly higher average motor velocity of 165 bp/s (Rickgauer et al.  2008  ) . Studies 
employing a temperature-controlled sample chamber also showed that increasing the temperature 
from 20 to 35°C (a more physiologically relevant temperature) increased the motor velocity two- to 
threefold (unpublished data, M. White and D. Smith). Phage  l  has a 2.5× longer genome than  f 29, 
and its average motor velocity was measured to be ~4.2× higher under similar conditions, 590 bp/s 
at a 5 pN load. T4, one of the largest phages, has an enormous 171 kbp genome, and its average 
motor velocity was measured to be ~5.4× higher than  f 29, 770 bp/s at a 5 pN load (Fuller et al. 
 2007c  ) . This observed trend of faster packaging rates for longer genome lengths is consistent with 
the need for each virus to package its complete genome in a limited time window of ~2–5 min to 
complete the infection cycle within 20–30 min. Kinetic parameters for  f 29, T4, and  l  from optical 
trap measurements are summarized in Table  24.1 .  

 Another intriguing fi nding revealed by the single-molecule studies is that the velocity of indi-
vidual motors can vary signifi cantly in time, and the average velocity of different individual motors 
can also vary signifi cantly. Such variability was most striking in T4 (Fig.  24.3a ) (Fuller et al.  2007c  ) . 
The average velocities of different individual motors ranged from as low as 70 bp/s to as high as 
1,840 bp/s with a standard deviation of 320 bp/s, or 40% of the mean. By comparison, the average 
velocities of  f 29 and  l  motors were also variable, though by smaller amounts (~10 and 20% 
of the mean velocities, respectively) (Rickgauer et al.  2008 ; Fuller et al.  2007a  )  (Fig.  24.3b ). 



55924 Single-Molecule Studies of Viral DNA Packaging

Some individual T4 motors exhibited velocity changes in time ranging as wide as 500–1,500 bp/s 
(Fig.  24.3c ). The variations in T4 motor velocities are too large to be reconciled in standard kinetic 
models as being due to inherent stochastic thermal fl uctuations alone, suggesting that individual 
motors can adopt different active conformational states gearing different DNA translocation 

   Table 24.1    Summary of kinetic parameters from phage  f 29,  l , and T4   

 Phage 
 Genome length 
(kbp) 

 Maximal velocity a  
(bp/s) 

 Std/mean 
velocity (%) 

 Hydrolysis rate 
(ATP/s −1 ) 

 Processivity b  
(kbp) 

  f 29  19.3  145  10  >6  ~20 
  l   48.5  590  20  >25  >48.5 
 T4  171  770  40  >40  13 

   a Measured at room temperature, in standard packaging buffer containing saturating ATP, at low capsid fi lling, and 
under an externally applied load of 5 pN 
  b Defi ned as the distance between slipping events (scored as >50 bp backward movement of the DNA out of the capsid 
at a load of 5 pN)  

  Fig. 24.3    Phage T4 DNA packaging dynamics. ( a ) Repeated measurements of DNA tether length versus time with 
5 pN force feedback, showing variable packaging rates for individual complexes ranging from ~145 to 2,000 bp/s and 
showing occasional pauses in translocation (plateaus). ( b ) Histogram of average packaging rates measured for indi-
vidual T4 motors ( top panel ); same histogram but with rates calculated not including pauses ( second panel ); histo-
gram of average  f 29 packaging rates for comparison ( third panel ); histogram showing stochastic variation in T4 
packaging rates predicted by a simple Poisson stepper model if individual complexes are assumed to have uniform 
kinetics ( fourth panel ). ( c ) Examples of three packaging events where large variations in instantaneous motor velocity 
versus time were observed. ( d ) Dependence of motor velocity on applied load force for T4 ( red squares ),  l  ( green 
triangles ), and  f 29 ( blue circles ). Velocities are normalized to unity at zero load       
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velocities and can switch between these states in time (Fuller et al.  2007c  ) . Static and dynamic 
variability (also termed “disorder”) in enzyme kinetics has been reported in single-molecule studies 
of several other simpler enzyme complexes including lactate dehydrogenase, cholesterol oxidase,  l  
exonuclease, and RecBCD helicase (Perkins et al.  2004 ; Xue and Yeung  1995 ; Lu et al.  1998 ; van 
Oijen et al.  2003  ) . An understanding of the structural origin of these heterogeneities is currently 
lacking. They may be due, in part, to changes in conformation or chemical structure of individual 
motor subunits, variation in the number of active subunits in individual complexes, or conforma-
tional changes in the arrangement of subunits in the whole motor complex.   

    24.4.2.2   Pauses and Slips 

 Optical tweezers measurements revealed that packaging motors are remarkably processive, meaning 
that many base pairs of DNA are continuously packaged with only occasional pausing or backward 
slipping of the DNA out of the capsid (Smith et al.  2001 ; Rickgauer et al.  2008 ; Fuller et al.  2007a,   c  )  
(Figs.  24.1b, c  and  24.3a ). While the appearance of pauses and slips is intriguing and not fully under-
stood, reversible pauses and slips only reduce the overall average motor velocity at low capsid fi lling 
by ~10% (Fuller et al.  2007c  )  (although the  l  motors were occasionally observed to pause abruptly 
and never resumed packaging even after >1–2 min, after which data collection was stopped). The 
 f 29 and  l  motors exhibited less than one signifi cant slip (>50 bp backward movement of the DNA 
out of the capsid) per genome length packaged. The T4 motor, which has the longest genome to 
package, exhibited the most slipping (one slip every 13 kbp) but is still a highly processive motor. 
The majority of slips were relatively small, less than a few hundred bp, meaning that once packaging 
initiates the probability that DNA slips out of the capsid completely appears to be quite small. 

 The mechanisms of pausing and slipping are not known, but the fi nding that their frequencies 
increase with applied load and that neither type of event correlates with particular positions along 
the DNA suggests that they may be off-pathway events that stochastically occur during normal DNA 
translocation. The dependence on load may indicate that force is able to disrupt the motor–DNA 
interactions made during translocation, leading to temporarily arrests in packaging (pauses) or dis-
engagements with the molecule (slips). The capacity of these motors to reversibly pause, slip, and 
change velocity may be biologically relevant since packaging in vivo must be coordinated with other 
biochemical processes potentially ongoing on the same DNA substrate, including DNA transcrip-
tion, recombination, and repair (Mosig and Eiserling  2006  ) .  

    24.4.2.3   Dependence of Motor Velocity and Power on Applied Load 

 In all three systems studied,  f 29,  l , and T4, the motor velocity with saturating ATP was found to 
decrease with applied force (Smith et al.  2001 ; Rickgauer et al.  2008 ; Fuller et al.  2007a,   c  ) . A gen-
eral implication of this fi nding is that the rate-limiting step in packaging must involve DNA translo-
cation (Wang et al.  1998  ) . Displacement against an opposing force implies that mechanical work 
must be done by the motor, leading to an increased free-energy barrier for motor stepping and 
slowed reaction rate. In the simplest single-reaction energy barrier model, the extra work required to 
translocate DNA against the optical trap force is  F Δ x  

1
 , where Δ x  

1
  is the distance to the “transition 

state” (Δ x  
1
   £   d , the step size), defi ned along a reaction coordinate corresponding to the amount of 

DNA packaged. The translocation rate thus decreases as     ( )= - Dmax 1 Bexp /V V F x k T   , where  k  
B
  is the 

Boltzmann constant and  T  is the absolute temperature. As shown in Fig.  24.3d , the dependence of 
velocity on force for each system displayed quantitative differences. The T4 motor velocity dropped 
by ~40% as the force was increased from 5 to 40 pN, whereas the  f 29 and  l  motor velocities 
dropped ~60%. Neither the  f 29 nor  l  velocity versus force datasets could be well fi t by a single 
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force-dependent rate suggested by the simple single-reaction energy barrier model, indicating that 
different kinetic transitions become rate limiting at high force. A notable feature of the  l  motor was 
that the motor velocity appeared to plateau at ~200 bp/s above ~50 pN, rather than approaching zero, 
suggesting that a purely chemical transition (i.e., one not involving DNA translocation) becomes 
rate-limiting at high force. In T4, the velocity decreased approximately linearly with force, over the 
range studied, possibly indicating a very small transition state distance for that system. Despite com-
monalities in behavior, these differences in force dependence may point to different mechanisms of 
translocation. Future work will be necessary to resolve these differences further. 

 By multiplying the average applied force by the corresponding average velocity, the mechanical 
power generated by the motor can be calculated. The maximum power observed to be generated by 
the  l  motor occurred with a load of 45 pN, where the motor velocity was 208 bp/s, implying an aver-
age power of 9,400 pN·bp/s = 3,200 pN nm/s. This is ~4× higher than the maximum power detected 
for the  f 29 motor. Assuming a free-energy release of 130 pN·nm per ATP (note that we express this 
free energy in units of pN·nm (force × distance) relevant in the single-molecule trap studies and 
~130 pN nm = 73 kJ/mol), this implies an ATP hydrolysis rate of  at least  3,200 pN nm/s ÷ 130 pN nm 
per ATP = 25 ATP/s for the  l  motor. This fi gure is higher than the fi gure of ~10 ATP/s previously 
estimated in bulk biochemical assays (Yang and Catalano  2003  ) , suggesting that those assays 
underreport the rate due to diffi culties in accounting for “futile” ATP hydrolysis not associated with 
packaging. The maximum T4 mechanical power was observed with 40 pN load, where the velocity 
was 380 bp/s, yielding a power of 15,200 pN bp/s = 5,200 pN nm/s, about 7× higher than that detected 
for  f 29 and implying an ATP hydrolysis rate of  at least  5,200 pN nm/s ÷ 130 pN nm per ATP = 40 ATP/s. 
While these power fi gures may seem small, it must be kept in mind that the motor is a nanoscale 
device occupying a volume of only ~ (10 nm) 3 , implying a  power density  on the order of 5,000 kW/
m 3 , which is roughly twice that generated by a high-performance automobile engine.  

    24.4.2.4   Motor Force Generation 

 One of the most striking features revealed by the single-molecule measurements was that viral DNA 
packaging motors generate very high forces, among the highest known for biomolecular motors 
(Ross et al.  2008 ; Michaelis et al.  2009 ; Oster and Wang  2003  ) . Optical tweezers measurements 
allow one to measure directly the packaging force exerted by the motor on the DNA since that force 
is transmitted directly to the trapped microspheres. Measurements at low capsid fi lling, where inter-
nal forces resisting DNA confi nement are small (discussed in Sect.  24.5 ), revealed that the  f 29,  l , 
and T4 motors are all able to translocate DNA against externally applied load forces of >50–60 pN 
(Smith et al.  2001 ; Fuller et al.  2007a,   c  ) . These fi gures are lower bounds because most measure-
ments ended with the DNA tether detaching from the microspheres, likely due to rupture of the 
prohead–antibody–microsphere linkage. While some motors did stall at forces <50 pN, others were 
still translocating when rupture occurred at >50 pN. Extrapolation of measurements made at high 
capsid fi lling, where forces resisting DNA confi nement (discussed in Sect.  24.5 ) contribute a large 
additional load on the motor suggest that the  f 29 motor can exert total forces as high as 110 pN 
(Rickgauer et al.  2008  ) , strikingly large compared with many cellular molecular motors. For exam-
ple, skeletal muscle myosin II, which powers skeletal muscle contraction, only generates 2–3 pN of 
force (Finer et al.  1994  ) . It is likely that large forces are necessary to package DNA against the enor-
mous internal forces generated from compacting the viral genome into the capsid. This issue will be 
discussed in depth in Sect.  24.5  on completion of packaging. 

 Current understanding dictates that molecular motors translocate in discrete-sized steps tightly 
coupled to the hydrolysis of ATP molecules. Energetic considerations then impose a tradeoff between 
a motor’s mechanical step size and force generation. Each ATP hydrolysis releases a free energy 
on the order of 130 pN nm, depending on solution conditions (Lehninger et al.  1993  ) . A motor, 
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depending on its effi ciency, can then convert up to ~130 pN nm of chemical energy into mechanical 
work to translocate one step. If the motor translocates a step size  d  against force  F , the total mechani-
cal work performed is  Fd , which must be less than ~130 pN nm. Thus, a force of ~60 pN generated 
by the packaging motor places an upper bound of ~2 nm = 6 bp on its step size. For  f 29, for which a 
maximum total force of 110 pN was reported, the step size must be smaller than ~1.2 nm, or 3.5 bp. 
(Precise direct measurements of motor step size are discussed below.) It is tempting to speculate that 
different types of motors may have evolved to generate more or less force depending on the physical 
bounds on their step size. Thus, cytoskeletal motors like myosin must take large steps, as dictated by 
the periodicity of the actin tracks on which they translocate, and thus generate small forces. On the 
other hand, viral DNA packaging motors, which are built to exert large forces to counteract the inter-
nal forces generated by compaction of the DNA in the capsid, must take relatively small steps.   

    24.4.3   Mechanochemistry of Packaging 

 The viral packaging machine requires ATP as a cofactor to drive processive encapsidation of DNA. 
A fundamental question is how the energy contained in a molecule of ATP is utilized by the motor to 
generate the large forces exerted during DNA translocation. The conversion of chemical energy into 
mechanical action – termed “mechanochemistry” – is a process carried out by all molecular motors 
and provides an important clue to their mechanism. In all nucleic acid translocases like DNA packag-
ing motors, a mechanism couples ATP hydrolysis to DNA movement. ATP hydrolysis can be viewed 
as a multistep process involving docking of ATP into the catalytic cleft, accommodation of the nucle-
otide into the proper orientation, nucleophilic attack of the  g -phosphate, and release of the hydrolysis 
products phosphate and ADP, to name a few examples. These steps must somehow connect to the 
translocation cycle, during which the motor must engage with the DNA, translocate it by the motor 
step size, disengage the DNA, and reset the machinery for the subsequent cycle. Thus, one key goal 
in understanding this process is identifying which step or steps in the ATP hydrolysis cycle lead to 
DNA translocation. A second goal is to understand the structural specifi cs governing these steps. 

 Recent structural studies of T4 gp17 terminase have provided important clues on the mechano-
chemical coupling process in packaging motors. The observation of a “C motif,” in which a network of 
hydrogen bonds connects the  g -phosphate of ATP to DNA (Draper and Rao  2007  ) , provides the fi rst 
structural basis for the communication between chemical and the mechanical activities of the protein. 
While instructive, molecular structures only provide static pictures of the mechanochemical conversion 
process. Single-molecule measurements provide complementary information in the form of real-time 
measurements of the DNA translocation dynamics. In particular, optical traps provide an ideal platform 
for investigating the mechanochemistry of molecular motors because force can be utilized as a probe 
for mechanical motion. In the single-molecule packaging assays described above, the phage translo-
cates DNA against the force exerted by the optical trap; increasing this tension thus decreases the rate 
at which the translocation step occurs while leaving the other (force-independent) steps unperturbed. 
This feature of optical trap measurements is unique but loosely analogous to classical enzymology, 
where how an enzyme binds a substrate can be measured by varying the substrate concentration or by 
adding inhibitors that compete with the substrate. Here, rather than vary concentrations of a chemical 
species, force is used to modulate the translocation rate in the mechanochemical cycle of the protein. 

    24.4.3.1   Single-Molecule Measurements of Mechanochemistry in  f 29 

 Chemla et al.  (  2005  )  investigated mechanochemical coupling in the DNA packaging motor of phage 
 f 29 exploiting this unique ability of optical traps. Combined with methods of classical enzymology 
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to understand the chemical aspects of packaging and force dependence to decipher the mechanical 
aspects, they were able to provide key insights on the coupling between the two. To achieve this 
understanding, Chemla et al. performed an extensive set of experiments measuring the generation of 
force by the  f 29 motor as a function of ATP, non- (or slowly) hydrolyzable ATP analogs (AMP-PNP 
and  g S-ATP), and product (ADP and P 

i
 ) concentrations. In the fi rst set of measurements, ATP and 

force were varied, and their effect on the packaging rate was investigated. The packaging rate  V  was 
found to depend on ATP concentration according to the classical Michaelis–Menten equation: 
    ( )= +max M[ATP] / [ATP]V V K   . At low forces (~5 pN), a Michaelis–Menten constant  K  

M
  of ~30  m M 

was observed. More illuminating were measurements of the force dependence of the packaging rate 
at different ATP concentrations, as shown in Fig.  24.4a . At saturating ATP levels (    >> M[ATP] K   ), the 
velocity depended strongly on force, indicating that the DNA translocation step was rate-limiting. In 
contrast, at low ATP levels (    < M[ATP] K   ), where ATP binding was now rate-limiting, the packaging 
rate was largely independent of force. This observation revealed that the force-generating DNA 
translocation step must not occur during ATP binding.  

 Poisoning the ATP packaging buffer with nonhydrolyzable analogs was found to induce stalls in 
packaging lasting several seconds (Fig.  24.4b ) and at a frequency (measured in number of induced 
stalls per length packaged) proportional to the analog concentration. Neither the frequency nor the 
duration of these stalls – kinetic parameters corresponding to the binding and unbinding of the ana-
log to the motor, respectively – displayed any dependence on force. These results again indicated 

  Fig. 24.4    Mechanochemistry of  f 29. ( a ) Force–velocity behavior. As ATP was decreased from 500  m M ( black data ) 
to 10  m M ( magenta ), the packaging velocity displayed a decreasing dependence on force, indicating that ATP binding 
is not a force-generating kinetic event. ( b ) Analog-induced stalls. As the nonhydrolyzable ATP analog AMP-PNP was 
added to the packaging buffer (containing 100  m M ATP), packaging was interrupted by stalls. The frequency of the 
stalls increased as AMP-PNP was increased from 0 ( black data ) to 5  m M ( cyan ). ( c ) Model of mechanochemical 
coupling in  f 29. ATP binding in the catalytic cleft of gp16 induces elastic strain that is stored as a compressed spring. 
This binding step occurs while the ATPase is disengaged from the DNA, such that no translocation occurs and binding 
is insensitive to tension. Upon hydrolysis and release of the cleaved phosphate, this elastic strain is relieved in a 
“recoil” step. Here, the gp16 is engaged to the DNA, and recoil drives the force-generating translocation       
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that the nucleotide-binding step in the mechanochemical cycle of the motor does not generate force. 
Measurements in the presence of hydrolysis products (ADP and P 

i
 ) illuminated the role of product 

release in the motor cycle. Though no stalls were detected, the packaging rate did decrease signifi -
cantly with increasing ADP concentration, in a manner consistent with it acting as a competitive 
inhibitor to ATP (presumably, ADP binding and release were too rapid to observe stalls of signifi cant 
duration). Moreover, similarly to the force dependence of the packaging velocity at varying ATP 
concentration described above, the pattern of ADP inhibition at various forces was inconsistent with 
ADP release being a force-generating step. Finally, increasing the inorganic phosphate level a 1,000-
fold had no discernable effect on the packaging rate, indicating that the release of phosphate was 
highly irreversible. Taken together, these results led Chemla et al. to conclude that DNA 
translocation must occur at some step between hydrolysis (i.e., after ATP binding) and phosphate 
release (i.e., before ADP release and resetting of the cycle).  

    24.4.3.2   Model of ATP Coupling in  f 29 

 Theoretical models of mechanochemistry in other molecular machines, particularly in other ringed 
ATPases such as the members of the AAA+ superfamily, provide a useful context for interpreting 
these optical trap measurements. In F 

1
 -ATPase, part of the rotary ATP synthase motor, it has been 

proposed that the energy driving the mechanical rotation is ultimately derived from ATP binding 
(Oster and Wang  2000  ) . In this model, ATP binds to each catalytic site in a zippering of hydrogen 
bonds that induces elastic strain and produces the fi rst of two force-generating “power strokes” driv-
ing the motor. A second power stroke occurs when that elastic strain is relieved in a “recoil” step 
triggered by phosphate release and immediately preceding ADP release. The hydrolysis step itself is 
not believed to drive any mechanical motion because it involves only small rotation of the terminal 
phosphate, which is almost isoenergetic in this protein (Oster and Wang  2000  ) . 

 The measurements of Chemla et al. on  f 29 suggest a model for the packaging motor partly con-
sistent with this mechanism. One prediction of the F 

1
 -ATPase mechanochemical model is that both 

ATP binding and recoil steps should involve large changes in free energy in order to drive mechani-
cal motion. This is consistent with two observations in  f 29: (1) long stalls with ATP analogs, indi-
cating that nucleotides are tightly bound to the motor and release at very slow rates and (2) the 
evidence for irreversible phosphate release. On the other hand, the F 

1
 -ATPase model proposes that 

ATP binding should drive mechanical motion, yet this step was shown to be force-independent in the 
trap experiments. This suggests that in  f 29, ATP binding occurs at a gp16 subunit that is disengaged 
with the DNA and thus insensitive to the forces applied by the optical trap. This is supported by the 
observation that the motor is more likely to slip, or disengage from DNA, at low ATP concentrations 
(Chemla et al.  2005  )  favoring the apo state. This suggests that elastic strain induced by ATP binding 
may cock the spring that drives translocation. After ATP binds, the gp16 engages the DNA and 
relieves this elastic strain, releasing the spring and translocating the DNA right before ADP is 
released. The data is thus consistent with a recoil step generating force, with phosphate release act-
ing as an irreversible trigger committing the motor to the rest of the reaction cycle. This mechanism 
proposed by Chemla et al. is depicted schematically in Fig.  24.4c .  

    24.4.3.3   Coupling Mechanism and Motor Structure/Function Relationships in T4 and  l  

 Studies of  l  and T4 phage are so far consistent with this mechanism of mechanochemical coupling. 
In T4, structures of gp17 in its apo and nucleotide-bound states by Sun et al.  (  2008  )  qualitatively fi t 
with the model proposed by Chemla et al. In the apo state, gp17 is in a relaxed conformation and 
putatively disengaged from DNA, whereas the ATP-bound state is tensed and putatively engaged 
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with the DNA. This is consistent with the ATPase being “cocked” by nucleotide binding in the 
Chemla model. Upon hydrolysis, the C motif of gp17 is proposed to unlock the terminal phosphate 
of ATP and the catalytic cleft recoils to its open state, driving translocation of the DNA, consistent 
with the proposed  f 29 mechanism. 

 In the phage  l  system, optical tweezers studies of the effects of amino acid point mutations in the 
motor’s large terminase subunit (gpA) on packaging dynamics recently shed light on structure–
function relationships (summarized in Table  24.2 ) (Tsay et al.  2009,   2010  ) . Photo-cross-linking with 
8-azido-ATP showed that residues Y46 and K84 of gpA interact with ATP (Hang et al.  2000  ) . On the 
basis of sequence homology with AAA + superfamily ATPases, gpA was predicted to have a “Walker 
A-like” phosphate-binding motif at 76-KSARVGYS-83 (Mitchell and Rao  2004  ) . In support of this 
hypothesis, optical tweezers measurements indicated that change K76R abolished packaging and 
K84A, immediately adjacent to the motif, decreased motor velocity by ~40% but did not alter pro-
cessivity or the steepness of the velocity–force dependence (Fig.  24.5a ) (Tsay et al.  2009  ) . This 
fi nding is consistent with the notion that the Walker A motif is involved in ATP binding but not cou-
pling and supports a model in which ATP binding and hydrolysis are not the force-generating steps 
in  l  as in the  f 29 system discussed above.   

 Based on sequence comparisons with T4 gp17 and RNA helicases, gpA was predicted to have an 
adenine-binding “Q motif” at 46-YQ-47 involved in mechanochemical coupling (Draper and Rao 
 2007 ; Mitchell et al.  2002  ) . This motif, located 17 residues upstream of the Walker A motif, was 
recently discovered in SF2 RNA helicases and observed to contain highly conserved aromatic resi-
dues proposed to aid in hydrophobic stacking interactions with adenine. Experiments with helicase 
mutants indicate that the Q motif plays a role in regulating nucleic acid affi nity and conformational 
changes driven by nucleotide and ATP hydrolysis (Cordin et al.  2004  ) . Consistent with those fi nd-
ings, optical tweezers studies of  l  terminase showed that mutation Y46F in its putative Q motif 
decreased motor velocity 40% and increased the frequency of motor slipping during DNA transloca-
tion by >tenfold (Fig.  24.5a ) (Tsay et al.  2009  ) . This alteration in function is in sharp contrast to that 
observed with, which also exhibited a 40% reduction in velocity but no signifi cant change in motor 
slipping. These fi ndings support the hypothesis that viral DNA packaging motors contain an ade-
nine-binding Q motif, that regulates substrate affi nity, analogous to that found in RNA helicases. 
Such a feature qualitatively fi ts with the proposed translocation models for  f 29 and T4. In addition, 
optical tweezers measurements revealed that change Y46F caused motor velocity to decrease more 
steeply with increasing load force relative to wild type, suggesting that the Q motif can also regulate 
motor power. 

 gpA is also hypothesized to have a “C motif” involved in coupling at 212-GST-214 (Draper and 
Rao  2007  ) . In helicases, C motif residues hydrogen bond with the  g -PO 

4
  of ATP and the DNA. 

Mutants generally retain ATPase and DNA-binding activities but fail to translocate due to loss of 
coupling between the two activities (Banroques et al.  2010  ) . In T4, certain mutants with changes in 
the putative C motif were shown to be able to hydrolyze one ATP but not turn over (Draper and 
Rao  2007  ) . In  l , optical tweezers measurements found that change G212S in this motif caused a 

   Table 24.2    Summary of point mutations in phage  l  gpA   

 Residue change  Putative location  Maximal velocity a   Force dependence a   Processivity a  

 Y46F  Q motif  Reduced 40%  Steep  Reduced >10× 
 K84A  Walker A  Reduced 40%  Wild type  Wild type 
 T194M  Loop–helix–loop b   Reduced 8×  Wild type  Wild type 
 T194V  Loop–helix–loop b   Wild type  Wild type  Wild type 
 G212S  C motif  Reduced 3×  Not yet measured  Reduced 6× 

   a Measured relative to wild-type gpA 
  b Modeling suggests this loop–helix–loop may position the Walker B and C motif in the ATPase center  
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threefold decrease in velocity and a sixfold reduction in processivity, again consistent with a cou-
pling defect (Fig.  24.5b ). 

 Genetic screening experiments also revealed several packaging defective mutants in a region of  l  
gpA outside any known functional motifs (Duffy and Feiss  2002  ) . Change G191S resulted in no 
detectable packaging activity while change T194M caused an eightfold reduction in motor velocity 
without substantially changing motor processivity or force dependence (Fig.  24.5b ) (Tsay et al. 
 2010  ) . Structural modeling of gpA based on homology with T4 gp17 indicates that T194 is part of a 
loop–helix–loop region that connects the  b 4 (Walker B) and  b 5 (C motif) strands of the nucleotide-
binding domain. This region has high structural similarity with analogous regions in T4 gp17, chro-
mosome transport motor FtsK, and MjDEAD RNA helicase. Underscoring the importance of this 
region, change D584A in the proximal (predicted) loop segment of the prokaryotic SpoIIIE chromo-
some segregation motor (a close homolog of FtsK) was reported to reduce DNA translocation rate 
signifi cantly (approximately threefold) (Burton et al.  2007  ) . Together, these fi ndings suggest the 
presence of a conserved structural region between the Walker B motif and C motif that may be part 
of a mechanism that governs motor velocity and processivity in several different types of nucleic 
acid translocases. Variations in this region may explain how the  f 29,  l , and T4 motors evolved dif-
ferent packaging motor velocities that scale with viral genome size.   

  Fig. 24.5    Effects on phage  l  packaging dynamics of mutations altering the gpA large terminase subunit of the  l  packaging 
motor. ( a ) Representative recordings of length of DNA packaged (expressed as % of wild-type genome length) versus 
time for wild type (WT), Y46F mutants (residue change in the putative Q motif), and K84A mutants (residue change 
adjacent the putative Walker A motif). The panel labeled “Y46F*” is a zoomed view of the Y46F data illustrating fre-
quent motor slipping events (labeled “s”) observed with this mutant. ( b )  Bar charts  comparing average motor 
velocity ( top chart ) and slipping frequency ( bottom chart ) for WT, G212S mutants (change in the putative C motif), 
T194M mutants (change in a structurally conserved loop–helix–loop), T194M/F156Y double mutants, and T194V 
pseudorevertants       
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    24.4.4   Subunit Coordination and Step Size 

 Though the optical trap measurements of Chemla et al. provided a framework for understanding the 
coupling of the chemical and mechanical reactions in each gp16 subunit of the  f 29 motor, they did 
not fully address how the subunits coordinate their actions to package DNA. On one hand, the obser-
vation of Michaelis–Menten kinetics in this work suggests that there is no cooperativity in ATP 
binding in the pentameric ring. At the same time, the measurements of stalls with nonhydrolyzable 
ATP analogs indicate that the whole machinery is locked when one catalytic site is unable to com-
plete its reaction and the subunits cannot act independently. According to the model proposed by 
Sun et al. based on structural data on the T4 large terminase, coordination between ATPases may be 
imposed by the DNA itself. Geometrical constraints based on the helical structure of B-DNA (10.5 bp 
per turn), the pentameric ring conformation of the packaging ATPases, and the putative 2-bp step 
size would dictate that each subunit must pass off DNA to its neighbor in ordinal sequence in order 
to remain in register with the molecule (Sun et al.  2008 ; Chemla et al.  2005  ) . The alternative would 
be that coordination results from an underlying inherent communication between the subunits, inde-
pendent of DNA geometry. Recent optical trap measurements have begun to address these issues in 
the  f 29 system. 

    24.4.4.1   High-Resolution Optical Trap Measurements of  f 29 Packaging 

 The development of  high-resolution  optical tweezers recently enabled the direct observation of viral 
DNA packaging step by step. Whereas the optical traps used in the packaging experiments described 
above were not suffi ciently sensitive to monitor the stepwise encapsidation of DNA, these new 
instruments are capable of detecting motion at the scale of a single base pair (Abbondanzieri et al. 
 2005 ; Moffi tt et al.  2006 ; Carter et al.  2009  )  (reviewed in Moffi tt et al.  2008 ; Chemla  2010  ) . With 
this technical breakthrough, Bustamante and co-workers (Moffi tt et al.  2009  )  were able to detect 
directly, for the fi rst time, the fundamental stepping motion of the  f 29 packaging motor, revealing 
not only its step size but also its intersubunit coordination. 

 In a fi rst set of experiments, packaging was monitored with the high-resolution optical traps at 
low force (~8 pN) and at varying ATP concentrations. Contrary to expectations, Moffi tt et al. 
observed that packaging occurred in large 10-bp “bursts” in which the DNA was translocated rap-
idly, separated by “dwells,” regions in which the motor remained at one position on the DNA 
(Fig.  24.6a ). Further insight into this surprising result came from an analysis of the kinetics of the 
two classes of events. As ATP concentration was increased, the same 10-bp burst-dwell structure 
was observed. The duration of the dwells became shorter, while that of the bursts remained constant, 
indicating that ATP binding occurred solely during the dwells. Moreover, the dwell durations varied 
with ATP in a manner consistent with the Michaelis–Menten kinetics observed in the previous opti-
cal trap work. By measuring the durations of hundreds of dwells at each ATP concentration, accurate 
distributions of dwell times under each condition were compiled. If a single rate-limiting kinetic step 
governed the dwells, then an exponential distribution would have been expected. However, Moffi tt 
et al. instead observed peaked distributions (Fig.  24.6b ), better described by a  convolution  of mul-
tiple exponentials, consistent with multiple rate-limiting kinetic events during each dwell period. 
This key observation, in tandem with the ATP dependence of the dwell durations, led to the 
conclusion that several ATP molecules must bind to the motor during each dwell prior to transloca-
tion in 10-bp bursts.  

 These studies indicate a wholly unexpected mechanism of coordination in the pentameric gp16 
ring. Rather than each subunit binding ATP, hydrolyzing it, and translocating DNA in succession, the 
high-resolution kinetics showed that the motor must wait to load multiple ATPs before translocation 
can occur. A question in this model is how the 10-bp bursts are generated by the motor. In the fi rst 
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experiment of Moffi tt et al., the fi nite duration of the bursts already provided a hint that these were 
themselves composite events made up of multiple substeps. At the low forces in these measure-
ments, however, most bursts were too rapid to observe such substructure. Thus, the authors per-
formed a second set of experiments exerting higher forces (~40 pN) with the optical traps to slow 
down each DNA translocation step. These measurements indeed revealed substeps within the 10-bp 
bursts. Unexpectedly, however, the substeps were a noninteger number of base pairs in size, 2.5 bp, 
as shown in Fig.  24.6c . An analysis of the durations of the “microdwells” preceding each 2.5-bp 
substep revealed that three in four were fast events and one in four was slow, corresponding to the 
long dwells taken every 10 bp as observed at low forces. 

 The surprising picture emerging from these experiments is that packaging in  f 29 occurs via a 
biphasic mechanism in which ATP binding and DNA translocation are temporally segregated, as 

  Fig. 24.6    High-resolution measurement of  f 29 step size. ( a ) Burst-dwell behavior. At low tensions (~8 pN), packaging 
was observed to occur in large 10-bp “bursts” separated by fl at “dwells.” The behavior was seen across the full range of 
ATP, from 10  m M ( black data ) to 500  m M ( purple ). ( b ) Dwell time distributions. The duration of each dwell in the step-
ping traces was measured and used to compile a probability distribution at each ATP concentration (same color code as 
( a )). The distributions were peaked rather than exponential, indicating that multiple rate-limiting kinetic steps occurred 
during the dwells. ( c ). Substep size. At higher tensions (~40 pN) and at 250  m M ATP, conditions under which DNA 
translocation is rate-limiting, the 10-bp bursts were observed to consist of four 2.5-bp substeps. ( d ) Model of intersubunit 
coordination in  f 29. Packaging occurs via a biphasic mechanism in which the gp16 ring loads multiple (most likely 4) 
ATPs during “dwells” and translocates the DNA in four rapid and successive 2.5-bp substeps during the 10-bp “bursts”       
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depicted in Fig.  24.6d . During a dwell, multiple ATPs load to the gp16 ring. Based on the 
observation of multiple rate-limiting kinetic events during the dwell at low forces and the four 2.5-bp 
substeps at high forces, the likeliest scenario is that four ATPs bind the motor during this phase. 
Then, following a dwell, the motor translocates DNA in a burst of four rapid and successive 2.5-bp 
substeps totaling 10 bp. At fi rst glance, the requirement that multiple ATPs bind the motor prior to 
translocation may appear at odds with the observation of Michaelis–Menten kinetics, which would 
indicate a lack of cooperativity between subunits. However, as argued by Moffi tt et al., the two 
results can be reconciled  if and only if  the binding of each ATP involves an irreversible step that 
commits it to the remainder of the cycle. This “commitment” step is consistent with the large free-
energy change upon ATP binding in the mechanochemical model of Chemla et al., as discussed 
above. Thus, each gp16 subunit must bind ATP in succession. Since DNA is not translocated during 
the dwell, this time-ordered binding of ATP around the ring must indicate some level of communica-
tion between subunits, rather than a coordination imposed by the helical geometry of the DNA. The 
simplest model is that ATP binding at one subunit allosterically activates the catalytic site of its 
neighboring subunit, leading to successive binding around the ring. A more recent analysis of the 
data (Moffi tt et al.  2010  )  further indicates that binding is progressively accelerated as each ATP 
loads to the motor.  

    24.4.4.2   Implications of High-Resolution Optical Trap Studies 

 Two key questions remain regarding this mechanism. The fi rst is how to explain the measurement of 
a 2.5-bp step size. Assuming four ATPs are consumed during each burst-dwell cycle, a coupling 
ratio of 2.5 bp/ATP is obtained, which differs from the value of ~2 bp/ATP measured in bulk. 
However, the bulk measurements of ATP hydrolysis are often diffi cult to make precise because of 
basal ATPase activity of nonfunctional complexes in the ensemble or because of futile hydrolysis by 
active proteins. If hydrolysis of ATP does not necessarily lead to translocation, then the coupling 
ratio need not equal the step size of the motor. As discussed above, single-molecule experiments 
show that packaging is interrupted by slips in which DNA spills out of the capsid and is repackaged 
by the motor. These events lead to futile ATP hydrolysis and an underestimate of the coupling 
stoichiometry. Initiation of packaging may also require ATP hydrolysis. This overhead of ATP con-
sumption not directly tied to translocation could also lead to an underestimate of the coupling ratio. 
Thus, the discrepancy between 2.5 and 2 bp estimated step sizes is likely consistent, given these 
systematic errors expected for the ensemble measurements. An interesting implication of a 2.5-bp 
step size is that it indicates that the motor is highly effi cient. Assuming this step size persists at the 
highest force believed to be exerted by the motor, 110 pN (a caveat being that Moffi tt et al. measured 
this step size out to only ~45 pN), then over 70% of the energy available from ATP hydrolysis can 
be converted into mechanical work driving DNA translocation. This would make  f 29 one of the 
most effi cient molecular machines known (Bustamante et al.  2004  ) . Whether the remaining energy 
available from ATP hydrolysis is simply dissipated as heat or utilized to drive conformational 
changes unrelated to DNA translocation remains unclear. 

 A second question is why the motor must wait to bind the requisite number of ATPs (likely 4) 
before translocation can occur. A related issue is why only four of the fi ve ATPases in the ring par-
ticipate in each mechanochemical cycle. It is currently not understood why there is a “special” sub-
unit in the pentameric ring that does not translocate DNA and whether it is the same subunit every 
10-bp cycle or if its position rotates around the ring after each cycle. One attractive model is that 
after every cycle, the last subunit to step remains engaged with the DNA to keep it from slipping out 
of the capsid while the others begin loading with ATP. This subunit would most likely have to be 
bound to a nucleotide since the apo state is known to have a weak affi nity for DNA, leaving only four 
available sites to bind ATP. A consequence of this model is that the identity of the special subunit 
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would rotate around the ring after every 10-bp burst. What event triggers the switch from ATP-
loading dwell phase to burst phase is not explained by this mechanism. One possibility is that once 
all available sites are occupied, ATP hydrolysis can occur spontaneously in one subunit, triggering a 
concerted wave of hydrolysis and translocation through the ring. Another is that the binding of each 
ATP induces strain in the ring and that a critical threshold is attained upon binding four molecules 
that triggers a conformational switch in the motor, leading to the translocation burst. An alternative 
mechanism proposed by Moffi tt et al. to explain four translocation steps in a pentameric ring is that 
the ATPase ring could be broken at one subunit–subunit interface. Though “open” ATPase ring 
structures have been observed in ringed ATPase motors notably in  f 8 bacteriophage (Lisal et al. 
 2005  ) , there is no structural evidence to date for an  active  open conformation. Thus, we do not dis-
cuss this class of model presently. 

 The model described above implies a symmetry mismatch between the DNA helical pitch and the 
translocation by the ATPase ring. While B-form DNA makes one full turn per 10.5 bp, the motor 
translocates DNA by 10 bp using only four of fi ve subunits, i.e., four-fi fths of a complete turn around 
the ring. Thus, the motor subunits and DNA would have to rotate relative to each other to remain in 
register. Preliminary single-molecule measurements (C.L. Hetherington and C. Bustamante, per-
sonal communication) indicate that DNA indeed rotates during packaging in an underwinding direc-
tion. Encouragingly, this is so far consistent with the mechanism described above in which one 
special subunit remains engaged with the DNA after the translocation burst and its identity rotates in 
the ring after every mechanochemical cycle (in a counterclockwise direction around the ring, as 
viewed outward from inside the capsid). Further measurements will be needed to confi rm this aspect 
of the model.   

    24.4.5   Motor–DNA Interaction 

 The apparent 2.5-bp step size of the  f 29 motor has important implications regarding the interaction 
between the motor and DNA. Prior to the high-resolution studies, models of packaging explicitly or 
implicitly assumed that the motor translocates DNA through interactions with phosphates located at 
every base pair along the DNA backbone. The observed 2.5-bp step size, however, suggests that a 
different type of motor–DNA contact must be made. To better understand the nature of the motor–
DNA interaction in  f 29, Aathavan et al.  (  2009  )  performed extensive optical trap measurements chal-
lenging the ability of the motor to package modifi ed substrates. To test the electrostatic nature of the 
motor–DNA contact, the authors incorporated methylphosphonate (i.e., neutral) DNA of varying 
lengths on each or both DNA strands; to reveal the structural requirements of this interaction, they 
utilized substrates such as abasic DNA, single-stranded DNA, DNA bulges, and even unstructured 
non-DNA linkers. These modifi ed substrates were integrated within an 8-kb ordinary double-
stranded DNA molecule to ensure normal initiation and start to packaging. 

 Faced with these modifi ed inserts, the  f 29 motors displayed a uniform pattern of pausing at the 
modifi cation and either traversing it or dissociating completely (Fig.  24.7a ). The probability of tra-
versal depended not only on the type of modifi cation but also on its length, which strand was modi-
fi ed, and the tension in the substrate. In general, inserts residing in the 5 ¢ –3 ¢  strand (as measured 
along the direction of packaging) decreased traversal, whereas those on the 3 ¢ –5 ¢  strand had little 
effect on packaging progress, indicating that the motor preferentially tracked the 5 ¢ –3 ¢  strand. 
However, surprisingly, the motor displayed a remarkable ability to accommodate most modifi ca-
tions. Provided they were short (10 bp or less), neutral or abasic DNA, bulges, and even unstructured 
non-DNA linkers were traversed with over 80% probability. How the  f 29 motor could package a 
substrate with no resemblance to canonical dsDNA is an intriguing question. One possibility is that 
the motor is able to “jump” over these barriers by diffusion, while another is that it can actively 
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package through a variety of inserts. To test these possibilities, Aathavan et al. studied the effect of 
substrate tension on traversal and pause duration. For a diffusive model, they predicted that force 
would stretch the modifi ed substrate, creating a larger barrier for the motor to jump over, leading to 
a lower traversal probability and longer pauses. While increased tension on the substrate did decrease 
the traversal probability and increase pause duration, the effect was much less dramatic than that 
predicted by diffusion alone. The authors also decreased the ATP concentration and observed a 
decrease in traversal probability and increase in pause duration, favoring an  active  – as opposed to 
purely diffusive – mechanism of traversal. Thus, the surprising conclusion is that over short length 
scales ( £ 10 bp), the motor is able to actively package through many types of substrates and neither 
phosphate charge nor DNA structure appears essential.  

 As the insert length is increased, however, this behavior changed remarkably. While double-
stranded methylphosphonate DNA stretches 10 bp or shorter were packaged with 80% or better 

  Fig. 24.7    Motor–DNA interactions in  f 29. ( a ) Motor behavior at the site of modifi ed DNA. The packaging 
complexes were challenged with modifi ed DNA inserts of various lengths and compositions (inset; here, showing a 
10-bp methylphosphonated dsDNA insert) at various tensions (here, ~5 pN) and ATP (1 mM). Upon reaching the 
modifi ed inserts in the course of normal packaging, motors were observed to pause and either traverse the insert ( blue 
traces ) or dissociate completely from the DNA ( red ). Pause durations and the probabilities of traversal were depen-
dent on the insert type and on tension. ( b ) High-resolution measurement of pause and dissociation. Pauses were 
composite events consisting of long “upstream” pauses, followed by either packaging attempts with short “down-
stream” pauses, small slips, or terminal dissociation. The two pause types are believed to occur during the dwell and 
burst phases of the motor, respectively. ( c ) “Heat map” of motor–DNA interactions in  f 29. The biphasic coordination 
mechanism of  f 29 dictates that two different types of contacts are made to DNA. During packaging, the motor tracks 
the 5 ¢ –3 ¢ strand, making strong ionic contacts to adjacent phosphates ( red ) during the dwell phase and making tran-
sient, promiscuous contacts along the backbone ( cyan ) during the translocation burst (The color map indicates the 
“contact importance” scale with  red  as the highest and  blue  as the lowest)       
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probability, increasing the length by a single base pair to 11 bp dramatically decreased the traversal 
probability to less than 50%. The shift in behavior between 10 and 11 bp is highly suggestive because 
this corresponds to the burst size of the motor, as determined by the high-resolution studies. Thus, 
Aathavan et al. argued that the shift may indicate that contacts made  within  a burst (i.e., on length 
scales < 10 bp) may be different than those made during dwells (which occur every 10 bp) in the 
mechanochemical phases of the motor. To probe this idea further, the authors carried out high-reso-
lution optical trap experiments with a 10-bp methylphosphonate dsDNA insert. These measurements 
revealed that the pauses at the inserts were composite events with multiple packaging attempts, sub-
pauses, and temporary disengagements from DNA or slips (Fig.  24.7b ). They were able to identify 
two distinct types of subpauses termed “upstream” and “downstream” depending on whether they 
occurred at longer or shorter tether lengths, respectively. Upstream pauses were long lasting (1 s), 
occurred exclusively before slips or packaging attempts, and took place at the same position (within 
1 bp) on the substrate, suggesting that they occurred at the boundary between normal and neutral 
DNA. Downstream pauses, on the other hand, were shorter in duration (80 ms) and occurred after 
packaging attempts and at a broader set of positions. Based on this observation and other evidence, 
Aathavan et al. proposed that upstream pauses may correspond to dwells and downstream pauses to 
the microdwells during bursts. According to this identifi cation, dwells were more affected by neutral 
DNA, lasting much longer than their counterparts in normal DNA, compared to the bursts. The 
authors also predicted that if this model were correct, phages would be able to bypass neutral inserts 
shorter than one 10-bp burst as long as no dwells occurred within the modifi ed DNA. Indeed, when 
phages were challenged with 5-bp methylphosphonate DNA insert, 50% of the phages traversed 
without exhibiting long pauses. This fraction is consistent with the phage arriving at the insert with 
an arbitrary “phase,” such that half are able to burst over the modifi ed 5 bp and half are required to 
dwell within this region, leading to a pause. 

 The data of Aathavan et al. paint a picture of motor–DNA interaction that is in concert with the 
biphasic mechanism proposed in Moffi tt et al. Two types of contacts are made with the 5 ¢ –3 ¢  DNA 
strand during packaging, corresponding to the two mechanochemical phases of the motor. During 
dwells, phosphate contacts are made every 10 bp. Since the traversal probability decreases at 11 bp, 
not 10 bp, the authors argued that motor may be interacting with adjacent phosphates on the DNA. 
These contacts are important; their absence stalls the motor, suggesting that they play a sensory role 
in the mechanochemical coordination of the motor. During the bursts, phosphate contacts are not 
essential, pointing to weaker “promiscuous” interactions with the substrate. These nonspecifi c con-
tacts may explain why a noninteger base pair step size is observed on double-stranded DNA and how 
the motor can actively traverse short substrates structurally dissimilar to canonical B-form DNA. 
This model of motor–DNA interaction is summarized in Fig.  24.7c . Based on current understanding 
of the coordination of the motor subunits, strong ionic contacts might be required during dwells, 
when the motor must wait for the requisite number of ATP molecules to load. On the other hand, weak, 
transient contacts may be preferable during bursts to encapsidate DNA quickly. At present, there is 
no model for two different motor–DNA contacts in the available T4 gp17 structures, though it is 
possible that a single molecular lever could be responsible for both electrostatic and nonionic con-
tacts. Crystal structures of  f 29 gp16 and  l  gpA would likely provide additional insight into this 
mechanism.   

    24.5   Completion of Packaging 

 The previous sections have reviewed studies probing the function of the packaging motor at low 
capsid fi lling where the forces resisting DNA confi nement are negligible. To complete packaging, 
however, the whole viral genome must be translocated into the capsid, resulting in very high 
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densities of DNA. Remarkably, the DNA is confi ned at ultrahigh densities of ~0.5 g/ml, meaning 
that roughly half the volume of the capsid is fi lled by DNA and half by closely associated water 
molecules and ions. This tight packing of DNA is a highly unfavorable conformation from the point 
of view of DNA bending energy, electrostatic self-repulsion, and conformational entropy loss. In 
addition to characterizing motor function, single-molecule studies have enabled the characterization 
of the forces resisting the tight confi nement of the DNA in the capsid (Smith et al.  2001 ; Rickgauer 
et al.  2008 ; Fuller et al.  2007b  ) . While many single-molecule studies involve isolating motor com-
plexes away from their natural contexts (e.g., isolation of single myosin molecules from muscle 
fi bers), the packaging motor dynamics can be measured during the natural biological task of trans-
locating the viral DNA into the viral procapsid. 

    24.5.1   Internal Force Resisting DNA Confi nement in Phage  f  29 

 In solution,  f 29 DNA forms a random coil of radius ~250 nm (Robertson et al.  2006  ) . This DNA 
must be compressed by approximately 1,000-fold in volume to fi t inside a  f 29 capsid of average 
radius ~24 nm (Morais et al.  2005  ) . The persistence length of DNA is 50 nm, meaning that signifi -
cant energy is required to bend the DNA to fi t in the capsid. DNA in solution is also highly charged, 
carrying one negative charge per phosphate group. While this charge is predicted to be 80–90% 
screened by mono- and divalent cations such as Na + , Mg 2+ , the residual charge would still create 
large electrostatic repulsion forces when the DNA is packaged (Riemer and Bloomfi eld  1978  ) . 

 Thus, the motor must do mechanical work to translocate DNA against “internal forces” resisting 
DNA confi nement. An approach for inferring these internal forces is based on the observation that 
the motor velocity steadily decreases with increasing amount of DNA packaged, slowing to nearly a 
stop when the full genome length is packaged (Fig.  24.8a–c ) (Smith et al.  2001 ; Rickgauer et al. 
 2008  ) . Since measurements at low capsid fi lling showed that the motor velocity decreases with an 
increasing applied load force, the progressive slowing with increasing capsid fi lling can be inter-
preted as arising from increasing load due to the internal force resisting DNA packaging. (Incidentally, 
accounting for this decrease in velocity with capsid fi lling means that the total time to package the 
full  f 29 genome length is ~2–3 min on average). Careful measurements of the velocity versus force 
relationship at low capsid fi lling and the velocity versus fi lling relationship with low applied load 
allow one to deduce the internal force versus fi lling. Measurements with low (<10%) capsid fi lling 
were also made using the initiation method described above, and measurements with low force 
(<0.15 pN on average) were made using a ramped DNA stretching technique (Rickgauer et al.  2008  )  
(not shown, see reference). Measurements made in this manner were more accurate than, while 
revealing similar trends as, earlier measurements (Smith et al.  2001  ) . The earlier work used com-
plexes with higher initial fi lling (>30%), a 5 pN force clamp, a less-accurate micropipette-trap sys-
tem rather than a dual trap system, and DNA with the gp3 terminal protein (which appears to cause 
DNA looping, as described in the initiation section).  

 In the standard  f 29 in vitro packaging buffer (25 mM Tris-HCl buffer (pH 7.8), 50 mM NaCl, 
5 mM MgCl 

2
 , 0.5 mM ATP), the internal force was found to rise to ~7 pN at one-third fi lling (~6% 

of the maximum), ~14 pN at half fi lling (~12% of the maximum), and increase sharply beyond 
70 pN during the fi nal stages of fi lling (Rickgauer et al.  2008  ) . Extrapolation of the velocity versus 
load data to the low velocities observed in the fi nal stages of packaging yielded an estimate of 
110 ± 9 pN for the maximum internal force. The presence of such high internal forces resisting DNA 
confi nement rationalizes the observed capability of the viral packaging motor to exert very high 
forces, among the highest reported any molecular motors. The forces that build during packaging 
also likely play a critical biological role to drive DNA ejection when the virus infects a host cell 
(Smith et al.  2001 ; Kindt et al.  2001 ; Evilevitch et al.  2003  ) .  
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    24.5.2   Effect of Ionic Screening on DNA Packaging Forces 

 The effect of varying ionic conditions on  f 29 DNA packaging has also been studied by carrying 
out sets of packaging measurements with buffers containing different concentrations of Na + , 
Mg 2+ , and CoHex 3+  (Fuller et al.  2007b  )  (Fig.  24.8a–c ). When Na +  is the dominant ion screening 
the DNA, the effective DNA charge is predicted to be reduced by ~80%. Mg 2+  is predicted to 
screen more strongly, reducing DNA charge by ~90% (Manning  1978  ) . A smaller amount of a 
trivalent cation such as CoHex 3+  can screen more effectively than Mg 2+ , and beyond a critical 
concentration trivalent cations or ions with higher valence can induce DNA condensation 
(Baumann et al.  2000  ) . In the work of Fuller et al., measurements were carried out using a 5 pN 
force clamp to measure velocity versus fi lling, and a fi xed trap position mode to measure velocity 
versus force (Fuller et al.  2007b  ) . While this is a slightly less accurate method than the lower-
force, lower-fi lling method described in the previous section, resulting in slightly lower estimates 

  Fig. 24.8    Motor velocity and internal forces resisting DNA packaging. ( a )  f 29 motor velocity versus percentage of 
genome packaged (measured with 5 pN force feedback) in various ionic conditions (see legend). ( b )  f 29 motor veloc-
ity versus applied load force (measured at low capsid fi lling with no feedback). ( c )  f 29 internal force versus percent-
age of genome packaged deduced from the measurements in panels ( a  and  b ). ( d ) Internal force versus percentage of 
genome packaged measured for phage  l  in the absence of gpD (a putative capsid-stabilizing protein). Proposed capsid 
expansion and capsid rupture events are marked by the  dashed vertical lines        
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for internal force, it was adequate for discerning the trends of how packaging forces vary with 
ionic condition. 

 Under each ionic condition, the motor velocity decreased monotonically with capsid fi lling, and 
in all conditions, a sharp drop in velocity was observed above ~50% fi lling (Fig.  24.8a ). The velocity 
converged toward zero at ~100% genome packaging in all cases except with a high Na +  buffer, where 
the velocity approached zero at ~90% fi lling, indicating that packaging would not proceed to com-
pletion in this condition (of highest net DNA charge). The internal forces resisting DNA confi ne-
ment, deduced as described in the previous section, followed the expected trend of decreasing with 
increasing ionic screening (Fig.  24.8c ). Reduced forces similar to those with high Mg 2+  were also 
observed with 1 mM CoHex 3+  added to the standard packaging buffer (less than that needed to 
induce DNA condensation), showing that trivalent cations can screen the DNA very effectively, even 
when in competition with higher concentrations of mono- and divalent cations. A plateau of near-
zero internal force was observed during the fi rst one-third of packaging with the high Mg 2+  and 
CoHex 3+  buffers, but not with the lower-screening buffers. These measurements confi rm the predic-
tion that electrostatic self-repulsion is the dominant force resisting packaging (Riemer and Bloomfi eld 
 1978 ; Tzlil et al.  2003 ; Purohit et al.  2005  ) , although agreement with theoretical predictions is not 
perfect, as discussed below.  

    24.5.3   Theoretical Models for DNA Packaging and Ejection Forces 

 Spurred by the experimental studies described above and complementary measurements of viral 
DNA ejection forces (Evilevitch et al.  2004  ) , many investigators recently worked on theoretical 
models of the forces governing DNA confi nement. Both analytical continuum-elastic models and 
dynamic simulation approaches were used. Analytical models predict specifi c packed DNA 
conformations that would minimize the free-energy change, while the simulations predict DNA con-
formations resulting from stochastic dynamics. Building on earlier work (Riemer and Bloomfi eld 
 1978 ; Odijk  1998  ) , Gelbart and co-workers used Brownian dynamics simulations and analytical 
theory to predict the forces resisting DNA compaction (Kindt et al.  2001 ; Tzlil et al.  2003  ) . Their 
calculations suggest that the DNA conformation would transition through toroidal and spool-like 
geometries with increasing length packaged, resulting in forces rising to tens of piconewtons, in the 
same range as inferred experimentally for  f 29 with optical tweezers measurements (and for  l  as 
well, as discussed further below). The Brownian dynamics simulations assumed a harmonic DNA 
bending potential and an empirical interaction potential deduced from X-ray diffraction data on the 
condensation of DNA by osmotic pressure, which reveal short-range interaxial DNA separations of 
2–3 nm (Rau and Parsegian  1992  ) . Assuming a purely repulsive potential (as with modest screening 
by Na +  and Mg 2+ ), a disordered structure was observed in simulations, but it was speculated that this 
might equilibrate to a spool-like structure, as seen in simulations with an attractive–repulsive poten-
tial on longer time scales (Kindt et al.  2001  ) . Phillips and co-workers further developed coaxial 
inverse spool models and made internal force predictions for various ionic conditions and various 
capsid shapes and sizes (Purohit et al.  2003,   2005  ) . These models agreed well with measurements of 
phage  l  DNA ejection forces (Evilevitch et al.  2003,   2005 ; Grayson et al.  2006  ) , and the experimen-
tally inferred packaging force in  f 29 with Na +  screening was within a factor of two of those predicted 
(2× higher than predicted). However, the experimentally inferred packaging forces with Mg 2+  as the 
dominant screening were ~6× higher than predicted (Fuller et al.  2007b  ) , a result that so far remains 
unexplained. 

 Equilibrium thermodynamic simulations also predicted a spool structure (Marenduzzo and 
Micheletti  2003  ) , but stochastic rotation dynamics simulations predicted a more random 
conformation in the latter stages of packaging (Ali et al.  2006  ) . Harvey and co-workers carried out 
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an extensive series of molecular dynamics (MD) simulations (Harvey et al.  2009  ) . They predicted 
concentric spooling with spherical capsids and folded toroidal conformations with prolate capsids, 
rather than coaxial spools. They also predicted, contrary to other investigators, that entropy plays a 
major role in the free energy of packaging. Other dynamic simulations also found evidence for 
folded toroids (Spakowitz and Wang  2005 ; Forrey and Muthukumar  2006  )  and evidence for none-
quilibrium effects and molecular heterogeneity (i.e., different stochastic conformational dynamics 
of different individual packaging complexes, an effect observed in the optical tweezers experiments 
as well). 

 Several factors may potentially contribute to the discrepancy between the experimentally inferred 
 f 29 packaging forces and theoretical predictions. First,  f 29 DNA may not be uniformly packaged as 
an axially symmetric coaxial spool, as assumed in the analytical theoretical models. Notably, disor-
dered structures are predicted to result in higher internal forces. Cryo-EM reconstructions of T7 
phages suggest that the fully packed DNA is at least partially organized in a coaxial spool, although 
the degree of order toward the interior of the capsid remains unclear (Cerritelli et al.  1997  ) . EM 
images of partially fi lled  f 29 capsids, on the other hand, surprisingly revealed DNA mass density 
uniformly distributed throughout the capsid rather than progressive outside-in layering (Comolli 
et al.  2008  ) . Second, the assumption that internal forces have the same effect on motor velocity as 
externally applied forces may not hold exactly, leading to inaccuracy in determining the former from 
measurements of motor velocity versus capsid fi lling. Third, energy dissipation due to friction may 
occur during packaging, such that the measured work done is higher than the theoretically predicted 
gain in potential energy of the packed DNA. However, observations of rapid slipping during  f 29 and 
 l  packaging and of rapid DNA ejection in the T5 and  l  phages suggest that friction is negligible 
(Smith et al.  2001 ; Mangenot et al.  2005 ; Grayson et al.  2007  ) . Fourth, as suggested by some simula-
tions, the dynamic conformation adopted by the DNA during rapid packaging may not be exactly 
equal to the equilibrated free-energy minimum conformation. Fifth, uncertainty in the exact interior 
volumes of procapsids accessible to packed DNA assessed from cryo-EM data could lead to uncer-
tainty in the theoretical predictions. Finally, DNA–DNA interaction potentials assumed in theoreti-
cal calculations may not be universally applicable in describing the DNA packaged in all types of 
phages in all ionic environments. The potentials used in many models were derived empirically from 
experiments in which straight DNA segments were condensed into hexagonally packed bundles in 
solution by applied osmotic pressure and probed by X-ray diffraction (Rau and Parsegian  1992  ) .  

    24.5.4   Internal Force, Procapsid Expansion, and Procapsid 
Rupture in Phage  l  

 Using the approaches developed for  f 29, Fuller et al. measured internal forces in phage  l . The aver-
age  l  packaging rate decreased substantially with packaging, going from 580 to 240 bp/s as the 
procapsid fi lled from 20 to 90% of the genome length (Fuller et al.  2007a  ) . Since the motor velocity 
decreases with increasing load, this decrease in velocity with capsid fi lling is indicative of a building 
internal force resisting DNA confi nement in the procapsid, analogous to that observed with  f 29. 
Extrapolation of the decreasing packaging rate trend versus length of DNA packaged to 100% fi lling 
suggests that the total time required to package the  l  genome is 2–3 min, about the same as for  f 29. 
In the  l  system, however, the force reached 25 ± 6 pN with 90% of the genome length packaged 
(Fig.  24.8d ), which is notably two- to threefold lower than that found for  f 29 under a similar ionic 
condition. It is especially noteworthy, however, that this internal force fi gure is in excellent agreement 
with phage  l  DNA ejection forces inferred by osmotic pressure experiments (Evilevitch et al.  2004  )  
and DNA confi nement forces predicted by theoretical calculations (Tzlil et al.  2003 ; Purohit et al. 
 2003  ) . That multiple independent approaches to inferring internal force quantitatively agree strongly 
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support the validity of these force determinations and the proposal that the internal force that builds 
during packaging is the primary force driving DNA ejection when the virus infects a host cell. 

 An intriguing behavior observed in the  l  packaging dynamics, not seen in  f 29, was a temporary 
dip in the packaging rate when ~30% of the  l  genome length was packaged (Fuller et al.  2007a  ) . 
Electron microscopy studies showed that  l  procapsids undergo a dramatic conformational change 
that roughly doubles the internal volume of the capsid at some point during packaging (Dokland and 
Murialdo  1993  ) . The dip observed in motor velocity corresponds to a 4 pN increase, then decrease 
in the internal force (Fig.  24.8d ). The presence of this dip strongly supports the long-standing 
hypothesis that internal force builds in the unexpanded procapsid and triggers expansion, which 
temporarily reduces the internal force due to a reduction in DNA confi nement. As packaging pro-
ceeds the motor velocity again slows signifi cantly, consistent with subsequent re-buildup of internal 
force in the expanded procapsid. Notably, the location and magnitude of the dip was found to be 
variable in individual datasets, suggesting that stochastic dynamics are involved and individual pro-
capsids expand at different internal force and fi lling levels. 

 In measurements with phage  l , a number of events were unexpectedly observed where greater 
than 100% of the genome length of DNA was translocated (Fuller et al.  2007a  ) . In all of these events, 
after slowing dramatically, the motor abruptly accelerated to full speed, and this acceleration occurred 
at a distinct point between 90 and 100% packaging (Fig.  24.8d ). Translocation then continued up to 
~105–146% of the genome length, signifi cantly more than expected for the assembly of a viable 
phage. These events strongly suggest that the building internal force at 90–100% of genome packag-
ing causes rupture of the expanded procapsid, which releases the confi ned DNA, presumably through 
cracks in the capsid shell, and relieves the opposing load on the motor. Such rupture likely occurred 
because an accessory capsid protein, gpD, which binds the procapsid during packaging in vivo, was 
not included in the in vitro optical tweezers experiments. These fi ndings provide strong support for 
the long-held notion (Sternberg and Weisberg  1977 ; Perucchetti et al.  1988 ; Yang et al.  2008  )  that 
gpD binding stabilizes the procapsid against a building internal force that accompanies DNA pack-
aging. Recent higher resolution cryo-EM structures of  l  capsids reveal the structural mechanism for 
this stabilization (Lander et al.  2008  ) .   

    24.6   Conclusions and Future Prospects 

 As described above, single-molecule approaches developed over the last decade, particularly the 
optical tweezers method, have led to many advances in our understanding of the detailed biophysics 
of DNA packaging. These single-molecule studies strongly complement traditional biochemical 
studies, in vivo studies, and structural studies. Experiments have informed us about both the function 
and mechanisms of viral molecular motor complexes and the nature of the motor’s task, which is to 
overcome the large forces resisting dense DNA confi nement. Studies of three different virus sys-
tems, bacteriophage  f 29,  l , and T4, have revealed some universal properties, such as very high force 
generation compared with other known motors, and some differences, such as motor velocities, 
capsid expansion effects, and internal forces. High-resolution optical tweezers measurements have 
revealed a surprising burst-dwell stepping behavior for the  f 29 motor, a novel mode of operation that 
has never before been seen in any other molecular motor system. In the  l  system, progress has been 
made in establishing motor structure–function relationships by identifying several mutants having 
specifi c alterations in packaging dynamics. Some progress has also been achieved in using single-
molecule fl uorescence measurements to characterize packaging and conformational dynamics of the 
motor and DNA substrate. 

 While much has been learned from single-molecule studies over the last several years, the 
fi ndings also raise many new questions that will be the target of continuing future investigation. 
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There is much more work to be done on each of the three virus systems already studied ( f 29,  l , and 
T4), and it is also hoped that eventually, these methods will be applicable to other virus systems that 
utilize analogous motor complexes for DNA packaging, such as the medically relevant herpes- and 
adenoviruses. Let us review some potential directions to be pursued: 

  Mechanisms of initiation of packaging : Optical tweezers experiments showed that packaging can 
initiate within seconds when DNA is brought into close proximity with procapsid–motor complexes 
(in the  f 29 and T4 systems) or when DNA–motor complexes are brought into close proximity with 
procapsids (in the  l  system) (Rickgauer et al.  2008 ; Fuller et al.  2007a,   c  ) . Studies suggest that this 
latter pathway of assembly is the prevalent one in  l  in vivo, so it is of interest to investigate whether 
packaging in  f 29 and T4 could also initiate via the formation of motor–DNA complexes. In  f 29 
initiation, optical tweezers measurements revealed an unusual DNA structure at the initiation of 
packaging, with a DNA loop apparently mediated by the gp3 terminal protein (Rickgauer et al. 
 2006  ) . It is unclear how this looped structure is resolved during packaging, and combined optical 
tweezers and fl uorescence measurements with labeled DNA could shed light on this. Optical twee-
zers can also be used to directly probe the formation of DNA loops (Gemmen et al.  2006  ) . In the  l  
system, an accessory protein, gpFI, is essential for effi cient viral assembly in vivo and has been 
implicated in infl uencing initiation of DNA packaging in vitro (Feiss and Catalano  2005  ) . A possible 
role for gpFI in postcleavage steps is suggested by single-molecule packaging experiments, which 
thus far have lacked gpFI and demonstrate that many motor–procapsid binding events do not pro-
ceed to active translocation while others show a signifi cant delay before translocation starts (Tsay 
et al.  2009,   2010  ) . It has been proposed that gpFI may facilitate diffusion of the DNA motor complex 
over the procapsid surface to the portal, or may coat the procapsid surface to block nonproductive 
DNA–motor–procapsid binding, or may alter the interaction between the motor and DNA-binding 
site ( cos  site) to initiate translocation (Murialdo  1991  ) . These models can potentially be discerned 
by comparing initiation dynamics and effi ciency with and without gpFI. 

  High-resolution measurements of motor stepping in the  l  and T4 systems : Having uncovered the 
unusual coordinated 2.5-bp burst-dwell stepping behavior in the  f 29 system (Moffi tt et al.  2009  ) , an 
area of immediate interest for single-molecule experiments is to investigate whether such behavior 
is universal among other virus systems. It will hopefully be possible to extend high-resolution opti-
cal tweezers measurements to the  l  and T4 systems, which do not have signifi cant global sequence 
homology with the  f 29 system (although they may have high structural similarity). Such measure-
ments are challenging, however, due to the 4–10× higher packaging rate of these systems (Fuller 
et al.  2007a,   c  ) . Measurement resolution is ultimately limited by inherent Brownian motion of the 
trapped microspheres and can only be averaged down by reducing measurement bandwidth. 
However, the fi nding that the motors can be slowed by decreasing ATP, increasing load 
force, decreasing temperature, and/or by appropriate mutations (Smith et al.  2001 ; Chemla et al. 
 2005 ; Tsay et al.  2009,   2010  )  should make it possible to resolve the stepping dynamics of the  l  and 
T4 motors. 

  Structure–function relationships : Studies of  l  motor mutants exhibiting altered packaging dynamics 
have begun to inform us on the presence of various motifs and regions of the motor responsible for 
hydrolyzing ATP, converting the released energy into mechanical work, and/or gripping the DNA 
substrate (Tsay et al.  2009,   2010  ) . Future studies using site-directed mutagenesis could more sys-
tematically map out the specifi c critical regions and residues. Of particular interest is to further 
explore the region between the Walker B motif and C motif, wherein change T194M was found to 
cause a sharp reduction in motor velocity without affecting processivity, pausing, or force generation 
(Tsay et al.  2010  ) . Analogous mutational studies could also be extended to the  f 29 and T4 systems, 
and high-resolution motor stepping measurements with mutants may be very informative. Mutant 
studies in  f 29 revealed that deletion of residues of the portal ring, proposed in earlier models to drive 
DNA translocation, did not strongly affect packaging dynamics (R. Atz, S. Grimes, D.L. Anderson, 
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personal communication). It is thus of interest to study the effects of changes in the  f 29 gp16 
ATPase, which is analogous to the  l  gpA large terminase subunit that drives DNA translocation. 
The T4 system is also particularly attractive for studies of structure–function relationships because 
the X-ray crystal structure of the large terminase subunit has been determined and the fi rst specifi c 
structural model for motor function has been proposed (Sun et al.  2008  ) . Specifi cally, electrostatic 
interactions between ion pairs within two globular subdomains separated by a fl exible hinge are 
proposed that produce force and DNA ratcheting motion. Studies with optical tweezers of the effect 
of site-directed mutations in these regions on packaging dynamics are underway. An ambitious 
future direction is to combine optical tweezers measurements of DNA translocation with single-
molecule fl uorescence measurements to probe conformational changes within the motor and the 
effects of site-directed mutations. One unsolved question is to understand why motor velocity can 
dramatically vary in time and for different individual complexes (Fuller et al.  2007c  ) . One explana-
tion could be that these motor complexes may have multiple different active conformational states 
gearing different translocation rates. 

  Further understanding of forces resisting DNA packaging : Studies of  f 29 and  l  revealed that large 
internal force resists packaging and depends on ionic screening of the DNA charge (Smith et al. 
 2001 ; Rickgauer et al.  2008 ; Fuller et al.  2007a,   b  ) . Such studies have also not yet been done with 
bacteriophage T4 because current optical tweezers instruments would have to be reconfi gured to 
attain suffi cient separation range to fully stretch the extremely long T4 genome (171 kbp). While 
studies in  f 29 were able to follow packaging to completion,  l  packaging could not be tracked 
beyond 90% of the genome length without capsid rupture, presumably due to the lack of the gpD 
protein putatively needed to stabilize the capsid (Fuller et al.  2007a  ) . Optical tweezers measure-
ments with added gpD would shed further light on the role of this protein. While inferred internal 
forces were in good agreement with theoretical predictions for  l  packaging and measurements of 
ejection forces (Tzlil et al.  2003 ; Purohit et al.  2005 ; Evilevitch et al.  2004  ) , they were not as in good 
agreement for  f 29, particularly with Mg 2+  as the dominant screening ion. Several issues that could 
explain these discrepancies remain to be investigated, such as the effect of prohead shape ( f 29 and 
T4 have prolate capsids) and whether packaging involves nonequilibrium dynamics and/or dissipa-
tive effects that could make the transient force resisting packaging higher than the equilibrated force, 
later driving DNA ejection. Another unexplored issue is the effect on packaging of polyamine ions 
such as spermidine 3+  and spermine 4+ , which are present in host cells and have higher screening 
capacity than Mg 2+ . At high enough concentrations, such polyamines are capable of completely 
neutralizing the DNA charge and inducing spontaneous DNA condensation (Baumann et al.  2000  ) . 
While such an effect could reduce the internal packing forces, condensation of DNA outside the 
capsid could interfere with packaging and/or present an “external” load on the motor. In vivo, there 
are also DNA-binding proteins of interest to study, both viral and host gene products, as they would 
likely have to be stripped from the DNA during packaging and likely present another load on the 
motor that could affect packaging dynamics. 

  Mechanisms of termination of packaging : While  f 29 packages a genome that is replicated as a 
monomer,  l  and T4 and many other dsDNA virus motors utilize an endonuclease function to excise 
a unit length genome from a string of catenated genomes produced by rolling circle replication (Rao 
and Feiss  2008  ) . The  l  motor initiates packaging at a specifi c  cos  site in the concatemer, translocates 
DNA into the capsid, and fi nally recognizes the downstream  cos  site, which signals the end of the 
genome. Arrest of the translocating terminase complex at the terminal  cos  site requires not only 
interaction with the  cosQ  and  cosN  elements but also activation of a sensor that somehow detects the 
extent of DNA packaging in the capsid. The existence of such a “headful” sensor mechanism is 
indicated by experiments that show that  l  terminase fails to arrest at an ectopic  cos  site placed earlier 
in the DNA substrate such that the site is reached with <80% of the wild-type genome length 
packaged (Cue and Feiss  1997  ) . Bacteriophage T4 packaging also relies on a headful mechanism 
independent of a specifi c termination site. 
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 Several models have been proposed for how an extent-of-packaging sensor may work (Casjens 
et al.  1992 ; Lander et al.  2006  ) . One possibility is that the density of packaged DNA is monitored by 
the motor, perhaps via a domain of the portal that senses internal pressure of DNA confi nement 
inside the capsid. When a critical point is reached, a conformational change of the portal protein 
activates terminase’s endonuclease activity. A second possibility is that effi cient binding of  cosQ  
requires that motor velocity has slowed substantially, as occurs in the latter stages of packaging due 
to buildup of internal pressure resisting DNA confi nement. A third possibility is that the packaging 
motor can directly measure the energy (or work = resisting force × distance translocated per motor 
step) required to package DNA and cleavage activity is enabled when a critical energy or resisting 
force has built up. 

 Single-molecule measurements should permit these models to be distinguished in  l  packaging 
termination experiments. Specifi cally, Feiss, Catalano, and Smith have proposed experiments to 
probe for termination in a DNA substrate with an ectopic  cos  termination site placed at an early posi-
tion that would be reached by the motor when only a small amount of DNA has been packaged. 
Measurements with reduced ATP, reduced temperature, and/or using the slow T194M mutant would 
examine whether reducing the motor velocity triggers early termination. Measurements with increas-
ing load force applied with optical tweezers would test whether an “energy sensor” triggers early 
termination. If neither velocity reduction nor force increases triggers termination, this would suggest 
that the motor has a separate packaging sensor domain which functions independently of the DNA 
translocating motor domain.      
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  Abstract   Tailed bacteriophages use a portal system for genome entry and exit from viral capsids. 
Here, we review the mechanisms how these movements are controlled by the genome gatekeeper that 
assembles at the portal structure. Phage DNA is packaged at high pressure inside the viral capsid by a 
powerful motor. The viral genome is translocated through the central channel of the portal protein 
found at a single vertex of the capsid. Packaging is normally terminated by endonucleolytic cleavage 
of the substrate DNA followed by disassembly of the packaging motor and closure of the portal sys-
tem, preventing leakage of the viral genome. This can be achieved either by conformational changes 
in the portal protein or by sequential addition of proteins that extend the portal channel (adaptors) and 
physically close it preventing DNA exit (stoppers). The resulting connector structure provides the 
interface for assembly of short tails (podoviruses) or for attachment of preformed long tails (siphovi-
ruses and myoviruses). The connector maintains the viral DNA correctly positioned for ejection that 
is triggered by interaction of the phage particle with bacterial receptors. Recent exciting advances are 
providing new molecular insights on the mechanisms that ensure precise coordination of these critical 
steps required both for stable viral genome packaging and for its effi cient release to initiate infection.   

     25.1   Introduction 

 Virus particles (virions) are designed to protect their viral genome from environmental insult and to 
ensure its effi cient delivery to the host cell. Two major strategies were devised by viruses to achieve 
this goal. The fi rst is the coassembly of nucleic acid and coat protein leading to genomes packed in 
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a protein-rich viral particle. Some families of these viruses are also characterized by presence of a 
lipid envelope. The resulting virus particle (partially) disassembles upon infection to expose the viral 
genome for its expression inside the host cell. A second strategy is the preassembly of a protein lat-
tice called procapsid followed by packaging of the viral genome to the procapsid interior powered 
by a molecular motor. The energy consuming nucleic acid pumping leads to tight genome packing 
inside the viral particle, thus maximizing the amount of genetic information that is transported in the 
nucleic acid-rich virion. 

 Double-stranded DNA (dsDNA) viruses of the tailed bacteriophages–herpesviruses viral lineage 
(Bamford et al.  2005  )  provide a paradigm for viruses using a genome packaging motor. Their preassem-
bled icosahedral procapsid is characterized by the presence of a specialized vertex formed by the dodeca-
meric  portal protein . The portal vertex provides the docking point for the viral ATPase complex ( terminase ). 
This complex contains normally multiple copies of two different subunits, a large two-domain subunit 
with ATPase and endonuclease activities (Sun et al.  2008  ) , and a small subunit that recognizes viral DNA 
(Chap.   22    ). The terminase bound to the portal vertex forms the packaging motor that translocates the viral 
dsDNA to the procapsid interior through the central portal channel (Fig.  25.1 ). At late stages of encapsida-
tion, the increasingly compact arrangement of the highly negatively charged DNA leads to a steep rise of 
pressure inside the capsid that can reach ~6 MPa (Smith et al.  2001 ; Chaps. 21 and 24 ) .  

 Packaging termination and disassembly of the packaging motor are tightly coordinated with 
closure of the portal system to avoid leakage of the viral genome. In tailed bacteriophages, this is most 
frequently achieved through the binding of  head completion proteins . The knob formed by the portal 
dodecamer and these proteins is named  connector  1  (Lurz et al.  2001 ; Orlova et al.  2003  ) . In functional 
terms, it is the structure present at the portal vertex of metastable DNA-fi lled capsids before attach-
ment of the phage tail. This defi nition comprises most of the podoviruses small tails offering the 
advantage of a functional comparison between the structures found in the three morphotypes of tailed 
phages: podoviruses, siphoviruses, (phages with long noncontractile tails), and myoviruses (phages 
with long contractile tails). The connector provides a platform for completion of short-tail assembly 
in podoviruses (Johnson and Chiu  2007 ; Chap.   7    ) or for docking of preassembled long tails in myo- 
and siphoviruses (Chaps. 5 and 6). In phages with a long tail, the region between the portal protein 
and the helical tail tube is defi ned as the  head-to-tail interface  or  neck  (Fig.  25.1 ). The neck is com-
posed of the connector and of the  tail completion proteins . These proteins are added to the tail tube at 
a late step of assembly. They form the tail interface that will interact with the capsid connector to form 
mature virions (Fig.  25.1 ). The connector, possibly in coordination with other neck components, is the 

  Fig. 25.1    Late steps of the siphovirus assembly pathway and DNA ejection. The effectors of DNA packaging (portal 
in  blue  and terminase in  gray ) and connector assembly are indicated. The adaptor ( magenta ) is a head completion 
protein that extends the portal channel and the stopper ( green ) closes this channel during connector assembly. The tail 
completion proteins are shown in  pink . They form the neck structure together with the connector components upon 
head-to-tail joining. The bacterial receptor that triggers DNA release from the virion is depicted in  brown        
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   1   Please note that some authors use the term “connector” to designate exclusively the portal protein.  
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valve that opens in response to tail binding to the host cell for genome release from the capsid. DNA 
then exits through the tail tube to enter the bacterial cytoplasm, a process initially energized by the 
internal DNA pressure inside the phage capsid (Evilevitch et al.  2003 ; São-José et al.  2007  ) . Here, we 
review current knowledge on the coordinated processes of genome packaging termination, connector 
assembly, and reversible closure of the capsid portal system in tailed bacteriophages.  

    25.2   DNA Packaging and Its Termination 

 The dsDNAs found in virions of tailed phages are linear molecules as found also in pox-, adeno-, and 
herpesviruses. However, the topology of the chromosome differs among viruses as a result of the 
substrate used for encapsidation or of different modes of packaging termination. In most phages, the 
dsDNA substrates for packaging are head-to-tail multimers of the viral genome (concatemers) gener-
ated by rolling circle replication or recombination. The chromosomes of many phages are terminally 
redundant [e.g., phages T4, P22, T1, P1, or SPP1 (reviewed in Black  1989 ; Chap. 22 ) ]. Their encapsi-
dation is normally initiated by an endonucleolytic cleavage at a defi ned sequence ( pac ) of the sub-
strate DNA concatemer although some phages like T4 do not use a unique site for the initial cleavage. 
Packaging proceeds unidirectionally until a threshold amount of DNA is reached inside the viral 
capsid. Head fi lling triggers an apparently sequence-independent cleavage of the DNA concatemer 
defi ning the size of the packaged DNA. The headful cleavage is imprecise leading to variations in 
chromosome size of more than 1 kb (Casjens and Hayden  1988 ; Tavares et al.  1996  ) . The mechanism 
requires a sensor that measures the level of DNA head fi lling and a headful nuclease. Single amino 
acid substitutions in the portal proteins of bacteriophages P22 (Casjens et al.  1992  )  and SPP1 
(Tavares et al.  1992 ; Isidro et al.  2004a,   b  )  were shown to affect the headful gauge. The SPP1 wild 
type and mutant proteins have structural differences in the region that they expose to the capsid inte-
rior (Orlova et al.  1999  ) . This region in direct contact with the tightly packed DNA is ideally suited 
for a sensor function (Lander et al.  2006 ; Tang et al.  2011  ) . The effector of the headful cut is most 
likely the terminase large subunit, the only component of the DNA packaging motor with known 
endonucleolytic activity (reviewed in Rao and Feiss  2008  ) . Cleavage is probably achieved by a switch 
of its ATPase to endonuclease activity (Camacho et al.  2003  ) . After termination of the fi rst packaging 
cycle initiated at  pac  (initiation cycle), a second packaging event is initiated at the nonencapsidated 
DNA end created by the headful cleavage and additional cycles of encapsidation follow 
(Streisinger et al.  1967 ; Tye et al.  1974  ) . Some packaging series can yield 12 encapsidation events or 
more revealing the high processivity of the packaging machinery (Adams et al.  1983 ; Tavares et al. 
 1996  ) . Mechanistically, this implies that the viral ATPase/endonuclease remains associated to the 
substrate DNA concatemer end after headful cleavage and motor disassembly from the DNA-fi lled 
capsid. The nucleoprotein complex rebinds at a procapsid portal, and a new packaging cycle ensues. 

 Phages like lambda have their genome delimited by complementary cohesive ends ( cos ) in the 
concatemer substrate. The  cos  sequence is cleaved at the initiation step of the encapsidation cycle. 
Termination of packaging is also achieved by introducing staggered nicks at another  cos  generating 
a set of identical unit-genome length chromosomes found in mature virions (Feiss and Catalano 
 2005 ; Chap. 22 ) . In spite of this sequence specifi city, a requirement for head fi lling to achieve the 
terminal cos cleavage was reported for lambda (Feiss and Siegele  1979  ) . Elegant genetic experi-
ments also showed sequential processive packaging of lambda DNA (Feiss et al.  1985  )  highlighting 
mechanistic similarities with the headful packaging system described above. 

 Other phages, whose prototypes are T3 and T7, have unique ends with terminally redundant 
sequences. The packaged DNA molecules are thus identical. In this case, the concatemer DNA sub-
strate being packaged is cleaved at a specifi c sequence, and local replication duplicates the terminal 
redundancy. One copy of the terminal redundancy is encapsidated to terminate the packaging cycle, 
while the other copy remains associated to the terminase. This nucleoprotein complex then binds a 
procapsid to initiate the following packaging cycle (Fujisawa and Morita  1997  ) . The termination 
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cleavage of the DNA substrate can also occur by a headful mechanism if defi ned packaging signals 
are absent in the substrate concatemer (Hashimoto and Fujisawa  1992  ) . 

 Viruses with protein-primed DNA replication like phage  f 29 or adenovirus package linear unit-
genome length DNA molecules with a terminal protein (gp3 in case of  f 29) covalently linked to each 
5 ¢  end (Salas  2006  ) . Endonucleolytic cleavage is thus not required to terminate packaging. In this 
last case, no DNA headful requirement was reported for termination of DNA packaging and subse-
quent achievement of phage assembly.  

    25.3   Sealing of the Portal System: Components 
and Assembly Mechanism 

 Termination of phage genome packaging, frequently achieved by an endonucleolytic cleavage and 
marked by dissociation of the terminase motor from the portal protein, is followed by sequential 
binding of proteins to the portal. These assembly reactions gate the portal system and create the 
structural context for attachment of the machinery for delivery of the viral genome to the host bac-
terium. We describe below components of the genome gatekeeper system and current knowledge of 
its mechanisms of assembly. 

    25.3.1   The Portal Protein 

 The portal protein is the key component of capsids for DNA packaging and for initiation of connec-
tor formation at the end of the genome encapsidation process. The structural organization of portal 
proteins is highly conserved among tailed bacteriophages and herpesviruses (Bazinet and King 
 1985 ; Valpuesta and Carrascosa  1994 ; Orlova et al.  1999 ; Simpson et al.  2000 ; Newcomb et al. 
 2001 ; Guasch et al.  2002 ; Lebedev et al.  2007 ; Olia et al.  2011  ) . They are cyclical oligomers orga-
nized around a central channel or tunnel through which dsDNA enters and exits from the viral capsid 
(Figs.  25.1  and  25.2 ). Isolated assembly naïve portals of different viruses represent homogeneous or 
mixed populations of oligomers comprising 11, 12, 13, or 14 subunits (Dube et al.  1993 ; van 
Heel et al.  1996 ; Orlova et al.  2003 ; Cingolani et al.  2002 ; Trus et al.  2004 ; our unpublished results). 
However, in viral particles, portals are invariably dodecamers, an association state that is strictly 
imposed during procapsid assembly.  

 The subunit of portal proteins can vary greatly in molecular mass, from the small gp10 of phage 
 f 29 (~36 kDa) to the large gp1 of podovirus P22 (~83 kDa). In spite of these variations, all portals 
share a common fold revealed by the crystallographic structures of the  f 29, SPP1, and P22 portals 
(Simpson et al.  2000 ; Lebedev et al.  2007 ; Olia et al.  2011 ; Fig.  25.3 ). A search using their subunit 
three-dimensional fold identifi ed a fourth portal encoded by the  Corynebacterium diphtheriae  
genome. Each portal subunit can be subdivided into the clip, stem, wing, and crown regions (Fig.  25.3 ; 
Lebedev et al.  2007  ) . The clip represents the region of the portal exposed to the capsid exterior for 
sequential binding to the terminase for DNA packaging (Simpson et al.  2000 ; Sun et al.  2008  )  and 
later to a head completion protein for connector assembly. This part of the portal that provides 
extensive intersubunit contacts is linked to the wing and crown regions through the  a -helical stem. 
The protein parts forming the clip and stem have highly conserved folds among portals, while the 
wing and crown vary signifi cantly in size and complexity (Fig.  25.3 ). The wing irradiates outward 
from the stem to form a well-distinct radial domain with an  a / b  fold. It has a clear handedness confer-
ring a turbine-like appearance to the portal. The  a -helical crown that is very small in phage  f 29 
becomes more elaborated in SPP1 and features an impressive 213 amino acid long  a -helical region 
in phage P22 (Fig.  25.3 ). This helix assembles into a coiled-coil barrel of 200 Å height that forms a 
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core protruding from the crown to near the capsid center (Olia et al.  2011 ; Tang et al.  2011  ) . Sequence 
homology searches revealed the presence of putative C-terminal barrels in a large subgroup of podovi-
ruses. P22 portals with long deletions of the barrel (>75 amino acids) were competent for assembly 
of mature virions. However, most of these particles were noninfectious suggesting that the major 
function of the barrel is exerted during initiation of host infection (Tang et al.  2011  ) .   

    25.3.2   Head Completion Proteins: Adaptors and Stoppers 

 Head completion proteins bind sequentially to the portal vertex after DNA packaging termination. 
Their function is to seal the portal gate and to provide a hub for tail assembly in podoviruses or a 
platform for binding of a preformed long tail in siphoviruses and myoviruses. Mutants defective on 
one or both of these functions led to the identifi cation of head completion proteins in a number of 
phages and provided information on their order of assembly at the portal vertex (Sect.  25.3.3 ). More 
recently, cryo-electron microscopy (cryo-EM) reconstructions of intact virions or of their subassem-
blies allowed correlating the mutant phenotypes with positioning of head completion proteins in the 
virion structure. These proteins can be distinguished according to their role as adaptors, when they 
extend the portal protein tunnel, or stoppers, if they plug reversibly the tunnel to prevent DNA exit. 

 Structural analyses of head completion proteins identifi ed by now four families that have distinct 
folds. Bioinformatics searches showed that each family comprises a large number of proteins found 
in bacteriophages and prophages. The fi rst family is presently represented by gp15 from bacterio-
phage SPP1, two proteins encoded by prophages of  Bacillus subtilis , gp6 from phage HK97, and gp4 
of phage P22. The fi rst three structures were obtained by NMR of monomers (Lhuillier et al.  2009  ) , 
while gp6 (HK97) and gp4 (P22) were determined by crystallographic analysis of a 13-mer 
ring (Cardarelli et al.  2010a  )  and of a cyclical dodecamer (Olia et al.  2011  ) , respectively (Fig.  25.4 ). 

  Fig. 25.2    Asymmetric reconstructions of the DNA-fi lled capsids of bacteriophages T7 (Agirrezabala et al.  2005 ; 
EMD-1164),  f 29 (Xiang et al.  2006 ; EMD-1265 and EMD-1266),  e 15 (Jiang et al.  2006 ; EMD-1175), P22 (Lander et al. 
 2006 ; EMD-1220), and T4 (Fokine et al.  2004 ; EMD-1075). In case of  f 29 superimposition of the empty and 
DNA-fi lled capsid allowed to distinguish DNA ( violet ) from the capsid ( gold ). The reconstruction of the SPP1 connec-
tor purifi ed from disrupted DNA-fi lled capsids is also shown (Orlova et al.  2003 ; EMD1021). The position of the 
portal protein, whose typical shape is easily identifi able at the capsid portal vertex, is shown by a  red arrow        
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  Fig. 25.3    Single subunits extracted from crystallographic structures of portal protein cyclical oligomers. The name 
of the protein and its origin are shown in the fi gure. The different regions of the portal structure are labeled in the 
subunit of gp1 from bacteriophage P22. The three  a -helices that are conserved among portal structures and the helix 
forming the long barrel of the phage P22 portal are highlighted. The PDB codes are 1FOU/1HJW for gp10 of  f 29, 
3KDR for the protein of  Corynebacterium diphteriae  genome, 2JES for gp6 of SPP1, and 3LJ5 for gp1 of P22. 
Structures are ordered from left to right according to the increasing size of their amino acid sequence       

The latter was obtained by assembly of gp4 monomers onto the portal dodecamer of phage P22, thus 
mimicking the fi rst step of connector assembly (Olia et al.  2011  ) . The three known phage proteins 
of this family operate as adaptors that bind directly to the portal protein during connector assembly 
suggesting that the prophage-encoded proteins have a similar function. All are formed by a 3- or 
4- a -helix bundle stabilized by a small hydrophobic core. They are also characterized by the pres-
ence of highly mobile loops, as assessed by NMR for the  a 2 a 3 loop of SPP1 gp15 (Lhuillier et al. 
 2009  ) , and/or fl exible C-terminal regions, as suggested from the X-ray data on HK97 gp6 
(Cardarelli et al.  2010a  )  and P22 gp4 (Olia et al.  2011  ) .  

 The second family comprises small proteins whose prototype is gpW of bacteriophage  l . GpW 
is a component of the bacteriophage lambda connector (Gaussier et al.  2006 ; Cardarelli et al.  2010b  ) . 
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It likely binds directly to the portal protein as found for the gp15 and gp4 adaptors of phages SPP1 
and P22, respectively. Although these three proteins share an  a -helical-rich structure, their fold is 
distinct (Lhuillier et al.  2009  ) . The gpW basic protein is a monomer formed of two  a -helices sepa-
rated by a  b -hairpin (Fig.  25.5 ; Maxwell et al.  2001  ) . Its unstructured C terminus is essential for 
function (Maxwell et al.  2000,   2001  ) . GpW acts as a stopper that prevents exit of the genome from 
 l  DNA-fi lled capsids (Perucchetti et al.  1988  ) .  

 The third family includes gpFII of phage  l  and gp16 of phage SPP1 sharing a common  b -barrel 
fold that is also found in proteins XkdH and SF1141 encoded by phage-related sequences from the 
 B. subtilis  and  Shigella fl exneri  2a genomes, respectively (Fig.  25.6 ; Maxwell et al.  2002 ; 
Lhuillier et al.  2009  ) . The protein monomers are again characterized by large unstructured loops that 
are highly mobile. Gp16 was shown to be the stopper of the SPP1 connector (Lhuillier et al.  2009  ) . 
In contrast, DNA is retained in  l  capsids lacking gpFII. The possible function of this protein that 
binds after gpW to the portal vertex of the DNA-fi lled capsid could be providing an interface for tail 
attachment (Casjens et al.  1972 ; Cardarelli et al.  2010b  ) .  

  Fig. 25.4    Monomers (gp15 and YqbG) and single subunits (gp6 and gp4) of adaptors of the gp15 (SPP1) – gp6 
(HK97) family. The structures were aligned relatively to gp4 of P22 which is the only protein whose orientation relative 
to the portal protein was established at atomic resolution (Fig.  25.7 ; Olia et al.  2011  ) . The fl exible loop  a 2 a 3 of gp15 
(SPP1) is identifi ed in the fi gure. The PDB codes are 2KBZ for gp15 of SPP1, 3JVO for gp6 of HK97, 1XN8 for YqbG 
of the skin element encoded by the  B. subtilis  genome, and 3LJ4 for gp4 of P22       

  Fig. 25.5    Monomer of the stopper gpW from phage  l  (PDB code 1HYW)       
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 The fourth family is typifi ed by gp26, the thin needle that closes the connector of bacteriophage 
P22 during assembly and penetrates the bacterial envelope at the beginning of infection (Fig.  25.2 ). 
These needle-like proteins are characteristic of a subgroup of podoviruses where the needle plays the 
double role of stopper and puncturing device (Bhardwaj et al.  2009 ; Chap. 7 ) . Piercing of the cell 
envelope and opening of the conduit for DNA passage to the cytoplasm are thus intimately linked in 
these viruses. Gp26 is a homotrimeric 240-Å-long fi ber formed by two coiled coils interrupted by a 
triple  b -helix (Olia et al.  2007b  ) . Consistent with its cell puncturing role, the gp26 needle has a slen-
der rigid structure that can be unfolded only at 85°C or in the presence of ~6.4 M guanidine hydro-
chloride (Bhardwaj et al.  2007,   2009  ) .  

    25.3.3   Mechanisms of Connector and Neck Assembly 

 Closure of the portal vertex is a late step in the obligate sequential program of interactions leading 
to assembly of infectious tailed phages. The interaction of head completion proteins with the portal 
vertex needs to be tightly regulated, both to avoid premature binding before DNA packaging com-
pletion and to ensure that departure of the terminase from the portal is coordinated with rapid con-
nector assembly. The control of the correct order of assembly relies mostly on the conformational 
properties of viral proteins and their complexes because the phage building blocks are synthesized 
roughly at the same time in the infected cell (Casjens and Hendrix  1988  ) . A detailed study of the 
sequence of assembly reactions leading to connector and phage assembly in an in vitro system with 
purifi ed components was reported for phage  l  (Gaussier et al.  2006  ) . 

 There is little information on the mechanisms that ensure coordination of the endonucleolytic 
cleavage that terminates packaging with departure of the terminase–DNA complex from the portal 
to start the following packaging cycle (Sect.  25.2 ). No proteins other than those found in the 
packaging motor were reported to be required to achieve packaging termination. This step can be 
uncoupled from binding of head completion proteins that seal the portal channel (Orlova et al.  2003  ) . 
However, during phage assembly, dissociation of the terminase–DNA complex from the portal shall 
be coordinated with the subsequent binding of head completion proteins, a requirement to produce 
metastable DNA-fi lled capsids in most phages. Conformational changes in the portal protein that 
precede or result from terminase departure were proposed to occur. Their role is to avoid packaged 
DNA exit from capsids as reported for phage T3 (Donate et al.  1988 ; Valpuesta et al.  1992  )  and/or 
to create the binding sites for the fi rst head completion protein. These sites are expected to be exposed 
for binding only after DNA encapsidation to avoid that the head completion proteins compete with 

  Fig. 25.6    Monomers from the gpFII ( l ) – gp16 (SPP1) family. The structures were aligned relatively to gp16 whose 
orientation in the SPP1 viral particle was defi ned by docking its NMR structure into the connector EM map 
(Lhuillier et al.  2009  ) . The fl exible loop   b 2  ¢   b 3  of gp16 from SPP1 that folds to a   b  -strand during connector assembly 
(see text) is identifi ed in the fi gure. The PDB codes are 2KCA for gp16 of SPP1, 2KZ4 for SF1141 of  Shigella  
genome, 1K0H for gpFII of phage  l , and 3F3B for XkdH of PBSX       
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the terminase for assembly at the portal vertex, ensuring the correct order of assembly events for 
productive virus particles assembly. Interestingly, a single amino acid substitution in the SPP1 portal 
protein allows for headful cleavage but impairs retention of unit-length SPP1 chromosomes inside 
the capsid (Isidro et al.  2004a  ) . The mutation is located in a portal region exposed to the capsid 
exterior where other mutations that block earlier DNA packaging steps were found (Isidro et al. 
 2004b ; Lebedev et al.  2007 ; Oliveira et al.  2006,   2010  )  suggesting that the terminase and the adaptor 
gp15 bind sequentially to identical portal regions. Comparison between cryo-EM reconstructions of 
the isolated SPP1 portal and the portal embedded in the connector suggested structural changes in 
the portal clip that were interpreted to prime binding of gp15, but the boundaries between the two 
proteins could not be defi ned (Fig.  25.7a ; Orlova et al.  2003 ; Lebedev et al.  2007  ) . In contrast, the 
fi rst atomic structure of a portal – head completion protein, the gp1–gp4 complex of phage P22 
(Olia et al.  2011 ; Fig.  25.7b ) – showed virtually no major differences between the portal in the com-
plex and the structure of isolated portal protein gp1 at 7.5 Å resolution.  

 The P22 gp1–gp4 structure provides an instructive case for the mechanism of head completion 
proteins assembly at the portal protein (Olia et al.  2011  ) . Gp4 (adaptor), gp10 (adaptor), and gp26 
(stopper) bind sequentially to the portal vertex of P22 to seal the packaged DNA (Strauss and King 

  Fig. 25.7    SPP1 connector with the structures of its individual protein components (gp6,  blue  – portal; gp15, 
 magenta  – adaptor; gp16,  green  – stopper) fi tted into the cryoEM map of the connector (Orlova et al.  2003 ; 
Lhuillier et al.  2009  )  ( a ) and structure of the P22 portal (gp1,  blue ) – adaptor (gp4,  magenta ) complex determined by 
X-ray crystallography (Olia et al.  2011  )  ( b ). Note that the large coiled-coil barrel of P22 gp1 (cf. Fig.  25.3 ) is not vis-
ible in this structure (Olia et al.  2011  ) . Side views of the whole complex ( left ) and of a central slice of the EM map 
(SPP1) or of two opposite subunits (P22) ( right ) are shown       
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 1984 ; Olia et al.  2007a  ) . Gp4 is a monomer in solution at millimolar concentrations. It readily oli-
gomerizes upon binding to the gp1 portal dodecamer (Olia et al.  2006 ; Zheng et al.  2008  ) . In the 
crystallographic structure of the gp1–gp4 stacked dodecamers, each gp4 subunit binds between two 
gp1 subunits, and its C-terminal tail extends to sit at the interface between two other neighbor gp1 
subunits. Each gp4 chain thus contacts a total of four different portal subunits explaining why gp4 
does not bind to gp1 monomers. The binding interface between gp4 subunits in the complex is only 
~900 Å 2  explaining also why gp4 does not oligomerize in the absence of portal oligomers. The struc-
ture reveals a mechanism for gp4 association driven by the portal but does not explain how the 
interaction is avoided earlier in assembly. This could be achieved if gp1 is a monomer when free in 
the infected cell (Moore and Prevelige  2001,   2002  )  and if the interfaces of gp1 where gp4 binds are 
shielded in the procapsid structure, becoming exposed upon departure of the terminase–DNA com-
plex (Tang et al.  2011  ) . 

 Gp4 of phage P22 is structurally similar to the adaptors gp15 of SPP1 and gp6 of HK97 (Fig.  25.4 ) 
suggesting that they share a common association mechanism to the portal. However, gp15 does not 
bind to isolated SPP1 portal protein oligomers, and it lacks the C-terminal region found in gp4 that 
is located in the groove of the interface between adjacent portal subunits in P22. It remains to be 
established if these differences account for the inability of gp15 to bind to the portal outside of the 
capsid context and if a similar portal–adaptor interaction interface is found in the P22 and SPP1 
phage particle structures. Alternatively, a hinge-like structural rearrangement is proposed for gp15 
stable assembly at the portal vertex on the basis of the docking of the gp15 structure into the cryo-
EM map of the SPP1 connector (Lhuillier et al.  2009  ) . 

 The gp6 adaptor of HK97 has the particularity to assemble cyclical oligomers at micromolar 
concentrations (Cardarelli et al.  2010a  ) . It was observed that the gene coding for the adaptor protein 
has a weak ribosome binding site leading to production of very low amounts of gp6 which are prob-
ably monomers in infected bacteria. Overproduction of gp6 is highly detrimental for HK97 multipli-
cation probably due to gp6 oligomerization, an effect that can be reversed by mutations that impair 
association of gp6 rings (Cardarelli et al.  2011  ) . This study suggests that the requirement for adaptor 
monomers for connector assembly is fulfi lled by a low-gene-dosage mechanism in case of phage 
HK97. It also shows that single amino acid substitutions can have a dramatic impact on the mecha-
nisms of large macromolecular machines assembly. 

 Numerous nonassembled head completion proteins and components of long tails from many 
phages are characterized by the presence of large disordered regions that frequently account for 
more than 20% of the total protein amino acid sequence (Maxwell et al.  2001,   2002 ; Edmonds et al. 
 2007 ; Lhuillier et al.  2009 ; Pell et al.  2009  ) . These regions are proposed to regulate assembly by 
folding upon interaction with their partners in a macromolecular complex and, in this way, creating 
the binding sites for the following component in the assembly pathway. A compelling case is illus-
trated by the gp16 stopper of SPP1. The gp16 monomer has two large unstructured loops (Fig.  25.6 ). 
   When gp16 is in the SPP1 connector, both loops adopt well-defi ned positions that correspond to 
regions of electron density in the cryo-EM map of the connector suggesting that they acquired a 
defi ned fold (Lhuillier et al.  2009  ) . One of these ( b 2 ¢  b 3) fi ts into the stopper region that closes the 
connector (Figs.  25.6  and  25.7a ). Modeling calculations and intersubunit cross-linking experiments 
with engineered disulfi de bridges strongly suggest that the fl exible loop of each subunit folds to form 
one of the 12 strands of the parallel  b -sheet that closes the portal channel (Lhuillier et al.  2009  ) . 
Studies with the structurally homologous protein gpFII indicated that this region corresponding to 
the gp16  b 2 ¢  b 3 loop is essential for tail attachment to DNA-fi lled capsids in phage  l  (Cardarelli et 
al.  2010b ). 

 In phages with long tails, the connector of the DNA-fi lled capsid binds to the tail end distal from 
the adsorption apparatus to form the neck. This end of the tail is formed by  tail completion proteins  
which are required to stop assembly of the tail tube and to build a functional joint with their connec-
tor interaction partners (Chaps. 5 and 6).  
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    25.3.4   DNA Priming for Ejection at the Head-to-Tail Interface 

 A critical requirement for phage viability is that the viral DNA can fi nd its way out of the capsid at 
the beginning of infection. The observation that the last end of the dsDNA linear molecule that was 
packaged remains bound to the neck explains how polar exit of the viral chromosome from phage 
particles is ensured    (Thomas  1974 ; Chattoraj and Inman  1974 ; Tavares et al.  1996  ) . This DNA end 
was observed to exit fi rst from virions when SPP1 DNA ejection is triggered in vitro (Tavares et al. 
 1996  ) . Furthermore,  l  phages defective for the neck–DNA-end interaction have very reduced infec-
tivity in spite of the normal morphology of their viral particle (Thomas et al.  1978  ) . The phenotype 
was attributed, at least partially, to ineffi cient delivery of viral DNA to the host bacterium. One of 
these mutants lacks the tail completion protein gpZ present in the neck structure of wild-type virions 
after the head-to-tail joining reaction. It was also proposed that  l  DNA might penetrate the tail tube 
in mature virions (Thomas  1974  ) . These observations suggest that  l  tail binding to DNA-fi lled 
capsids leads to opening of the connector channel, previously closed by gpW (see Sect.  25.3.2 ; 
Perucchetti et al.  1988  ) , allowing for DNA to enter the tail in the infectious phage. The situation is 
different in phage SPP1 where a 19–29 nm segment of the phage chromosome is fi rmly attached to 
the neck, a size that fi ts accurately to the height of the portal channel closed by the gp16 stopper 
(Fig.  25.7a ; Tavares et al.  1996 ; Orlova et al.  2003  ) . 

 The determination of asymmetric cryo-EM reconstructions from complete podovirus particles in 
recent years opened the way to direct visualization of DNA interactions in the connectors of phages 
T7 (Agirrezabala et al.  2005  ) ,  f 29 (Xiang et al.  2006 ; Tang et al.  2008  ) ,  e 15 (Jiang et al.  2006 ; 
Murata et al.  2010  ) , P22 (Lander et al.  2006 ; Chang et al.  2006  ) , and P-SSP7 (Liu et al.  2010  )  
(Fig.  25.2 ; Chap. 7). DNA in the neck of myovirus T4 was also found (Leiman et al.  2004  )  (Fig.  25.2 ). 
Defi ning the boundaries between the averaged DNA molecule density and surrounding proteins is a 
challenging task. However, this problem is overcome by the improving resolution of the reconstruc-
tions and by the studies of structures with and without DNA that provide snapshots of the initial and 
fi nal states of the viral genome release process (cf. structure of  f 29 in Fig.  25.2 ).   

    25.4   Phage–Host Interaction: Trigger of the Portal System 
Opening and DNA Egress 

 Closure of the portal system preventing leakage of packaged DNA needs to be reversed for genome 
delivery to the host cell at the beginning of viral infection. 

 The phage tail adsorption apparatus of bacteriophages recognizes and binds specifi cally receptors 
at the bacterial surface (Vinga et al.  2006  ) . These apparatus vary in their complexity from single tail 
fi bers to intricate combinations of tail spikes and complex baseplates (Fig.  25.2 ; Rossmann et al. 
 2004 ; Agirrezabala et al.  2005 ; Tang et al.  2005 ; Xiang et al.  2006 ; Jiang et al.  2006 ; Lander et al. 
 2006 ; Plisson et al.  2007 ; Sciara et al.  2010 ; Veesler et al.  2010 ; Chaps. 5–7). Irreversible binding of 
the adsorption machinery to the bacterium commits the virus to infection. The tail structure then 
orchestrates the controlled transfer of the phage DNA from the viral capsid, across the bacterial 
envelope, to the bacterial cytoplasm (Vinga et al.  2006  ) . The program of structural rearrangements 
that occur in the virus particle to fulfi ll these tasks is still poorly understood. 

 In phages with short tails, there are a limited number of tail effectors for infection, and the recep-
tor-binding proteins (RBPs) are physically proximal or directly associated to the connector. This 
structural design requires a close coordination between RBPs binding to the receptors, attack of the 
bacterial membrane(s) and cell wall, and opening of the connector for DNA transfer to the cyto-
plasm. DNA ejection from phage P22 was triggered in vitro by aggregates of purifi ed  Salmonella  
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LPS (Andres et al.  2010  ) . Multivalent binding of P22 tail spikes to LPS and O antigen hydrolysis 
was a prerequisite for DNA ejection suggesting a model in which the phage particle descends along 
the bacterial envelope through digestion of the envelope LPS chains. This movement facilitates pos-
sibly penetration of the gp26 tail needle through the cell envelope to reach the cytoplasmic mem-
brane. Gp26, the phage P22 stopper (Sect.  25.3.2 ), would then open the connector for productive 
DNA release into the host cytoplasm (Andres et al.  2010  )  which requires also the pilot protein gp16 
(Hoffman and Levine  1975  ) . Cryo-electron tomography (cryo-ET) of podovirus P-SSP7 infecting its 
host cyanobacterium suggests also that a reorientation of the tail fi bers precedes DNA release from 
viral particles (Liu et al.  2010  ) . Cryo-ET observations of phage  e 15 initiation of infection revealed 
that the phage short tail is prolonged by a tube that crosses the bacterial envelope establishing a 
direct connection between the phage capsid interior and the host cytoplasm (Chang et al.  2010  ) . 
Future studies shall clarify the mechanism of  e 15 connector opening and tube assembly. 

 In phages with long tails, the irreversible binding of the tail adsorption apparatus to bacterial 
receptors generates a signal to trigger DNA release from the viral capsid. In myoviruses, the interac-
tion with the host surface causes a dramatic rearrangement of the tail shaft that surrounds the tail 
tube (Leiman et al.  2004 ; Rossmann et al.  2004  ) . Contraction of the shaft leads to penetration of the 
tail tube across the cell envelope to access the bacterial membrane but can be uncoupled from DNA 
ejection at least in vitro (Leiman et al.  2004  and references therein). The signaling from the adsorp-
tion apparatus to trigger genome release is thus hypothesized to be communicated through the tail 
tube, possibly by a common mechanism in myo- and siphoviruses. The tube structure is built by a 
lattice of major tail protein(s) (MTPs) subunits organized in a sixfold symmetric helical arrange-
ment, or threefold symmetric in a few phages (Effantin et al.  2006  and references therein), surround-
ing the internal tape measure protein (Kostyuchenko et al.  2005 ; Plisson et al.  2007  and references 
therein). The tape measure has an extended conformation that spans the length of the tube, from the 
adsorption apparatus to the neck, determining the length of the tail (Katsura  1987 ; Abuladze et al. 
 1994  ) . The mechanism leading to DNA egress from the viral capsid can conceivably involve signal-
ing through the helical tail structure and/or the tape measure protein. An informative approach to 
follow modifi cations in the virion upon interaction with the host cell is to reproduce the DNA ejection 
reaction in vitro as established for siphophages  l , T5, and SPP1 when incubated with LamB, FhuA, 
or YueB receptors, respectively (Roessner et al.  1983 ; Tosi et al.  1984 ; Boulanger et al.  1996 ; 
Mangenot et al.  2005 ; Böhm et al.  2001 ; São-José et al.  2006,   2007  ) . Comparison of the phage SPP1 
tail before and after DNA ejection showed that the tail tube internal wall undergoes extensive struc-
tural rearrangements (Plisson et al.  2007  ) . These changes were proposed to be triggered by interac-
tion of the tail adsorption with the YueB receptor. The resulting initial switch in the MTP subunits 
structure adjacent to the adsorption apparatus would be propagated as a domino-like cascade by a 
sequential rearrangement in the MTP hexameric rings along the 1,600-Å-long helical tail structure 
(Plisson et al.  2007  ) . This signaling path could target directly the SPP1 neck leading to its opening 
or act indirectly, eliminating potential interactions of the MTP with the tape measure protein whose 
release from the tail tube lumen signals for aperture of the connector. 

 The mechanism of neck aperture for DNA release depends on the positioning of the DNA extrem-
ity bound at the head-to-tail interface at the end of virus particle assembly (Sect.  25.3.4 ). In case of 
phage  l , its DNA appears to penetrate partially the tail tube in mature virions (Thomas  1974  )  imply-
ing, in such case, that connector opening occurred already during viral assembly (Sect.  25.3.4 ). 
Signaling through the tail helical structure triggered by interaction of  l  with the host would thus only 
play a role if it is necessary for tape measure release leaving the tube free for DNA exit. In case of 
phage SPP1 opening of the connector is required for DNA egress. Cysteine bridges engineered in the 
intersubunit  b -sheet of the gp16 stopper that closes the connector central channel (Sect.  25.3.3 ) were 
shown to impair DNA ejection from SPP1 when exposed to its host receptor. The blocking effect 
was reversed when the disulfi de bonds were removed by reduction (Lhuillier et al.  2009  ) . These 
results indicate that viral DNA is retained at the level of the gp16 stopper in the mature virion. 
During infection, the specifi c interaction of the tail adsorption apparatus with the host triggers a 
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signal transmitted to the connector that leads to unzipping of the gp16 intersubunit  b -sheet, a key 
step of the mechanism of nucleocapsid gatekeeper opening for DNA release from the virus particle 
(Lhuillier et al.  2009  ) .  

    25.5   Conclusions and Research Perspectives 

 The mechanisms of capsid assembly are highly conserved among viruses of the tailed bacterio-
phages–herpesviruses lineage. Functional and structural data reveal a number of strategies for closure 
of the portal DNA conduit during viral assembly and its aperture at the beginning of infection. They 
also suggest some variations on the mechanisms by which DNA is retained in the mature virion and 
thus primed for ejection. There is, at present, a wealth of knowledge on the effectors engaged in these 
processes that is complemented by information on their structure and organization in viral particles. 
In contrast, little is known about how DNA packaging termination is coordinated with the following 
steps of connector assembly, which precise molecular mechanisms ensure the correct sequence of 
protein–protein interactions, and what is(are) the trigger mechanism(s) for DNA release from virions. 
These questions are central to establish the unifying molecular strategies as well as the extent of 
diversity allowed by the tailed phages structure to retain their genome in the viral particle primed for 
infection. Their study shall also allow to pinpoint a component of the connector where the structural 
divergence between podoviruses and phages with long tails occurs. This might happen at the level of 
the  b -strand-rich structures typifi ed by the gpFII/gp16 family (Maxwell et al.  2002 ; Lhuillier et al. 
 2009  ) , a fold also found among the different proteins building the tail tube (Cardarelli et al.  2010b  ) .      

  Acknowledgments   We are most thankful to Marie-Christine Vaney (Institut Pasteur, Paris) for the invaluable help to 
prepare Figs.  25.3 – 25.7 . Work in our laboratories is supported by institutional funding from the CNRS (P.T and 
S.Z.-J.), the CEA (S.Z.-J.), the ANR grant “DNA Gating” (ANR-09-BLAN-0149-01), and the BBRSC (E.V.O.).  

      References 

    Abuladze NK, Gingery M, Tsai J, Eiserling FA (1994) Tail length determination in bacteriophage T4. Virology 
199:301–310  

    Adams MB, Hayden M, Casjens S (1983) On the sequential packaging of bacteriophage P22 DNA. J Virol 
46:673–677  

    Agirrezabala X, Martín-Benito J, Castón JR, Miranda R, Valpuesta JM, Carrascosa JL (2005) Maturation of phage T7 
involves structural modifi cation of both shell and inner core components. EMBO J 24:3820–3829  

    Andres D, Hanke C, Baxa U, Seul A, Barbirz S, Seckler R (2010) Tailspike interactions with lipopolysaccharide effect 
DNA ejection from phage P22 particles in vitro. J Biol Chem 285:36768–36775  

    Bamford DH, Grimes JM, Stuart DI (2005) What does structure tell us about virus evolution? Curr Opin Struct Biol 
15:655–663  

    Bazinet C, King J (1985) The DNA translocating vertex of dsDNA bacteriophage. Annu Rev Microbiol 39:109–129  
    Bhardwaj A, Olia AS, Walker-Kopp N, Cingolani G (2007) Domain organization and polarity of tail needle GP26 in 

the portal vertex structure of bacteriophage P22. J Mol Biol 371:374–387  
    Bhardwaj A, Walker-Kopp N, Casjens SR, Cingolani G (2009) An evolutionarily conserved family of virion tail 

needles related to bacteriophage P22 gp26: correlation between structural stability and length of the alpha-helical 
trimeric coiled coil. J Mol Biol 391:227–245  

    Black LW (1989) DNA packaging in dsDNA bacteriophages. Annu Rev Microbiol 43:267–292  
    Böhm J, Lambert O, Frangakis AS, Letellier L, Baumeister W, Rigaud JL (2001) FhuA-mediated phage genome 

transfer into liposomes: a cryo-electron tomography study. Curr Biol 11:1168–1175  
    Boulanger P, le Maire M, Bonhivers M, Dubois S, Desmadril M, Letellier L (1996) Purifi cation and structural and 

functional characterization of FhuA, a transporter of the  Escherichia coli  outer membrane. Biochemistry 35:
14216–14224  

    Camacho AC, Gual A, Lurz R, Tavares P, Alonso JC (2003)  Bacillus subtilis  bacteriophage SPP1 DNA packaging 
motor requires terminase and portal proteins. J Biol Chem 278:23251–23259  



598 P. Tavares et al.

    Cardarelli L, Lam R, Tuite A, Baker LA, Sadowski PD, Radford DR, Rubinstein JL, Battaile KP, Chirgadze N, 
Maxwell KL, Davidson AR (2010a) The crystal structure of bacteriophage HK97 gp6: defi ning a large family of 
head-tail connector proteins. J Mol Biol 395:754–768  

    Cardarelli L, Pell LG, Neudecker P, Pirani N, Liu A, Baker LA, Rubinstein JL, Maxwell KL, Davidson AR (2010b) 
Phages have adapted the same protein fold to fulfi ll multiple functions in virion assembly. Proc Natl Acad Sci 
USA 107:14384–14389  

    Cardarelli L, Maxwell KL, Davidson AR (2011) Assembly mechanism is the key determinant of the dosage sensitivity 
of a phage structural protein. Proc Natl Acad Sci USA 108(25):10168–10173  

    Casjens S, Hayden M (1988) Analysis  in vivo  of the bacteriophage P22 headful nuclease. J Mol Biol 199:467–474  
    Casjens S, Hendrix R (1988) Control mechanisms in dsDNA bacteriophage assembly. In: Calendar R (ed) The bacte-

riophages, vol 1. Plenum Press, New York  
    Casjens S, Horn T, Kaiser AD (1972) Head assembly steps controlled by genes F and W in bacteriophage lambda. 

J Mol Biol 64:551–563  
    Casjens S, Wyckoff E, Hayden M, Sampson L, Eppler K, Randall S, Moreno E, Serwer P (1992) Bacteriophage P22 

portal protein is part of the gauge that regulates packing density of intravirion DNA. J Mol Biol 224:1055–1074  
    Chang J, Weigele P, King J, Chiu W, Jiang W (2006) Cryo-EM asymmetric reconstruction of bacteriophage P22 

reveals organization of its DNA packaging and infecting machinery. Structure 14:1073–1082  
    Chang JT, Schmid MF, Haase-Pettingell C, Weigele PR, King JA, Chiu W (2010) Visualizing the structural changes 

of bacteriophage epsilon 15 and its Salmonella host during infection. J Mol Biol 402:731–740  
    Chattoraj DK, Inman RB (1974) Location of DNA ends in P2, 186, P4 and lambda bacteriophage heads. J Mol Biol 

87:11–22  
    Cingolani G, Moore SD, Prevelige PE Jr, Johnson JE (2002) Preliminary crystallographic analysis of the bacterio-

phage P22 portal protein. J Struct Biol 139:46–54  
    Donate LE, Herranz L, Secilla JP, Carazo JM, Fujisawa H, Carrascosa JL (1988) Bacteriophage T3 connector: three-

dimensional structure and comparison with other viral head-tail connecting regions. J Mol Biol 201:91–100  
    Dube P, Tavares P, Lurz R, van Heel M (1993) Bacteriophage SPP1 portal protein: a DNA pump with 13-fold sym-

metry. EMBO J 12:1303–1309  
    Edmonds L, Liu A, Kwan JJ, Avanessy A, Caracoglia M, Yang I, Maxwell KL, Rubenstein J, Davidson AR, Donaldson 

LW (2007) The NMR structure of the gpU tail-terminator protein from bacteriophage lambda: identifi cation of 
sites contributing to Mg(II)-mediated oligomerization and biological function. J Mol Biol 365:175–186  

    Effantin G, Boulanger P, Neumann E, Letellier L, Conway JF (2006) Bacteriophage T5 structure reveals similarities 
with HK97 and T4 suggesting evolutionary relationships. J Mol Biol 361:993–1002  

    Evilevitch A, Lavelle L, Knobler CM, Raspaud E, Gelbart WM (2003) Osmotic pressure inhibition of DNA ejection 
from phage. Proc Natl Acad Sci USA 100:9292–9295  

    Feiss M, Catalano CE (2005) Bacteriophage lambda terminase and the mechanism of viral DNA packaging. In: 
Catalano CE (ed) Viral genome packaging machines: genetics, structure, and mechanism. Landes Bioscience, 
Georgetown, TX  

    Feiss M, Siegele DA (1979) Packaging of the bacteriophage lambda chromosome: dependence of cos cleavage on 
chromosome length. Virology 92:190–200  

    Feiss M, Sippy J, Miller G (1985) Processive action of terminase during sequential packaging of bacteriophage  l  
chromosomes. J Mol Biol 186:759–771  

    Fokine A, Chipman PR, Leiman PG, Mesyanzhinov VV, Rao VB, Rossmann MG (2004) Molecular architecture of 
the prolate head of bacteriophage T4. Proc Natl Acad Sci USA 101:6003–6008  

    Fujisawa H, Morita M (1997) Phage DNA packaging. Genes Cells 2:537–545  
    Gaussier H, Yang Q, Catalano CE (2006) Building a virus from scratch: assembly of an infectious virus using purifi ed 

components in a rigorously defi ned biochemical assay system. J Mol Biol 357:1154–1166  
    Guasch A, Pous J, Ibarra B, Gomis-Rüth FX, Valpuesta JM, Sousa N, Carrascosa JL, Coll M (2002) Detailed archi-

tecture of a DNA translocating machine: the high-resolution structure of the bacteriophages phi29 connector 
particle. J Mol Biol 315:663–676  

    Hashimoto C, Fujisawa H (1992) DNA sequences necessary for packaging bacteriophage T3 DNA. Virology 
187:788–795  

    Hoffman B, Levine M (1975) Bacteriophage P22 virion protein which performs an essential early function. II. 
Characterization of the gene  16  function. J Virol 16:1547–1559  

    Isidro A, Henriques AO, Tavares P (2004a) The portal protein plays essential roles at different steps of the SPP1 DNA 
packaging process. Virology 322:253–263  

    Isidro A, Santos MA, Henriques AO, Tavares P (2004b) The high-resolution functional map of bacteriophage SPP1 
portal protein. Mol Microbiol 51:949–962  

    Jiang W, Chang J, Jakana J, Weigele P, King J, Chiu W (2006) Structure of epsilon 15 bacteriophage reveals genome 
organization and DNA packaging/injection apparatus. Nature 439:612–661  

    Johnson JE, Chiu W (2007) DNA packaging and delivery machines in tailed bacteriophages. Curr Opin Struct Biol 
17:237–243  



59925 Genome Gating in Tailed Bacteriophage Capsids

    Katsura I (1987) Determination of bacteriophage lambda tail length by a protein ruler. Nature 327:73–75  
    Kostyuchenko VA, Chipman PR, Leiman PG, Arisaka F, Mesyanzhinov VV, Rossmann MG (2005) The tail structure 

of bacteriophage T4 and its mechanism of contraction. Nat Struct Mol Biol 12:810–813  
    Lander GC, Tang L, Casjens SR, Gilcrease EB, Prevelige P, Poliakov A, Potter CS, Carragher B, Johnson JE (2006) 

The structure of an infectious P22 virion shows the signal for headful DNA packaging. Science 312:1791–1795  
    Lebedev AA, Krause MH, Isidro AL, Vagin A, Orlova EV, Turner J, Dodson EJ, Tavares P, Antson AA (2007) 

Structural framework for DNA translocation via the viral portal protein. EMBO J 26:1984–1994  
    Leiman PG, Chipman PR, Kostyuchenko VA, Mesyanzhinov VV, Rossmann MG (2004) Three-dimensional rear-

rangement of proteins in the tail of bacteriophage T4 on infection of its host. Cell 118:419–429  
    Lhuillier S, Gallopin M, Gilquin B, Brasilès S, Lancelot N, Letellier G, Gilles M, Dethan G, Orlova EV, Couprie J, 

Tavares P, Zinn-Justin S (2009) Structure of bacteriophage SPP1 head-to-tail connection reveals mechanism for 
viral DNA gating. Proc Natl Acad Sci USA 106:8507–8512  

    Liu X, Zhang Q, Murata K, Baker ML, Sullivan MB, Fu C, Dougherty MT, Schmid MF, Osburne MS, Chisholm SW, 
Chiu W (2010) Structural changes in a marine podovirus associated with release of its genome into Prochlorococcus. 
Nat Struct Mol Biol 17:830–836  

    Lurz R, Orlova EV, Günther D, Dube P, Dröge A, Weise F, van Heel M, Tavares P (2001) Structural organisation of 
the head-to-tail interface of a bacterial virus. J Mol Biol 310:1027–1037  

    Mangenot S, Hochrein M, Radler J, Letellier L (2005) Real-time imaging of DNA ejection from single phage parti-
cles. Curr Biol 15:430–435  

    Maxwell KL, Davidson AR, Murialdo H, Gold M (2000) Thermodynamic and functional characterization of protein 
W from bacteriophage lambda. The three C-terminal residues are critical for activity. J Biol Chem 
275:18879–18886  

    Maxwell KL, Yee AA, Booth V, Arrowsmith CH, Gold M, Davidson AR (2001) The solution structure of bacterio-
phage lambda protein W, a small morphogenetic protein possessing a novel fold. J Mol Biol 308:9–14  

    Maxwell KL, Yee AA, Arrowsmith CH, Gold M, Davidson AR (2002) The solution structure of the bacteriophage 
lambda head-tail joining protein, gpFII. J Mol Biol 318:1395–1404  

    Moore SD, Prevelige PE Jr (2001) Structural transformations accompanying the assembly of bacteriophage P22 portal 
protein rings in vitro. J Biol Chem 276:6779–6788  

    Moore SD, Prevelige PE Jr (2002) Bacteriophage P22 portal vertex formation in vivo. J Mol Biol 315:975–994  
    Murata K, Liu X, Danev R, Jakana J, Schmid MF, King J, Nagayama K, Chiu W (2010) Zernike phase contrast cryo-

electron microscopy and tomography for structure determination at nanometer and subnanometer resolutions. 
Structure 18:903–912  

    Newcomb WW, Juhas RM, Thomsen DR, Homa FL, Burch AD, Weller SK, Brown JC (2001) The UL6 gene product 
forms the portal for entry of DNA into the herpes simplex virus capsid. J Virol 75:10923–10932  

    Olia AS, Al-Bassam J, Winn-Stapley DA, Joss L, Casjens SR, Cingolani G (2006) Binding-induced stabilization and 
assembly of the phage P22 tail accessory factor gp4. J Mol Biol 363:558–576  

    Olia AS, Bhardwaj A, Joss L, Casjens S, Cingolani G (2007a) Role of gene 10 protein in the hierarchical assembly of 
the bacteriophage P22 portal vertex structure. Biochemistry 46:8776–8784  

    Olia AS, Casjens S, Cingolani G (2007b) Structure of phage P22 cell envelope-penetrating needle. Nat Struct Mol 
Biol 14:1221–1226  

    Olia AS, Prevelige PE Jr, Johnson JE, Cingolani G (2011) Three-dimensional structure of a viral genome-delivery 
portal vertex. Nat Struct Mol Biol 18:597–603  

    Oliveira L, Henriques AO, Tavares P (2006) Modulation of the viral ATPase activity by the portal protein correlates 
with DNA packaging effi ciency. J Biol Chem 281:21914–21923  

    Oliveira L, Cuervo A, Tavares P (2010) Direct interaction of the bacteriophage SPP1 packaging ATPase with the 
portal protein. J Biol Chem 285:7366–7373  

    Orlova EV, Dube P, Beckmann E, Zemlin F, Lurz R, Trautner TA, Tavares P, van Heel M (1999) Structure of the 
13-fold symmetric portal protein of bacteriophage SPP1. Nat Struct Biol 6:842–846  

    Orlova EV, Gowen B, Dröge A, Stiege A, Weise F, Lurz R, van Heel M, Tavares P (2003) Structure of a viral DNA 
gatekeeper at 10 Å resolution by cryo-electron microscopy. EMBO J 22:1255–1262  

    Pell LG, Kanelis V, Donaldson LW, Howell PL, Davidson AR (2009) The phage lambda major tail protein structure 
reveals a common evolution for long-tailed phages and the type VI bacterial secretion system. Proc Natl Acad Sci 
USA 106:4160–4165  

    Perucchetti R, Parris W, Becker A, Gold M (1988) Late stages in bacteriophage lambda head morphogenesis: in vitro 
studies on the action of the bacteriophage lambda D-gene and W-gene products. Virology 165:103–114  

    Plisson C, White HE, Auzat I, Zafarani A, São-José C, Lhuillier S, Tavares P, Orlova EV (2007) Structure of bacterio-
phage SPP1 tail reveals trigger for DNA ejection. EMBO J 26:2728–3720  

    Rao VB, Feiss M (2008) The bacteriophage DNA packaging motor. Annu Rev Genet 42:647–681  
    Roessner CA, Struck DK, Ihler GM (1983) Injection of DNA into liposomes by bacteriophage lambda. J Biol Chem 

258:643–648  



600 P. Tavares et al.

    Rossmann MG, Mesyanzhinov VV, Arisaka F, Leiman PG (2004) The bacteriophage T4 DNA injection machine. Curr 
Opin Struct Biol 14:171–180  

    Salas M (2006) Phage  f 29 and its relatives. In: Calendar R (ed) The bacteriophages, 2nd edn. Oxford University Press, 
New York  

    São-José C, Lhuillier S, Lurz R, Melki R, Lepault J, Santos MA, Tavares P (2006) The ectodomain of the viral recep-
tor YueB forms a fi ber that triggers DNA ejection of bacteriophage SPP1 DNA. J Biol Chem 281:11464–11470  

    São-José C, de Frutos M, Raspaud E, Santos MA, Tavares P (2007) Pressure built by DNA packing inside virions: 
enough to drive DNA ejection in vitro, largely insuffi cient for delivery into the bacterial cytoplasm. J Mol Biol 
374:346–355  

    Sciara G, Bebeacua C, Bron P, Tremblay D, Ortiz-Lombardia M, Lichière J, van Heel M, Campanacci V, Moineau S, 
Cambillau C (2010) Structure of lactococcal phage p2 baseplate and its mechanism of activation. Proc Natl Acad 
Sci USA 107:6852–6857  

    Simpson AA, Tao Y, Leiman PG, Badasso MO, He Y, Jardine PJ, Olson NH, Morais MC, Grimes S, Anderson DL, 
Baker TS, Rossmann MG (2000) Structure of the bacteriophage  f 29 DNA packaging motor. Nature 
408:745–750  

    Smith DE, Tans SJ, Smith SB, Grimes S, Anderson DL, Bustamante C (2001) The bacteriophage  f 29 portal motor can 
package DNA against a large internal force. Nature 413:748–752  

    Strauss H, King J (1984) Steps in the stabilisation of newly packaged DNA during phage P22 morphogenesis. J Mol 
Biol 172:523–543  

    Streisinger G, Emrich J, Stahl MM (1967) Chromosome structure in phage T4, iii. Terminal redundancy and length 
determination. Proc Natl Acad Sci USA 57:292–295  

    Sun S, Kondabagil K, Draper B, Alam TI, Bowman VD, Zhang Z, Hegde S, Fokine A, Rossmann MG, Rao VB (2008) 
The structure of the phage T4 DNA packaging motor suggests a mechanism dependent on electrostatic forces. 
Cell 135:1251–1262  

    Tang L, Marion WR, Cingolani G, Prevelige PE, Johnson JE (2005) Three-dimensional structure of the bacteriophage 
P22 tail machine. EMBO J 24:2087–2095  

    Tang J, Olson N, Jardine PJ, Grimes S, Anderson DL, Baker TS (2008) DNA poised for release in bacteriophage 
phi29. Structure 16:935–943  

    Tang J, Lander GC, Olia A, Li R, Casjens S, Prevelige P Jr, Cingolani G, Baker TS, Johnson JE (2011) Peering down 
the barrel of a bacteriophage portal: the genome packaging and release valve in P22. Structure 19:496–502  

    Tavares P, Santos MA, Lurz R, Morelli G, de Lencastre H, Trautner TA (1992) Identifi cation of a gene in  Bacillus 
subtilis  bacteriophage SPP1 determining the amount of packaged DNA. J Mol Biol 225:81–92  

    Tavares P, Lurz R, Stiege A, Rückert B, Trautner TA (1996) Sequential headful packaging and fate of the cleaved DNA 
ends in bacteriophage SPP1. J Mol Biol 264:954–967  

    Thomas JO (1974) Chemical linkage of the tail to the right-hand end of bacteriophage lambda DNA. J Mol Biol 
87:1–9  

    Thomas JO, Sternberg N, Weisberg R (1978) Altered arrangement of the DNA in injection-defective lambda bacterio-
phage. J Mol Biol 123:149–161  

    Tosi F, Labedan B, Legault-Démare J (1984) Analysis of the coliphage T5 DNA ejection process with free and lipo-
some-associated TonA protein. J Virol 50:213–219  

    Trus BL, Cheng N, Newcomb WW, Homa FL, Brown JC, Steven AC (2004) Structure and polymorphism of the UL6 
portal protein of herpes simplex virus type 1. J Virol 78:12668–12671  

    Tye BK, Huberman JA, Botstein D (1974) Non-random circular permutation of phage P22 DNA. J Mol Biol 
85:501–532  

    Valpuesta JM, Carrascosa JL (1994) Structure of viral connectors and their function in bacteriophage assembly and 
DNA packaging. Q Rev Biophys 27:107–155  

    Valpuesta JM, Fujisawa H, Marco S, Carazo JM, Carrascosa JL (1992) Three-dimensional structure of T3 connector 
purifi ed from overexpressing bacteria. J Mol Biol 224:103–112  

    van Heel M, Orlova EV, Dube P, Tavares P (1996) Intrinsic versus imposed curvature in cyclical oligomers: the portal 
protein of bacteriophage SPP1. EMBO J 15:4785–4788  

    Veesler D, Robin G, Lichière J, Auzat I, Tavares P, Bron P, Campanacci V, Cambillau C (2010) Crystal structure of 
bacteriophage SPP1 distal tail protein (gp 19.1): a baseplate hub paradigm in gram-positive infecting phages. 
J Biol Chem 285:36666–36673  

    Vinga I, São-José C, Tavares P, Santos MA (2006) Bacteriophage entry in the host cell. In: Wegrzyn G (ed) Modern 
bacteriophage biology and biotechnology. Research Signpost, Kerala, India  

    Xiang Y, Morais MC, Battisti AJ, Grimes S, Jardine PJ, Anderson DL, Rossmann MG (2006) Structural changes of 
bacteriophage phi29 upon DNA packaging and release. EMBO J 25:5229–5239  

    Zheng H, Olia AS, Gonen M, Andrews S, Cingolani G, Gonen T (2008) A conformational switch in bacteriophage 
p22 portal protein primes genome injection. Mol Cell 29:376–383       



601M.G. Rossmann and V.B. Rao (eds.), Viral Molecular Machines, 
Advances in Experimental Medicine and Biology 726, DOI 10.1007/978-1-4614-0980-9_26, 
© Springer Science+Business Media, LLC 2012

    L.   Mindich   (*)
     Public Health Research Institute Center, UMDNJ - New Jersey Medical School , 
  225 Warren Street ,  Newark ,  NJ   07103 ,  USA  
  e-mail: mindicle@umdnj.edu    

  Abstract   Several families of viruses have segmented genomes with 3–12 chromosomes. They are 
capable of packaging these segments in a precise manner so that each virus particle contains one 
each of the genomic segments. The Cystoviridae are a family of bacteriophages that contain three 
genomic segments of dsRNA. During infection, the virus produces empty dodecahedral core parti-
cles that have the ability to specifi cally package plus strand transcripts of the genomic segments. The 
program of packaging makes use of the conformational changes in the surface of the particle as each 
transcript is packaged. The particles have complexes of a hexameric NTPase that serve as motors to 
bring the transcripts into the particle, and they have polymerase molecules in the interior that syn-
thesize minus and plus strand copies of the genomic segments.   

     26.1   Introduction 

 The cystoviruses are bacteriophages that contain a genome of three unique double-stranded 
molecules of RNA. The family of Reoviridae consists of viruses that have genomes of 10, 11, or 12 
dsRNA segments. In all of these cases, the packaging of the RNA is precise, and each virus particle 
has one each of the genomic segments. The mechanism for accomplishing this is unknown for the 
Reoviridae but has been worked out for the Cystoviridae, primarily because of the fortunate avail-
ability of a functioning in vitro packaging system. 

 The core particle of the Cystoviridae is a complex structure that not only encloses the double-
stranded RNA (dsRNA) genome of the virus but also plays a role in the packaging of the transcripts of 
genomic segments and the regulation of their replication. Empty cores are capable of packaging plus 
strand transcripts of the genomic segments in a serially dependent order (Qiao et al.  1995  ) . Polymerase 
molecules, which are located inside the cores, are activated at a particular step in the packaging pro-
gram to synthesize minus strand copies of the packaged RNA (Frilander et al.  1992  ) . Polymerase is 
again activated to synthesize plus strand molecules when minus strand synthesis is completed. But this 
transcription is under yet another set of controls wherein specifi c host proteins bind to the exterior of 
the cores and activate the polymerases to transcribe one of the genomic segments. 

    Chapter 26   
 Packaging in dsRNA Viruses       

         Leonard   Mindich         
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 In order to understand the mechanisms of these activities, we have to fi rst describe the structure of 
the cores (Fig.  26.1 ). The cores are composed of 120 molecules of protein P1 that alone can form a 
dodecahedral structure. Dodecahedra are 12-sided solids with fi ve-, three-, and twofold symmetry axes. 
The P1 molecules are arranged as pentamers at the fi vefold vertices and trimers at the threefold vertices 
(Jaalinoja et al.  2007  ) . Twelve hexameric structures of protein P4 are located at the exterior of the fi ve-
fold vertices. P4 is an NTPase and is the motor for the packaging of the plus strands into the core par-
ticles. Twelve molecules of the RNA-dependent RNA polymerase P2 are located at the interior of the 
fi vefold vertices but are probably somewhat off center (Sen et al.  2008  ) . There is a fourth protein, P7, 
that plays a role in genomic packaging and replication but whose exact location in the core is presently 
unknown. There are about 60 molecules of P7 per core. In fi lled core particles, there are three dsRNA 
genomic segments L, M, and S that code for about 14 genes depending upon the particular virus spe-
cies. The fi lled particles are almost spherical in shape while empty cores have their fi vefold vertices 
drawn into the interior of the particle with the result that the interior volume of the empty particle is 
much smaller than that of the fi lled one (Figs.  26.2  and  26.3 ). The structures of the empty and fi lled core 
particles have been investigated by cryoelectron microscopy, and high resolution images have been 
obtained (Butcher et al.  1997 ; de Haas et al.  1999 ; Sen et al.  2008  ) . The polymerase of  F 6 has been 
crystallized, and X-ray diffraction studies have resulted in molecular models of the protein in several 
conformations (Butcher et al.  2001 ; Salgado et al.  2004  ) . The NTPase P4 has been crystallized from 
bacteriophage  F 12, and its structure has been described in great detail (Mancini et al.  2004  ) . Recently, 
the structure of P7 of  F 12 was also crystallized and described (Eryilmaz et al.  2008  ) . Although the 
secondary structures of P1 have been determined by high resolution cryoelectron microscopy, it has not 
been possible to obtain structures at the level of atomic resolution (Huiskonen et al.  2006  ) .    

 In order to place the operation of the cystovirus cores in context, we should describe the life cycle 
of these bacteriophages. The core particle is enclosed in a shell of protein P8 to form the nucleo-
capsid (Fig.  26.1 ). This structure is enclosed in a lipid-containing membrane that contains a major 
structural protein P9 and a host attachment protein P3 anchored by a membrane protein P6. In some 
cases, there are several attachment proteins 3a and 3b (Mindich et al.  1999  ) . The phage attaches to a 
type IV pilus or to rough LPS (Mindich et al.  1999  ) . The membrane fuses with the outer membrane 
of the host  Pseudomonas syringae  to place the nucleocapsid in the periplasmic space (Bamford et al. 
 1987  ) . A muramidase P5 on the surface of the nucleocapsid digests a pathway through the cell wall 

  Fig. 26.1    Diagram of the structure of bacteriophage  F 6       
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  Fig. 26.2    Image reconstructions of an empty and a fi lled procapsid of bacteriophage  F 6. Discs at the fi vefold vertices 
are hexamers of the packaging NTPase P4. Pentamers of P1 are shown in  blue  while trimers are shown in  brown  
(Huiskonen et al.  2006  )        

  Fig. 26.3    Section through a 
reconstruction of the  F 6 
procapsid showing the 
position of the RNA-
dependent polymerase 
molecules shown in  green  
(Sen et al.  2008  )        

to allow the nucleocapsid to enter the cytoplasm (Mindich and Lehman  1979 ; Romantschuk et al. 
 1988  ) . Inside the cell, the nucleocapsid loses the P8 shell, and the core particle is bound by a specifi c 
host protein that activates the transcription of genomic segment L. The transcription of segments 
S and M does not require the host protein activation. The L transcript codes for the four proteins of 
the core, and these are formed early in infection. The empty core particles are able to package the 
plus strand transcripts and to synthesize minus strand copies to form dsRNA. These particles are 
then able to transcribe plus strands which result in the expression of the late proteins of the virus 
and the formation of nucleocapsids, which are then enclosed in viral membranes, which bud off from 
the host cytoplasmic membrane. A combination of a holin P10 and the muramidase P5 leads to the 
lysis of the host cells, liberating several hundred mature virions (Mindich and Lehman  1979  ) . Under 
some circumstances, the viral infection can lead to a carrier state wherein the virus replicates in 
concert with the host system and does not lyse the cell (Cuppels et al.  1979  ) . In these cases, reporter 
genes in the virus genome can be expressed much as genes on plasmids (Onodera et al.  1992  ) . 
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    26.1.1   The Genomic Packaging Model 

 Empty particles can be formed by the expression of the genes in genomic segment L expressed in 
plasmids in  Escherichia coli . These particles can package plus strand transcripts of the genomic 
segments in vitro in the presence of ATP or other nucleotide triphosphates (Qiao et al.  1995  ) . In the 
case of  F 6, the most intensively studied member of the Cystoviridae, there are sequences of about 200 
nucleotides about 50 bases from the 5 ¢  end of the transcripts that are necessary for packaging (Fig.  26.4 ) 
(Gottlieb et al.  1994  ) . In the case of  F 6, the distance from the  pac  sequences to the 5 ¢  end is critical 
for packaging. A deletion of 11 bases allows binding but not packaging. A larger deletion prevents 
both binding and packaging. However, in some phages, the  pac  sequences are much closer to the 5 ¢  
end (Qiao et al.  2003b    ). The  pac  sequences contain a number of stem-loop structures, and these seem 
to be important. Closely related phages show similar stem-loop structures with base changes that 
conserve the structures (Mindich  1999  ) . The  pac  sequences are different for each of the genomic seg-
ments. In  F 6, there are sequences of 18 bases at the 5 ¢  ends that are identical for the three segments 
with the only difference being that segments S and M begin with GG while L begins with GU.  

 The transcript of segment S can be packaged alone; however, the transcript of M can only be pack-
aged after the packaging of the S transcript. The transcript of L can only be packaged after the packag-
ing of the M transcript. The phages have one segment of each of the three under normal conditions. 
However, if the transcript of S was made half its normal size, two transcripts would be packaged along 
with one of M and one of L. If the transcript was even smaller, multiple copies would be packaged so 
that the total amount of RNA for that segment would be equal to that of the normal transcript (Fig.  26.5 ). 
The empty particle has binding sites for the S transcript, but the binding sites for the transcripts of M 
and L are not exposed (Qiao et al.  2003b  ) . The binding sites are on protein P1. Cross-linking of labeled 
RNA to particles shows binding to P1 (Qiao et al.  2003b  ) . Mutations in the  pac  sequences have been 
made, and some of these result in the lack of packaging activity. However, suppressor mutations can 
be selected, and they turn out to be in the gene for protein P1 (Qiao et al.  2003a  ) .  

 The Cystoviridae are able to establish carrier state infections in their host cells (Cuppels et al. 
 1979  ) . These are fairly stable and can be maintained easily if drug resistance genes are incorporated 
into one of the genomic segments. The phage does not require all of its genes for maintenance of the 
carrier state since the phage does not have to reinfect cells. In some cases where a kanamycin resis-
tance gene is located in segment M, the phages in this state lose genomic segment S. Since the 
packaging program normally is serially dependent with the packaging of the S transcript as the fi rst 

  Fig. 26.4    Autoradiogram 
showing the results of in vitro 
packaging of labeled 
transcripts of S, M, and a 
truncated segment L (Qiao 
et al.  1995  )        
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molecule to enter the particle, this fi nding seemed anomalous. However, it was found that these 
phages had produced mutations in the gene for protein P1. When empty core particles were produced 
from the cDNA copies of the mutant segment L, it was found that they would package transcripts of 
M and L without that of S. These results further supported the idea that the specifi city of genomic 
packaging is manifested through interaction of the RNA with protein P1 (Qiao et al.  2003a  ) . 

 A model was proposed to explain the results of the packaging experiments (Fig.  26.6 ) (Mindich 
 1999  ) . It was stated that the empty core particles had binding sites for the transcript of S on its surface, 
and that these binding sites are in protein P1. RNA is bound to these sites such that the 5 ¢  end is posi-
tioned on one of the hexameric NTPase complexes of protein P4. The details of the entry of RNA 
through the P4 hexamers are described fully by Mancini and Tuma in Chap. 27. The RNA is drawn 
into the core through a process involving the hydrolysis of ATP. The core particle expands as the 
S transcript is drawn in, and this process involves the rearranging of the surface of the particle so that 
the binding sites for S are lost and those for M appear. The process is then repeated for M. And fi nally, 
the process is repeated for the transcript of L. A model for the expansion of the core has been devel-
oped by the laboratory of Sarah Butcher (Huiskonen et al.  2006  )  where the molecules of P1 change 
their orientations but not their shapes. The nature of the binding sites is presently unknown. It is not 
known whether the conformation of P1 changes during expansion or whether the exposure of particu-
lar sites changes or that the RNA is binding to several molecules of P1 and that the distances between 
sites on different P1 molecules is the determinant of binding specifi city. It is not known whether the 
binding sites for S involve the same amino acids as those for M or L or whether the different binding 
sites involve different domains of protein P1. However, there is a mutation in protein P1 that results in 
the packaging of a mutated S  pac  sequence but excludes S when M is present (Qiao et al.  2003a  ) .  

 The model produces some predictions that have been tested. If the transcripts are smaller than 
normal, multiple molecules should be packaged to reach the content of a normal transcript. This has 
been shown to be true for transcripts of S, M, and L. If the transcript of S is made larger, so that it is 
equal to that of S and M combined, it should be possible to package L without M. This has been 
found to be true. In addition, the entire genome can be combined into a single transcript, and this can 
be packaged as long as it has the  pac  sequence of S at its 5 ¢  end (Onodera et al.  1998  ) .  

  Fig. 26.5    Prediction of the folding pattern of the 5 ¢  region of the  F 6 S transcript (Mindich  1999 ; Zuker  2003  )        
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    26.1.2   Control of Polymerase Activity 

 We see then, that the packaging process is very orderly and is under a stringent control. There is 
another level of control that is manifested in the packaging process. The polymerase molecules are 
capable of synthesizing the minus strand copies of the transcripts when incubated in vitro in the 
absence of the capsid structure (Makeyev and Bamford  2000  ) . However, when inside the core par-
ticles, minus strand synthesis does not begin until the entire genome is packaged (Frilander et al. 
 1992  ) . The explanation is that the polymerase molecules inside the core are in a conformation that 
prevents activity until the core particle attains its expanded state. It appears that the structure of the 
capsid shell determines the activity of the polymerase. It is also found that transcription of 
the genomic segments does not take place until minus strand synthesis is complete. This too appears 
to be a consequence of the further expansion of the capsid shell. 

 How the conformation of the capsid shell determines the activity of the polymerase is a mystery. It 
is of interest that the activity of the polymerase of the rotavirus is only activated when an additional 
shell is formed around the core capsid (Sandino et al.  1986  ) . Rotavirus is rather similar to the cystoviruses 
in that it also has a capsid core with 120 molecules of the major structural protein and a genome of 11 
dsRNA genomic segments packaged along with polymerase molecules inside the core particle. 

  Fig. 26.6    The packaging model (Mindich  1999  )        
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 Many members of the Cystoviridae exhibit another aspect of control of polymerase activity. 
Transcription activity is different for genomic segments S and M versus that of L. Core particles will 
transcribe S and M segments without intervention of additional factors; however, transcription of L 
requires the binding of specifi c host proteins to the outside of the core particle (Qiao et al.  2008  ) . In 
the case of  F 6, it has been shown that the binding is to protein P1. Again, we see that the conforma-
tion of the capsid structure can infl uence the activity of the polymerase and, in this case, the template 
specifi city of the polymerase. 

 The nature of the template differences between the L segment and those of S and M is known. In 
the case of  F 6, the L transcript starts with GU while those of S and M start with GG. It has been 
shown that the  F 6 polymerase prefers G as the second nucleotide, and that if the L segment sequence 
is changed to GG, the differences in transcription disappear (Butcher et al.  2001 ; Van Dijk et al. 
 1995  ) . In the case of bacteriophage  F 2954, the L transcript starts with AC while those of S and M 
start with GC. Changing the sequence of L to GC results in the loss of the transcriptional differences 
(Fig.  26.7 ) (Qiao et al.  2010b  ) . In the case of  F 6, the binding of host protein YajQ to the core results 
in transcription of the L segment. In the case of  F 2954, the binding of host protein glutaredoxin 3 
(GrxC) to the core results in transcription of the L segment (Qiao et al.  2010a  ) . In both the case of 
 F 6 and  F 2954, the virus can mutate to independence of the host protein. In each case, the mutations 
involve the gene for P1. The nature of the conformational change effected in the polymerase is not 
known.        
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  Abstract   P4 proteins are hexameric RNA packaging ATPases of dsRNA bacteriophages of the 
 Cystoviridae  family. P4 hexamers are integral part of the inner polymerase core and play several 
essential roles in the virus replication cycle. P4 proteins are structurally related to the hexameric 
helicases and translocases of superfamily 4 (SF4) and other RecA-like ATPases. Recombinant P4 
proteins retain their 5 '  to 3 '  helicase and translocase activity in vitro and thus serve as a model system 
for studying the mechanism of action of hexameric ring helicases and RNA translocation. This 
review summarizes the different roles that P4 proteins play during virus assembly, genome packag-
ing, and transcription. Structural and mechanistic details of P4 action are laid out to and subse-
quently compared with those of the related hexameric helicases and other packaging motors.  

  Abbreviations  

  AMPcPP     [[(2R,3S,4R,5R)-5-(6-aminopurin-9-yl)-3,4-dihydroxyoxolan-2-yl]methoxy- 
hydroxyphosphoryl]methylphosphonic acid   

  AMPPNP    Adenylyl-imidodiphosphate   
  ASCE    Additional strand conserved E   
  LTAg    Simian virus 40 large T antigen   
  PC    Procapsid   
  P 

i
     Inorganic phosphate   

   g P    Gamma phosphate in ATP   
  SF    Superfamily     
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      27.1   Introduction 

 P4 is a 35-kDa ssRNA packaging ATPase from dsRNA bacteriophages belonging to the  Cystoviridae  
family ( f 6– f 14) (Mindich  2004 ; Poranen and Tuma  2004 ; see Chapter 26 of this volume ) . P4 
proteins form hexameric rings which are integral part of the polymerase core and play an essential 
role in several key stages during virus assembly and replication (Poranen et al.  2008 ; see Chapter 
26 of this volume ) . Belonging to the RecA-like family of ATPases, P4 proteins are structurally 
most similar to the hexameric ring helicases and translocases of superfamily 4 (SF4) (Kainov et al. 
 2006 ; Mancini et al.  2004a  ) . Isolated recombinant P4 proteins retain their ability to form hexamers 
and exhibit RNA-stimulated ATPase activity in the absence of other virion proteins (Juuti et al. 
 1998 ; Kainov et al.  2003,   2004  ) . Furthermore, recombinant P4 proteins from several cystoviruses 
(e.g.,  f 8,  f 13) exhibit 5 ¢  to 3 ¢  helicase activity in vitro (Kainov et al.  2003  ) . P4 proteins can be 
readily expressed and purifi ed in quantities large enough to allow investigation by a wide variety of 
structural and biophysical methods. Hence, the P4 proteins constitute an important model system 
for studying the mechanism of action of hexameric helicases and other translocases. 

 This chapter summarizes the roles that P4 protein plays in the viral life cycle, specifi cally during 
RNA packaging into empty procapsids. Structural and functional relationships to hexameric heli-
cases and dsDNA packaging motors are discussed next. Survey of high resolution structures, site-
directed mutagenesis, and biochemical properties provides basis for a mechanistic model of RNA 
packaging. Other aspects of P4 proteins have been reviewed elsewhere (Kainov et al.  2006 ; Mancini 
and Tuma  2008 ; Rabhi et al.  2010 ; Tuma  2010  ) .  

    27.2   Structure and Sequence Similarity to Other Molecular Motors 

 In their native state, P4 hexamers are integral part of the procapsid (PC) (Fig.  27.1 , see also Chapter 
17 of this volume). However, all P4 proteins characterized to date (phages  f 6,  f 8,  f 12,  f 13) remain 
hexameric in absence of the viral capsid and were successfully expressed in  E. coli , purifi ed and 
crystallized (Juuti et al.  1998 ; Kainov et al.  2003 ; Mancini et al.  2004b  ) . The fi rst high-resolution 
structure of  f 12 P4 hexamer revealed six identical subunits arranged in a ring, resembling a domed 
toroid around a central channel (Fig.  27.1 ) (Mancini et al.  2004a  )  Similar arrangement has been 

  Fig. 27.1    Artistic impression of P4 pumping ssRNA into the PC ( right ). A ribbon diagram of  f 12 P4 hexamer 
with nucleotide triphosphate binding sites located at subunit interfaces and RNA binding sites within the central 
channel ( left )       
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subsequently found for P4 from a related bacteriophage  f 13 (Meier et al.  2005  ) . Six identical ATP 
binding sites are located toward the external perimeter of the ring at the interfaces between adjacent 
subunits and are formed by residues contributed by both subunits. The central channel hosts nucleic 
acid binding sites which are essential for packaging and helicase activity (Kainov et al.  2008 ; 
Lisal et al.  2005  )  (Fig.  27.1b ). As originally proposed on the basis of low-resolution techniques 
(Juuti et al.  1998  ) , the quaternary structure of P4 rings resembles that of other hexameric helicases. 
Indeed, recombinant P4 hexamers from bacteriophages  f 8 and  f 13 exhibit 5 ¢  to 3 ¢  RNA-specifi c 
helicase activity (Kainov et al.  2004  ) . This relationship has been subsequently investigated and 
detailed by a combination of sequence alignments and high-resolution structural information.  

    27.2.1   Conserved Helicase Fold and Sequence Motifs 

 The atomic structure of P4 solved by X-ray crystallography (Mancini et al.  2004a  )  revealed three 
domains (Fig.  27.2a, b ): an N-terminal domain which is important for hexamer assembly and stability, 
a central RecA-like ATPase domain, and an  a / b  C-terminal extension which serves as a platform for 
attachment to the virion (Lisal et al.  2006 ; Paatero et al.  1998  ) . While the overall sequence identity 
between P4 proteins from different phages is low (<30%), fi ve conserved sequence motifs (H1, H1a, 
H2, H3, H4) are clearly discernible within the RecA-like ATPase module of these molecular motors. 
These motifs are conserved among ATPases that belong to helicase superfamily 4 (SF4) (Fig.  27.2b ). 
Proteins within is and related ATPase superfamilies (e.g., SF3 viral hexameric helicases, SF5 Rho 
transcription terminator) contain the conserved ASCE core topology (additional strand conserved E 
(Iyer et al.  2004  ) ) (Fig  27.2c ). SF4 encompasses hexameric bacterial and bacteriophage helicases (e.g., 
 E. coli  replicative helicase DnaB, bacteriophage T7 gp4 helicase–primase), most of which are involved 
in DNA replication and translocate in the 5 ¢  to 3 ¢  direction (Singleton et al.  2007  )  along one strand 
while splitting DNA duplex. P4 proteins are the only RNA-specifi c helicases within this superfamily.  

 Structurally, the closest relatives of the P4 subunit fold are the helicase domain of T7 gp4, RecA, 
and the F1-ATPase subunits (Kainov et al.  2008  )  (see also chapter 2 in this volume). However, the 
 E. coli  transcription terminator Rho (Skordalakes and Berger  2003  ) , which is a hexameric RNA-
specifi c helicase with 5 ¢  to 3 ¢  directionality, resembles P4 structurally (Fig.  27.2d ) as well as func-
tionally (Rabhi et al.  2010  ) . Several structures of Rho in complex with RNA have been recently 
obtained and provided additional insights into the mechanism of RNA-specifi c translocation. For 
this reason, a detailed comparison between Rho and P4 is employed in this review. 

 Hexameric viral helicases belonging to SF3 (e.g., E1 from papilloma viruses or large T antigen from 
SV40) also form toroidal rings and thus are morphologically similar to P4. However, the fold of their 
ATPase domains is of AAA+ ( A TPases associated with diverse cellular activities) type and exhibits only 
three conserved motifs: A, B, and C. It is interesting to note that while the P4 fold clearly belongs to the 
RecA type, the ATPase domain lacks the typical RecA insertion between the Walker A (H1 motif) and 
Walker B (H1a and H2) motifs within the ASCE core. Instead, two additional  b -strands and a helix are 
appended at the C-terminus of the ATPase core (Fig.  27.2b, c ). As a result, the P4 fold resembles that of 
the ASCE motif within AAA+ proteins while still superposing well onto the typical eight-stranded 
 b -sheet RecA-like topology. Due to this structural and topological resemblance between the ASCE core 
in P4 and SF3 helicases, the three conserved motifs (A, B, C) of the latter superpose onto the corre-
sponding residues in P4. While superposition of A (Walker A, H1 in SF4) and B (Walker B, H2 in SF4) 
is a rather trivial consequence of both proteins belonging to the P-loop ATPases, the structural conserva-
tion of the polar residue within motif C (H3 in P4) highlights its universal importance as a  g -phosphate 
( g P) sensor in diverse molecular motors (Enemark and Joshua-Tor  2006 ; Kainov et al.  2008  ) . 

 P4 also exhibits H1a and H4 motifs that are typical of SF4 helicases. The former hosts a catalytic 
acidic residue and together with H2 residues acts as a split Walker B motif. H4 motif within the ASCE 
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  Fig. 27.2    ( a ) Domain 
structure of P4. ( b ) P4 
subunit fold – domains are 
colored according to panel A, 
SF4 helicase motifs 
highlighted in different 
colors: H1 –  red , H2 –  green , 
H3 –  cyan , H4 –  pink . 
Additional structurally 
conserved regions are shown: 
arginine fi nger (AF,  magenta ) 
and L1 and L2 loops ( dark 
magenta ). ( c ) Topology of the 
ASCE core ( blue ) and 
C-terminal RecA-like 
extension ( yellow ). 
( d ) RecA-like fold of P4 
compared to Rho (PDB, 
3ICE, Thomsen and Berger 
 2009  ) . P4 loops L1 and L2 
and the lever helix  a 6 are 
highlighted together with the 
corresponding loops Q and R 
and the equivalent “lever” 
helix  a 12 in Rho. Note that 
 a 12 does not act as the lever 
in Rho (see the text for more 
detail). ( e ) Comparison 
between P4 ( blue ) and the 
ATPase domain of phage T4 
gp17 ( magenta , PDB 2O0H, 
Sun et al.  2007  )  with the 
ATPase active site serving as 
the alignment reference       

core usually contains a conserved polar residue (S252 in  f 12 P4 (Mancini et al.  2004a  ) , N494 in T7 
phage helicase–primase gp4 (Singleton et al.  2000  ) ) which contributes to the ATP binding site  in trans  
(i.e., from a neighboring subunit within the hexamer) and is essential for activity (Kainov et al.  2008  ) . 

 In addition to the conserved helicase motifs, there are other structurally conserved and catalyti-
cally important residues. These are diffi cult to identify solely on the basis of sequence. “Arginine 
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fi nger” motifs are arginine residues inserted into the active site  in trans . An arginine fi nger is thought 
to facilitate formation of the transition state by neutralizing the buildup of negative change on the  g P 
(Scheffzek et al.  1997  ) . In P4, there are two essential arginine residues, one of which (R272 in  f 12 P4) 
remains stationary throughout the catalytic cycle (Kainov et al.  2008 ; Mancini et al.  2004a  ) . 
The other (R279 in  f 12 P4) is inserted into the catalytic pocket during hydrolysis (see below). In SF4 
helicases, these residues are located downstream of H4 and outside of the conserved ASCE core. In 
contrast, arginine (and lysine) fi ngers in SF3 helicases are located within the ASCE core. 

 The RNA-interacting loops L1 and L2 (Fig.  27.2c, d ) are also structurally conserved among P4 
proteins from different cystoviruses (Kainov et al.  2006 ; Mancini et al.  2004a  )  and other SF4 and 
SF5 helicases (Sawaya et al.  1999  ) . For example, Rho possesses two RNA binding loops, Q and R 
(structurally equivalent to L1 and L2 in P4, respectively) (Fig.  27.2c, d ). 

 In summary, Rho is the closest functional relative of the P4 that also exhibits similar structure. 
Analysis of bacterial sequences suggests that Rho-like homologues are ubiquitous and highly con-
served in the bacteria; therefore, it is plausible to speculate that dsRNA bacteriophages hijacked this 
essential host cell helicase to become an RNA-specifi c packaging motor.  

    27.2.2   P4 Is Only Remotely Related to Packaging 
ATPases of dsDNA Viruses 

 Recently, the fi rst high-resolution structure of a dsDNA packaging ATPase, the gp17 terminase from 
bacteriophage T4, has been determined (Sun et al.  2007  ) . This enzyme provides the energy for 
dsDNA translocation but, unlike P4, it only transiently associates as a pentamer (Sun et al.  2008  )  
with the portal vertex of the phage procapsid (empty virion precursor, PC). In addition, its C-terminal 
domain exhibits endonuclease activity that is used to cut the concatenated genomic dsDNA precur-
sor after a headful packaging (Rao and Feiss  2008  ) . 

 A structural alignment of the RecA cores of P4 and gp17 reveals a very different disposition of 
nucleic acid binding sites with respect to the ATP binding site (Fig.  27.2e ). While in gp17 one of the 
proposed DNA binding sites is located within an intervening domain adjacent to the ATP binding site 
(the second site being located within the C-terminal nuclease domain), the RNA binding sites in P4 
are located much closer to the ATPase active site. The intervening domain in gp17 provides the argi-
nine fi nger, which inserts  in cis  into the ATPase active site during catalysis. In P4 (and in other hexa-
meric ring helicases), this residue is provided  in trans  by the neighboring subunit. The bacteriophage 
T4 ATPase has in fact the greater structural similarity to the monomeric helicases of the superfamilies 
1 and 2. This extends to the presence of a catalytically important glutamate immediately following the 
Walker B motif (whereas this is upstream of the Walker B motif in P4) and the TTT sequence “motif 
III,” which is important in monomeric helicases for sensing the state of ATP in the catalytic pocket 
(Mitchell et al.  2002  ) . Taken together, these results suggest that the two classes of packaging motors 
are quite distinct and, as discussed later, their mechanisms are likely to be different.   

    27.3   P4 Is Essential for Several Steps During the Viral Life Cycle 

    27.3.1   Procapsid Assembly 

 The dsRNA bacteriophages have a 14-kbp genome composed of three segments, small (S), medium 
(M), and large (L) which are enclosed within an icosahedral protein core (Huiskonen et al.  2006 ; 
Jaalinoja et al.  2007 , see also Chapter 17 of this volume ) . The core is further enclosed in a nucleo-
capsid shell and enveloped by a lipid bilayer to yield an infectious virus (for details and overview 
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see (Huiskonen and Butcher  2007 ; Tuma  2008  ) . Capsid assembly proceeds in multiple steps with an 
intermediate dodecahedral PC (Poranen et al.  2008  ) . Initially, PC is void of RNA (Butcher et al. 
 1997 ; Mindich et al.  1976  )  and is built by co-assembly of 120 copies of the major structural protein 
P1 with ~12 copies of the viral RNA-dependent RNA polymerase P2, 12 hexamers of P4, and 30 
dimers of the assembly cofactor P7 (Poranen and Tuma  2004  ) . P4 hexamers nucleate PC assembly 
in vitro and are essential for virion formation in cells (Juuti et al.  1998 ; Poranen et al.  2001  )  
(Fig.  27.3a ). Up to 12 hexamers occupy the fi vefold facets of the dodecahedron (Huiskonen et al. 
 2007  )  (Fig.  27.1a ), creating a symmetry mismatch. However, recent electron tomography revealed 

  Fig. 27.3    ( a ) Role of P4 in assembly of dsRNA phages. P4 forms hexamers in the presence of divalent cations and/
or nucleotide di/triphosphates and then associates with the major PC protein P1 and nucleates PC assembly in vitro. 
( b ) Interaction of P4 hexamer with the viral PC as visualized by hydrogen–deuterium exchange. P4 is represented as 
a surface plot colored according to the backbone amide (NH) exchange rates. Isolated, PC-free hexamer is shown in 
the  left panel  together with the exchange  scale bar . The  right panel  shows the exchange representation for the 
PC-bound P4. P1 shell ( blue ) is shown schematically to indicate the deduced relative orientation. ( c ) Proposed mecha-
nism of RNA selection, loading, and packaging. RNA pac sites are specifi cally recognized by P1 shell ( blue ) and 
brought to the vicinity of the P4 ring ( green ). Upon contact with RNA, the ring opens at one interface to allow the 
RNA to slip into the central channel and activate the ATPase. Translocation ensues in 5 ¢  to 3 ¢  direction       
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variable occupancy of  f 6 P4, with only about fi ve hexamers per procapsid (Nemecek et al.  2010  ) . 
P4 hexamers also play a structural role in the PC, contributing up to 30% of the total protein 
mass. P4 interacts with the PC through its C-terminal domain (Lisal et al.  2006 ; Paatero et al. 
 1998  ) , and the interaction further stabilizes the hexamer, preventing spontaneous opening of the 
ring (Fig.  27.3b ).   

    27.3.2   RNA Packaging 

 RNA in dsRNA bacteriophages is packaged into preformed empty PCs in a form of single-stranded 
(plus sense) genomic precursors (Mindich  2004 , see also Chapter 26 of this volume ) . The three 
ssRNA precursors (s, m, and l) are packaged in a sequential manner (Mindich  1999  ) . The process 
encompasses three essential steps: recognition of the specifi c RNA, RNA loading into the P4 
hexamer, and ATP-dependent RNA translocation. Genomic precursors contain unique recognition 
sequences (a  pac  sites) at 5 ¢  end (Gottlieb et al.  1994 ; Qiao et al.  1997 , see also Chapter 26 of this 
volume ) . The pac sequences fold into well-defi ned structures (Pirttimaa and Bamford  2000  )  that 
are recognized by the protein P1 within the PC (Qiao et al.  1997,   2003  )  (Fig.  27.3c ). This recogni-
tion brings the correct RNA into the close proximity of P4 which alone is a nonspecifi c translocase 
that can turnover heterologous RNAs (Kainov et al.  2003  ) . 

 In a second step, the bound RNA precursor is loaded into a P4 hexamer, most likely via a ring-
opening mechanism. Evidence for ring opening was obtained for recombinant isolated  f 8 P4, where 
the transient opening of one subunit interface during RNA loading was detected by hydrogen– 
deuterium exchange (Lisal et al.  2005  ) . A snapshot of similar ring-opening process was captured in 
the crystal structure of  E. coli  Rho in complex with RNA fragments bound to the primary binding 
sites at the periphery of the hexamer (Skordalakes and Berger  2003  ) . The ring-opening mechanism 
was also proposed for other hexameric helicases based on kinetic considerations (Levin and Patel 
 2003  ) . However, the ring-opening mechanism of P4 in the context of the whole PC remains to be 
characterized. 

 The captured RNA stimulates the ATPase activity of P4 which translocates it inside the PC in the 
5 ¢  to 3 ¢  direction (Gottlieb et al.  1991,   1992a  ) . The packaged RNA is subsequently replicated by the 
viral polymerase P2 within the PC; at this point, the PC becomes the polymerase core, which is able 
to synthesize new plus-sense RNA transcripts (Bamford et al.  1995 ; Frilander et al.  1992 ; 
Gottlieb et al.  1992b  ) .  

    27.3.3   Transcription 

 During infection, the polymerase core is released from the nucleocapsid shell into the cytoplasm. 
This activates the polymerase which starts to produce ssRNA transcripts (Mindich  2004  ) . Also, the 
newly assembled polymerase cores transcribe the packaged genome in order to produce genomic 
precursors for assembly (see Chapter 17 of this volume for further details). 

 PC-associated P4 hexamers are indispensable for transcription and act as passive ports for ssRNA 
export, that is, translocation occurs in absence of catalytic activity (Kainov et al.  2004  ) . During 
extrusion, RNA moves through the central channel in the direction opposite to that of packaging. 
This is consistent with the diminished ATPase activity of P4 within the core of the  f 12 virus 
(Kainov et al.  2004  )  and with the structural changes observed for the P4 ring within the  f 6 virus core 
upon maturation (Huiskonen et al.  2007  ) .   
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    27.4   Biochemical Properties and Enzyme Kinetics 

    27.4.1   Hexamer Assembly 

 Cystoviral packaging motors remain hexameric at low (submicromolar) protein concentrations in 
the presence of millimolar Mg 2+  and ADP (Kainov et al.  2003 ; Juuti et al.  1998  ) . Thus, in infected 
cells, P4 exists almost exclusively in the hexameric form, readily available for assembly. However, 
in vitro, (and in absence of nucleotides and divalent cations) P4 hexamers from phage  f 12 can be 
slowly and reversibly dissociated, allowing assortment of subunits, for example, wild-type and 
mutant subunits (Telenius et al.  2008  ) .  

    27.4.2   ATP Binding 

 The ATPase cycle can be divided into four essential steps: (1) ATP binding, (2) phosphodiester 
hydrolysis, (3) inorganic phosphate (P 

i
 ) release, and (4) ADP dissociation. All P4 motors studied 

thus far ( f 6 P4 (Juuti et al.  1998  ) ,  f 8 P4 (Lisal et al.  2004  )  and  f 12 P4 (Lisal and Tuma  2005  ) ) bind 
ATP and ADP noncooperatively with submillimolar affi nities ( K  

d
  ~ 100–200  m M). All six ATP bind-

ing sites are equivalent, and concurrent RNA binding does not have signifi cant effect on the nucleotide 
affi nities. This is consistent with the comparison of  f 12 P4 structures in the apo and ATP-/ADP-
bound states. Apart from a slight closure of the ATP binding cleft at the subunit interfaces, there is 
little change that would indicate intersubunit communication and relative rotation of subunits 
(Mancini et al.  2004a  ) .    However, pre-steady-state kinetics revealed a rate-limiting conformational 
change associated with ATP binding to  f 8 P4 hexamer. In the case of  f 8 P4, the presence of RNA 
affected the ATP binding kinetics (Lisal et al.  2004  ) , suggesting that a conformational change con-
comitant with ATP binding may be involved in modulating RNA binding and release. These confor-
mational changes were subsequently mapped by hydrogen–deuterium exchange, suggesting that the 
same motifs that are involved in RNA translocation in  f 12 P4 (i.e., H3 and H4) also modulate RNA 
affi nity in  f 8 P4 (Lisal et al.  2005  ) . This alludes to a common translocation mechanism for P4 pro-
teins from different phages.  

    27.4.3   Nucleic Acid Binding 

 P4 proteins from different phages bind both RNA and DNA in a sequence-independent fashion with 
affi nities ranging from submicromolar ( f 8,  f 13) to millimolar ( f 6,  f 12) (Kainov et al.  2003 ; 
Lisal et al.  2004 ; Lisal and Tuma  2005  ) .  f 8 P4 binds both single-stranded as well as double-stranded 
nucleic acids (Kainov et al.  2003  ) , while the central channel within the  f 12 P4 hexamer is not large 
enough to accommodate a duplex nucleic acid (Mancini et al.  2004a  ) . ATPase activity of  f 12 P4 is 
stimulated by ssRNA. This suggests that single- and double-stranded nucleic acids bind in distinct 
ways, perhaps employing different binding sites.  f 8 P4 has been shown to associate with ssDNA as 
well as dsRNA and dsDNA, but only in the presence of ssRNA will it attain ATPase activity, sug-
gesting that the protein discriminates between RNA and DNA at the level of coupling between 
ATPase activity and translocation.    Here, we focus on the biologically relevant binding to ssRNA. 

 Two loops, L1 and L2, which protrude into the central channel (Fig.  27.1b ), constitute the RNA 
binding sites in P4 (Kainov et al.  2008 ; Lisal et al.  2005  ) . These loops are structurally equivalent to 
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RNA and DNA binding sites in the related hexameric helicases (e.g., R- and Q-loops in Rho, 
Fig.  27.2d ). In  f 8 P4, two positively charged residues within the L1 loop (motif L KK    ) were shown 
to be essential for RNA binding. In  f 12 P4, which binds only weakly to RNA, a single residue within 
L2 (K241) seems essential. However, additional mutational analysis demonstrated that polar resi-
dues within the L1 loop of  f 12 P4 (e.g., S203) are also essential and thus may interact with RNA 
(Mancini, Kainov, Purdy, Rong and Tuma, unpublished results). As seen in Rho, the two loops most 
likely form transient salt bridges and hydrogen bonds with the RNA backbone (Thomsen and Berger 
 2009  ) . L1 loop in P4 may also contribute to the RNA specifi city as proposed for the Q-loop in Rho 
(Thomsen and Berger  2009  ) . A plausible confi guration of RNA inside the central channel is illus-
trated in Fig.  27.4  in which the bound RNA adopts a “staircase” structure seen in a recent Rho crystal 
structure (Thomsen and Berger  2009  ) .    In this confi guration, RNA snuggly fi ts within the channel, 
contacts the L1 loops, and certainly would come into contact with the L2 loops on its way down the 
channel during translocation. Note that the RNA orientation in Fig.  27.4  is derived from the Rho 
structure and has its 3 ¢  pointing toward the C-terminal platform, that is, opposite to that expected for 
P4. This is because Rho appears to run “in reverse” with respect to the SF4 helicases (Thomsen and 
Berger  2009  ) .  

 One important mechanistic issue is how many subunits are engaged with the RNA strand at any 
given time and whether this number depends on the nucleotide state. An estimate of the number of 
subunits that engage RNA during translocation was obtained using the dependence of ATPase activ-
ity on the oligoribonucleotide length (Lisal and Tuma  2005  ) . This estimate was further confi rmed 
from the minimum number of active subunits that cooperate during hydrolysis (Telenius et al.  2008  ) . 
In  f 12 P4, 3–4 subunits were estimated to interact with RNA. More subunits within the  f 8 P4, which 
exhibits higher affi nity for RNA, may interact with RNA at once. For comparison, the related DNA 
helicase gp4 from bacteriophage T7 has been shown to require binding of all six subunits to DNA 
for helicase activity (Crampton et al.  2006  ) . Five subunits were seen to engage with RNA in the 
crystal structure of Rho, forming the staircase binding site confi guration within the hexamer 
(Thomsen and Berger  2009  )  similar to that found in the structure of bovine papillomavirus helicase 
E1 with ssDNA (Enemark and Joshua-Tor  2006  ) . 

 However, a previous Rho structure exhibited a very different binding pattern in which each pair 
of subunits was bound to a single strand (perhaps dictated by the overall threefold symmetry 

  Fig. 27.4    Plausible model for RNA binding within P4 hexamer based on fi tting of the “staircase” RNA structure from 
 E. coli  Rho (PDB, 3ICE; Thomsen and Berger  2009  )  into the central channel of P4 hexamer (PDB 1W49; Mancini et al. 
 2004a  ) .  Side view  with only two subunits shown for clarity and loops L1, L2 highlighted ( left ).  Top view  shown in the 
 right panel        
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of the crystal). Recent chemical interference probing of Rho–RNA interactions in solution indicated 
that the protein makes a critical contact with the RNA strand on average at every seventh nucleotide. 
Hence, RNA binding may be more dynamic than suggested by the few crystallized complexes. 
Given the close structural and functional relationship between Rho and P4, it is likely that P4 binds 
RNA in a similar fashion, that is, utilizing the staircase confi guration of binding sites, but may 
engage fewer subunits at a time. It should be noted that the topological enclosure of nucleic acid also 
contributes to the overall RNA binding process and increases the apparent affi nity for long substrates 
by slowing down the dissociation rate which is governed by ring opening or, alternatively, by sliding 
off the strand end. Spontaneous ring opening is rare for  f 8 P4 ((Lisal et al.  2005  ) , see also transloca-
tion processivity below), while  f 12 P4 ring is more dynamic unless it is bound to the procapsid 
(Lisal et al.  2006  ) .  

    27.4.4   ATP Hydrolysis 

 In many cases, the rate of hydrolysis is measured indirectly by monitoring the rate of P 
i
  released 

from the enzyme. In addition to the bond breaking, the resulting rate constant refl ects any conforma-
tional changes that confi gure the active site for hydrolysis and also those leading to P 

i
  release.    Based 

on detailed kinetic characterization of many ATPases, the intrinsic bond-breaking step is expected to 
be much faster than the associated conformational changes or the subsequent P 

i
  release, and thus, the 

latter two are considered the rate-limiting steps (Liao et al.  2005  ) . 
 Under cellular conditions, that is, high [ATP]/[ADP] ratio, nucleotide exchange does not gener-

ally constitute the rate-limiting step, and the enzyme works close to the maximum turnover 
( k  

cat
  = turnover number, i.e., the average number of ATP molecules hydrolyzed by one subunit per 

unit time). However, in vitro reaction conditions (e.g., ATP concentrations, presence of inhibitors) 
can be judiciously chosen to emphasize the contributions of the various steps, including ATP binding 
and ADP release, to the overall cycle, as this is refl ected in the apparent Michaelis constant  K  

M
  (i.e., 

substrate concentration necessary to achieve 50% of  k  
cat

  activity; for monomeric enzymes,  K  
M

  is usu-
ally equal to the substrate binding dissociation constant  K  

d
 ). Note that in the case of oligomeric 

proteins, such as P4, the apparent  K  
M

  does not necessarily correspond to  K  
d
  and instead refl ects 

cooperativity (binding or kinetic) between multiple catalytic sites. 
 As stated above, ATPase activity of P4 is stimulated by ssRNA (Kainov et al.  2003  )  (Fig.  27.5a ). 

 f 8 P4 exhibits a tight coupling between ATP hydrolysis and translocation, that is, virtually no ATP 
is hydrolyzed in the absence of RNA. However, other P4 motors retain basal ATPase activity in the 
absence of RNA (Kainov et al.  2003 ; Lisal and Tuma  2005  ) . Such imperfect coupling can be 
exploited to detail the mechanism, for example, by comparing effects of inhibitors or mutations in 
the presence and absence of RNA. This strategy has been employed in the study of  f 12 P4 mecha-
nism, and hence, we focus primarily on this model system.  

 Without affecting ATP/ADP association, RNA has profound effect on the steady-state kinetic 
parameters ( K  

M
  and  k  

cat
 ,  n  = Hill coeffi cient which is related to number of cooperating subunits). In 

the absence of RNA,  K  
M

  (1.5 mM) is almost an order of magnitude higher than the corresponding  K  
d
  

(0.2 mM) for ATP binding. Little cooperativity is observed. The high  K  
M

  value (higher than the cor-
responding  K  

d
 ) refl ects cooperation between several subunits within the hexamer that have to bind 

ATP simultaneously in order to trigger hydrolysis (Lisal and Tuma  2005  ) . RNA binding causes a 
threefold decrease of the apparent  K  

M
  and a concomitant increase of  k  

cat
  and cooperativity ( n  = 2.7) 

(Fig.  27.5a ) (Lisal and Tuma  2005  ) . These observations, together with inhibition studies, led to a 
simple sequential model of catalytic cooperativity (Lisal and Tuma  2005  )  (Fig.  27.5b ) in which all 
subunits within hexamer are active, but only three neighboring subunits are cooperating in hydroly-
sis at a time. The mechanism is intrinsically the same in the absence or presence of RNA. 
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In the absence of RNA, the hexamer stochastically attains the right confi guration of the three sub-
units and becomes catalytically competent. In the presence of RNA, that is, during translocation, 
RNA binding coordinates confi gurations of the neighboring subunits and thus promotes sequential 
hydrolysis at ATP concentrations higher than the  K  

d
 , and the apparent  K  

M
  becomes closer to the  K  

d
 . 

This scheme is compatible with the structural features of the P4 hexamer (Mancini et al.  2004a  )  and 
was further supported by the enzymatic properties of hexamers with increasing number of mutant 
subunits (Telenius et al.  2008  ) . In the latter case, two models, with three or four neighboring subunits 
cooperating, respectively, reproduced the experimentally determined dependence of ATPase activity 
on the number of wt subunits within the hexamer (Fig.  27.5c ). Results of site-directed mutagenesis 
and structural analysis (Kainov et al.  2006,   2008 ; Mancini et al.  2004a  )  are discussed in the follow-
ing sections. 

  Fig. 27.5    ( a ) RNA-induced 
catalytic cooperativity as 
demonstrated by steady-state 
kinetics of ATP hydrolysis. 
Rate of P 

i
  release was 

measured as a function of 
substrate concentration ( solid 
circles , without nucleic acid; 
 empty circles , in the presence 
of 1 mM poly(C);  squares , in 
the presence of ssDNA). 
 Triangles  represent AMPPNP 
hydrolysis as a negative 
control.  Lines  represent fi ts to 
the Hill equation as described 
in Lisal and Tuma  (  2005  ) . 
( b ) A sequential model for 
ATP hydrolysis 
encompassing three subunits 
in a row, two of which are 
occupied by ATP while the 
remaining is in the ADP 
state. The  arrow  indicates the 
direction in which sequential 
ATP hydrolysis proceeds in 
an orientation with the 
hexameric ring viewed from 
the apical N-terminal 
facet along the central 
channel. ( c ) Incorporation of 
increasing number of arginine 
fi nger mutant (R279A) 
subunits into the hexamer. 
Dependence of the turnover 
number  k  

cat
  on the number of 

wild-type subunits. 
Computed data for the three 
and four cooperating subunit 
model are shown as  solid  and 
 dotted curves , respectively. 
Adapted from Telenius et al. 
 (  2008  )        
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 In contrast to P4, cooperativity in other hexameric helicases, such as Rho and T7 gp4, is achieved 
by cooperative ATP binding in which the ATP affi nity ( K  

d
  in the lower  m M range) is modulated by 

RNA binding. Despite this, a sequential mechanism of hydrolysis similar to the one proposed for P4 
has been put forward for these two helicases (Liao et al.  2005 ; Adelman et al.  2006  ) . The proposed 
mechanism is also in agreement with rapid kinetics studies which showed that multiple ATPs need 
to be hydrolyzed before the fi rst phosphate can be released from the Rho hexamer in a single turn-
over experiment (Adelman et al.  2006  ) .   

    27.5   Structure-Based Mechanism 

    27.5.1   Mechanical Reaction Coordinate: Molecular Lever 

 Molecular motors are thermodynamic machines that convert chemical energy into mechanical work 
in a cyclical fashion. An analogy can be drawn between a standard combustion engine and a molecu-
lar motor but the respective thermodynamic operating principles differ considerably (Fig.  27.6 ). The 
former is driven by a cycle of gas expansion and cooling, utilizing reservoirs with two different 
temperatures. The force generation step is associated with gas expansion during combustion. The 
situation is different for molecular motors which operate at one temperature and harness the chemi-
cal energy released from ATP hydrolysis. Such energy conversion is often called mechanochemistry 
or mechano–chemical coupling. This process exploits concentration differences between ATP, ADP, 
and P 

i
  in solution (e.g., in the cytoplasm) to create subtle structural changes (on the order of 0.1 nm 

or less) in the ATPase active site such as charge redistribution accompanying P 
i
  release or ATP bind-

ing. These changes are then amplifi ed into the nanometer-scale motion of the bound nucleic acid 
(Fig.  27.6b ). Consequently, the force generating steps may be associated with injection or exhaust in 
the “combustion engine” cycle (Fig.  27.6a ).  

 In many motors, the amplifi cation is accomplished by a “molecular lever” (Fig.  27.6b ). In the  f 12 
P4, the lever encompasses a rigid helix  a 6 which connects the ATP binding site with the RNA bind-
ing site (loop L2) in the central channel (Fig.  27.6c ). Two positions of this lever have been identifi ed 
in high-resolution structures, and motion between these two positions is controlled by ATP binding 
and hydrolysis (Mancini et al.  2004a  ) . We designate this motion, which spans about 6–7 Å (the posi-
tively charged tip of K241 swings up to 11 Å), as the mechanical reaction coordinate. In the follow-
ing sections, we delineate the key interactions within the ATP active site which control motion along 
the mechanical reaction coordinate.  

    27.5.2   ATP Binding and Hydrolysis Control Lever Motion 

 In absence of bound nucleotides (apo form), two lever positions, one designated as “up” and the 
other as “down,” were observed in the crystal structure within the same hexamer (Fig.  27.6c ) 
(Mancini et al.  2004a  ) . This suggests that in the absence of ATP or ADP, the two positions are ener-
getically equivalent, while intermediate positions are perhaps less favored. The two principal lever 
positions were also observed in structures with bound nucleotides (Fig.  27.6d ). In presence of ATP 
(or an ATP analog), the loops and  a 6-helices adopt the “up” position, while in the ADP:Mg 2+  state, 
they assume the “down” position. This is consistent with a model in which the lever moves down the 
central channel in response to ATP hydrolysis and/or P 

i
  release (Mancini et al.  2004a  ) . 

 The upstream end of the L2 loop reaches back into the active site of the same subunit where an 
essential asparagine (N234) within the H3 motif interacts with  g P in the ATP-bound state (Fig.  27.7a ). 
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Structurally equivalent polar residues are found within the H3 motif (C motif in SF3) of other 
hexameric helicases. In these helicases, residues within the H3 motif usually serve as  g P sensors. 
This is also the case for  f 12 P4 residue N234, where the role was confi rmed by structural analysis 
of the N234G mutant (Kainov et al.  2008  ) . In this mutant, the lever adopts the posthydrolysis down 
position even when an ATP analog is bound in the active site (Fig.  27.7b ). Thus, the H3 sensor motif 
conveys information from the active site to the lever within the same subunit.  

 The lever helix ( a 6) is positioned downstream of the RNA binding loop L2 and its C-terminus 
inserts into the ATP binding site of the next subunit. The loop at the C-terminal tip displays a con-
served serine (S252 in  f 12 sequence) which is part of H4 motif and is essential for catalysis (see below 

  Fig. 27.6    ( a ) Schematic 
comparison between the 
cycle of a molecular motor 
and a typical combustion 
engine. ( b ) Molecular lever 
mechanism ( left ) compared to 
a combustion-driven piston 
engine ( right ). ( c ) Cross-
section through the apo 
hexamer ( ribbon ) with a short 
RNA ( ball  and  stick , taken 
from Rho structure PDB 
3IEC) modeled inside the 
central channel. The two 
positions of  a 6 helix ( red ) 
and K241 ( spacefi ll ) are 
shown looking at three 
neighboring subunits from 
the center of the hexamer. 
   The direction of RNA 
translocation is designated by 
 arrows  ( d );  a 6 helix and L2 
loop act as a molecular lever 
which connects the ATP 
binding site to the central 
channel and amplifi es small 
changes into nanometer-scale 
swiveling motion       
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and Kainov et al.  2008  ) . This residue is part of the communication network between subunits and 
conveys information about the lever state to the neighbor.  

    27.5.3   Lever Motion Is Essential for Hydrolysis 

 As discussed above, RNA increases the catalytic rate, and thus, the presence of RNA in the central 
channel (L2 binding site) needs to be communicated to the ATPase active site. The ATP and RNA 
binding sites are more than 15 Å apart in the structure; hence, the mechanism is most likely indi-
rect and perhaps involves the lever motion itself. One possibility is that the lever motion in one 
subunit triggers hydrolysis in the neighboring ATP site. Such “mechanical trigger” would be con-
sistent with the sequential mechanism of hydrolysis. To test this hypothesis, a cysteine mutant of 
the RNA binding site was generated (K241C), and the levers from neighboring subunits were 
effectively immobilized by reversible cross-linking of their L2 loops via a disulfi de bond. 
Immobilization of the L2 loops abolished the basal ATPase activity (Kainov et al.  2008  )  which 
could be restored upon reduction of the disulfi de bonds. This suggests that the lever position is 
coupled to hydrolysis, that is, the chemical reaction coordinate. But what constitutes the chemical 
reaction coordinate? 

 In strictly chemical terms, the reaction coordinate usually represents progress along the reaction 
path and usually is characterized by a single parameter, for example, scissile bond length. However, 
in enzymes, the reaction path is seldom described by a single parameter since the contribution of the 
complex protein motions needs to be taken into account. This broader view is adopted below, with 
the aim of delineating the structural prerequisites for hydrolysis.  

  Fig. 27.7    Comparison of lever and ATP binding site conformations viewed from the C-terminal facet along the cen-
tral channel. ( a ) Structures with ATP analog AMPcPP ( yellow ) and with ADP ( blue ) bound together with Mg 2+  
( sphere ) in the active site. Note the different position of the P-loop and the L2 loop/ a 6 helix. ( b ) Comparison of 
wild-type ( yellow ) and N234G mutant ( green ) co-crystallized with AMPcPP and Mg 2+  in the active site. Note that the 
position of the P-loop and the L2 loop/ a 6 helix in the mutant is almost identical to that in the ADP structure in ( a )       
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    27.5.4   Coupling Between Mechanical and Chemical Reaction Coordinate 

 The mechanical trigger may be related to the motion of the lever on the catalytic subunit which 
would be mediated by  cis -acting residues. On the other hand, sequential hydrolysis would require 
residues which are contributed  in trans  by the neighboring subunit. Both mechanisms are plausible 
and may apply simultaneously. In order to identify the key residues which defi ne the chemical reac-
tion coordinate, it is instrumental to compare constellations of conserved side chains within the 
active site in different nucleotides states (Fig.  27.8 ).  

 The  cis -acting residues are considered fi rst. The active site coordinates the bound nucleotide di- 
or triphosphate together with a Mg 2+  ion which is essential for hydrolysis. In the ATP-bound 

  Fig. 27.8    Details of the ATP binding site along the chemical reaction coordinate. ( a ) Wild-type protein in the pres-
ence of AMPcPP ( ball  and  stick ) and Mg ( green sphere ). ( b ) S252A mutant in the presence of ATP and Mg. ( c ) Wild-
type protein in the presence of ADP and Mg. ( d ) Apoprotein       
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pre-hydrolysis state, the Mg 2+  ion is bound to oxygens on  b - and  g P and coordinated by T137 in the 
P-loop (Walker A, H1 motif) and D189 (H2 motif). Extrapolating from other helicases, the con-
served E160 (motif H1a) most likely acts as the catalytic base during hydrolysis. 

 The P-loop (Walker A, SF3 motif A, SF4 motif H1) constitutes a fl exible link between strand 1 
and helix 1 in the ASCE core (Fig.  27.2 ). In P4, the P-loop adopts different conformations in the 
ATP- and ADP-bound states (Fig.  27.7a ). This change is characterized by a swinging motion of the 
fl exible upstream portion (residues 130–135) which correlates with the position of the moving lever 
(Fig.  27.7a ). The P-loop position does not necessarily refl ect the nucleotide occupancy since it can 
adopt the ADP-like conformation in the presence of an ATP analog within the active site of the 
N234G mutant which adopts the “down” position of the L2 lever (Fig.  27.7b ) (Kainov et al.  2008  ) . 
This demonstrates that the P-loop conformation is linked to the lever position rather than nucleotide 
occupancy. Hence, the P-loop motion may act to synchronize lever motion with ATP hydrolysis, that 
is, formation of the transition state may only happen when both the levers push the P-loop into a 
certain threshold position. 

  Trans  residues are provided by the neighboring subunit. Given that the mechanical motion is 
likely to trigger hydrolysis in a sequential manner (see above), these residues are expected to play an 
important role in this process. Two key trans residues have been identifi ed, namely S252 and R279. 
The conserved S252 (motif H4) is located at the C-terminus of helix  a 6 (the lever) and has been 
shown to be essential for ATP hydrolysis, to the point that mutant protein S252A could be co- 
crystallized with ATP and Mg 2+  in a “pre-hydrolysis” state (Kainov et al.  2008  ) . However, this state 
is distinctly different from the “pre-hydrolysis” state in the wild-type protein (P4:AMPcPP:Mg 2+ , cf 
panel a and b in Fig.  27.8 ). One notable difference is the insertion of the arginine fi nger R279 into the 
active site where it interacts with  g P (Kainov et al.  2008  ) . An arginine fi nger is thought to assist for-
mation of the transition state during hydrolysis by neutralizing the buildup of negative charge on the 
phosphates (Allin et al.  2001  ) . The S252A mutation also causes displacement of a water molecule 
which is held by Ser252 hydroxyl in an apical position with respect to the  g P in the wild-type struc-
ture. This water is most likely involved in the nucleophilic attack on  g P (Telenius et al.  2008  ) . A fi nal 
difference in the S252A mutant structure was a slight variation in the position of the L2 loop. 

 It is interesting to note that R279 side chain moves again as a result of hydrolysis and in the 
“product” structure interacts with  b P of ADP (Mancini et al.  2004a  ) . However, interactions of R279 
do not affect the lever position since the latter faithfully follows nucleotide occupancy within the 
crystal structures of the R279A mutant (Kainov et al.  2008  ) . This is consistent with the notion that 
the position of the arginine fi nger is controlled by the lever position. Taken together, this suggests 
that the S252A:ATP:Mg 2+  structure represents a state close to the hydrolysis step and that the lever 
motion is necessary for arginine fi nger insertion which in turn mediates sequential hydrolysis.  

    27.5.5   Comparison Between P4 and Related Hexameric Molecular Motors 

 Comparison between molecular motors may reveal possible conserved structural and mechanistic 
features. Such comparisons have been done for AAA+ proteins ( A TPases associated with diverse 
cellular activities) (Erzberger and Berger  2006  )  and hexameric helicases (Donmez and Patel  2006 ; 
Enemark and Joshua-Tor  2008  ) . More recently, P4 has been compared with RNA-specifi c hexameric 
helicases,  E. coli  Rho (Rabhi et al.  2010  )  and viral helicases E1 and Simian virus 40 large T antigen 
(LTAg) (Tuma  2010  ) . Here, we summarize the latter comparisons. 

 Domain and loop motions have been proposed to be involved in hexameric helicase action and 
nucleic acid translocation (Lisal et al.  2004 ; Singleton et al.  2000  ) . However, the fi rst structural cor-
relations between conformational changes and ATP binding and hydrolysis were provided for  f 12 
P4 and SV40 LTAg hexamers (Gai et al.  2004 ; Mancini et al.  2004a  ) . These structures revealed 
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motions of the nucleic acid binding sites and correlated them with the nucleotide occupancy of the 
ATPase catalytic pocket. Subsequently, similar motions were found in the E1 helicase (AAA+ motor 
closely related to LTAg) and Rho crystal structures in which the hexamers are bound to their respec-
tive DNA/RNA substrates (Enemark and Joshua-Tor  2006 ; Thomsen and Berger  2009  ) . These later 
structures also revealed the staircase arrangement of the nucleic acid binding sites, that is, gradual 
movement of the lever along the mechanical reaction coordinate and subtle differences in ATP bind-
ing pockets associated with the movement. 

 The mechanical reaction coordinates of these molecular motors, encompassing simple loop 
motion along the central channel, are similar. RNA binding sites are structurally conserved between 
the RecA-like helicases P4, Rho, and T7 gp4, while those within the AAA+ group (LTAg and E1) 
differ from the former. The mechanism by which motion of these loops is accomplished differs. In 
the case of P4, motion is accomplished by the swiveling helix  a 6 while subunits remain virtually 
motionless. In contrast, in Rho, whole subunits undergo rigid body rotations within the hexamer, 
while there is little internal motion within subunits themselves as manifested by a negligible shift in 
the position of loops Q and R and helix  a 12 (equivalent of the P4 lever helix  a 6) with respect to the 
RecA core (Fig.  27.9b ). Similarly to Rho, motion within the LTAg and E1 hexamers is accomplished 
by domain rotations with respect to the neighboring subunits, leaving the N-terminal domain station-
ary (Fig.  27.9a ). Thus, in these motors, the whole domain or subunit acts as a lever, amplifying small 
changes in the active site at subunit interfaces into intersubunit motions.  

 Perhaps it is not surprising that the remotely related RecA-like P4 and the AAA+ viral helicases 
(LTAg, E1) employ different molecular lever mechanisms. However, in the light of the close struc-
tural and functional relationship between P4 and Rho and their possible evolutionary relationship, 
this difference is puzzling. One possibility is that P4 evolved to limit large domain motions within 
the hexamer in favor of motions within individual subunits. Unlike Rho and LTAg, which act alone 
during their motor action, P4 is an integral part of the viral capsid during packaging. P4 associates 
with the capsid via its C-terminal facet and these steric constraints may limit subunit rotations. 
Indeed, these interactions stabilize subunit interfaces within the hexamer, further limiting domain 
and subunit motions (Lisal et al.  2006  )  and limit spontaneous ring opening and consequently increase 
processivity. Indeed, P4 is a more processive translocase than Rho (Rabhi et al.  2010  ) . 

  Fig. 27.9    Comparison of subunit conformations associated with different positions of the DNA/RNA binding sites 
along the central channel. ( a ) LTAg structures in the presence of ATP ( blue ), ADP ( red ), and in apo form ( green ) were 
aligned using the N-terminal domain (Gai et al.  2004  ) . Motion of the DNA binding loops along the central channel is 
shown by the  arrow . ( b ) Comparison of two different conformations of Rho (subunits F and A) within the same hex-
amer crystallized in the presence of RNA (Thomsen and Berger  2009  )        
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 In summary, there are two principal ways to amplify small changes in the ATP binding site into 
nanometer-scale motions. One involves rigid body rotation of subunits or domains, while the other 
relies on internal motions of rigid elements (e.g., helices) within subunits.   

    27.6   Mechanism of Translocation 

 This section builds upon the structural and biochemical observations presented above and attempts 
to integrate them into a mechanistic model (schematically represented in Fig.  27.10 ).  

    27.6.1   Sequential ATP Hydrolysis Drives Translocation 

 In P4 and related hexameric motors, the movement along the mechanical reaction coordinate is con-
trolled by ATP hydrolysis (Kainov et al.  2008 ; Thomsen and Berger  2009  ) . While P 

i
  release seems 

to drive the lever with the bound RNA down the central channel (i.e., power stroke), ATP binding 
most likely drives the reverse stroke and the detachment from the oligonucleotide. The biochemical 
properties and structural characteristics are compatible with a sequential hydrolysis scheme in which 
three consecutive subunits cooperate (either through binding cooperativity as in the case of Rho or 
via catalytic cooperativity in P4). Under this scheme, a perpetual wave of conformational changes 
propagates around the ring in one direction (a molecular version of Mexican wave during a football 
match). The direction is structurally dictated by the insertion of the arginine fi nger. When the P4 ring 
is viewed down from the N-terminal facet, then the direction of propagation of these changes is 
counterclockwise, as shown in Fig.  27.5b .  

  Fig. 27.10    Schematic representation of the P4 cooperative mechanism. The  top panel  depicts the outline of four 
neighboring subunits ( light gray ), with the lever helix depicted in  magenta  and L2 loop in  cyan  with the RNA binding 
site, K241, in  blue . P-loop is  red , while the bound nucleotide di/triphosphates are  yellow . The conserved H3 motif 
( g P sensor) N234 is in  pink  and arginine fi nger (AF) is  green  and the H4 motif S252 is  orange .  Lower panel : simplifi ed 
hypothetical energy landscapes for the lever motion along the mechanical reaction coordinate for the corresponding 
nucleotide states depicted in the  top panel        
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    27.6.2   RNA Stimulates Hydrolysis by Concerted Lever Movement 

 ATPase activity of hexameric helicases is stimulated by ssDNA/RNA which binds to several subunits 
within the central channel. The number of subunits engaged with the nucleic acid at a time may vary 
depending on the helicase and the method used in estimating it. For example, enzymatic and muta-
tional analyses of P4 indicated that three to four subunits are engaged at once with RNA (Kainov et al. 
 2008 ; Telenius et al.  2008  ) . In contrast, fi ve loops were shown to interact with RNA in the most 
recent Rho crystal structure (Thomsen and Berger  2009  ) . However, enzymatic studies and modeling 
suggest that approximately three subunits cooperate in Rho during translocation (Adelman et al. 
 2006  ) . 

 In the simplest case, ATPase stimulation can involve just two neighboring subunits, both bound 
to RNA and with an ATP molecule bound at their interface. Since lever motion is essential in P4 for 
hydrolysis (e.g., arginine fi nger insertion), one plausible mechanism of stimulation is coordinated 
motion of two consecutive levers. In this model, the bound RNA provides a conformational link 
which facilitates concerted motion of the consecutive L2 loops (Fig.  27.10 , subunits i − 1, i). ATP 
hydrolysis at the preceding site (subunit i − 1) forces the lever (L2 loop and  a 6) down, inserting at 
the same time Arg279 into the next active site for transition state formation (subunit i). The mechani-
cal drag of the attached RNA on the L2 loop of the next subunit helps the lever to move down while 
confi guring the P-loop into a catalytically competent conformation. If a third subunit is considered, 
then the attached RNA mechanically drags the L2 loop of the next subunit down during the next 
cycle, promoting sequential hydrolysis (Fig.  27.10 , subunit i + 1). After hydrolysis and P 

i
  release on 

subunit i, the cycle repeats itself starting on position i + 1. There is some evidence from Raman spec-
troscopy that the bound RNA becomes stretched during ATP binding and hydrolysis (Lisal et al. 
 2004  ) , effectively becoming a “molecular bungee cord” linking the neighboring levers. 

 After reaching the lowest position in the apo state (e.g., i − 2 in Fig.  27.10 ), energy associated with 
ATP binding is utilized to detach RNA from this subunit simply by lifting the lever up. Reverse 
motion is prevented by simultaneous interaction of RNA with several consecutive subunits (i and i − 1) 
that are engaged in sequential hydrolysis.   

    27.7   Conclusions 

 Despite belonging to different helicase superfamilies, the bacteriophage packaging enzyme P4 (SF4), 
the viral helicases LTAg and E1 (SF3), and Rho transcription terminator (SF5) share many mecha-
nistic features. These hexameric enzymes seem to employ a sequential scheme of hydrolysis that 
drives conformational changes around the hexameric ring. The ATP binding sites of these molecular 
motors contain structurally similar residues which control the motion of the RNA binding sites and/
or trigger hydrolysis in response to translocation of RNA. The clear relationship between these 
mechanisms in such diverse systems suggests that their mechanistic features may refl ect intrinsic 
chemical and physical constraints. However, other packaging motors that adopt different stoichiom-
etry clearly differ from these hexamers and most likely adopt alternative scheme of translocation.      
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  Abstract   Virtually all studies of structure and assembly of viral fi laments have been made on plant 
and bacterial viruses. Structures have been determined using fi ber diffraction methods at high enough 
resolution to construct reliable molecular models or several of the rigid plant tobamoviruses (related 
to tobacco mosaic virus, TMV) and the fi lamentous bacteriophages including Pf1 and fd. Lower-
resolution structures have been determined for a number of fl exible fi lamentous plant viruses using 
fi ber diffraction and cryo-electron microscopy. Virions of fi lamentous viruses have numerous 
mechanical functions, including cell entry, viral disassembly, viral assembly, and cell exit. The plant 
viruses, which infect multicellular organisms, also use virions or virion-like assemblies for transport 
within the host. Plant viruses are generally self-assembling; fi lamentous bacteriophage assembly is 
combined with secretion from the host cell, using a complex molecular machine. Tobamoviruses and 
other plant viruses disassemble concomitantly with translation, by various mechanisms and involv-
ing various viral and host assemblies. Plant virus movement within the host also makes use of a 
variety of viral proteins and modifi ed host assemblies.   

     28.1   Introduction 

    28.1.1   Helical Viruses 

 The vast majority of helical viruses are either fi lamentous plant viruses or fi lamentous bacteriophages. 
The fi loviruses (Ebola and Marburg viruses), which are among the agents that cause life-threatening 
viral hemorrhagic fevers in humans, are a rare exception; they are, however, pleomorphic membrane-
enveloped assemblies, and neither their structures nor the molecular mechanisms that underlie their 
life cycles are well understood. In many other animal viruses, such as the retroviruses (including 
human immunodefi ciency virus, HIV), the paramyxoviruses (measles, mumps), orthomyxoviruses 
(infl uenza A, B, and C), and rhabdoviruses (vesicular stomatitis virus and rabies, as well as many plant 
viruses), the genome, RNA or DNA, is packaged in a helical fi lamentous nucleocapsid assembly, but 
the nucleocapsid is highly condensed into a compact, coiled structure, which is in turn encapsidated by 
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other proteins, sometimes enveloped in a membrane, in various degrees of complexity. In this  chapter, 
we will address only the simple helical fi lamentous plant viruses and bacteriophages. Only in these two 
groups does the fi lamentous nucleocapsid comprise essentially the entire virion. This simplicity of 
structure, together with the relative ease of obtaining and purifying them, has meant that almost all 
studies of structure and assembly of viral fi laments have been made on plant and bacterial viruses. 

 Almost 500 individual species of fi lamentous plant viruses have been identifi ed (Fauquet et al. 
 2005 ; Carstens  2010  ) , making up about one-third of the plant virus genera and almost half of the 
species. The family  Potyviridae  alone, including about 20% of the known plant viruses, is respon-
sible for more than half the viral crop damage in the world (López-Moya and García  2008  )  and 
constitutes a signifi cant threat to agriculture and food security. The potyvirus cassava brown streak 
virus has been identifi ed as one of Africa’s biggest threats to food security (Pennisi  2010  ) . A number 
of fi lamentous plant viruses appear to have signifi cant potential in biotechnology (Cañizares et al. 
 2005 ; Denis et al.  2008 ; Lico et al.  2008  ) , a result of the combination of ease of large-scale plant 
production and the ready accommodation of additional RNA in the fi lamentous viral genome. 

 Because of their unique combination of stability, physical manipulability, inherent mechanical func-
tion, and the wealth of biophysical information available, fi lamentous viruses, particularly the fi lamen-
tous plant virus tobacco mosaic virus (TMV) (Dujardin et al.  2003  )  and the fi lamentous bacteriophage 
M13 (Hemminga et al.  2010  )  have attracted particular attention in the fi eld of bionanotechnology. 

 Filamentous plant viruses are either rigid (rod-shaped) or fl exible (Fig.  28.1 ). The International 
Committee on Taxonomy of Viruses currently recognizes eight genera and one family (the 
 Virgaviridae , Adams et al.  2009  )  of rigid fi lamentous plant viruses, and 20 genera and four families 
of fl exible fi lamentous plant viruses (Fauquet et al.  2005 ; Carstens  2010  ) . Not all viruses have yet 
been assigned to genera and families. All of the fi lamentous plant viruses are RNA viruses, and most 
consist of a single type of coat protein encapsidating a single-stranded RNA molecule in a simple 
helical array. In some genera, for example the tobraviruses and hordeiviruses, the genome is divided 
among two or more RNA molecules; in these cases, the virus consists of multiple particles, typically 
of different lengths (Fig.  28.1 ).  

  Fig. 28.1    Negative-stain electron micrographs of fi lamentous plant viruses. From  left : tobacco mosaic virus, barley 
stripe mosaic virus, potato virus Y. TMV and BSMV are rigid  rod -shaped viruses; PVY is fl exible. TMV and PVY 
particles are all the same length; BSMV has three particle lengths.  Bar  = 250 nM       
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 Many fi lamentous plant viruses, even from different families, appear to be similar to each other 
at the electron microscopic level, but others exhibit large differences in morphology, and most fami-
lies have little or no similarity in their coat protein amino acid sequences with other families. Some 
authors have suggested that the coat protein structures of all fi lamentous plant viruses are neverthe-
less similar; more convincingly, it has been argued that most fall into one of two groups, correspond-
ing to the rigid rods and the fl exible fi laments (Dolja et al.  1991  ) . Coat protein sequences suggest 
that that the tobamoviruses, tobraviruses, and furoviruses share a common protein fold, the four 
 a -helix bundle (Goulden et al.  1992 ; Chen et al.  1997  ) . The amino acid sequences and protein chain 
lengths of viruses in different groups are, however, so different that even in these cases there must be 
major structural differences, too great to predict without structure determinations using objective 
methods. 

 The fi lamentous bacteriophages (Marvin  1998  )  are members of the  Inovirus  and  Plectrovirus  
genera (family  Inoviridae ) (Fauquet et al.  2005  )  and infect mostly Gram-negative bacteria. Virtually 
all structural studies have been carried out on members of the genus  Inovirus . These viruses have 
been grouped into two classes on the basis of helical symmetry, class I and class II (Marvin et al. 
 1974a  ) , but all appear to be very similar at the level of electron microscopy. The Inoviruses have 
been extremely useful in biotechnology and in the laboratory, because they are easily genetically 
modifi ed, and accommodate very large inserts of foreign DNA without diffi culty. The Ff viruses (the 
closely related bacteriophages fd, f1, and M13, which have almost identical coat protein amino acid 
sequences) are widely used as vectors for gene transfer, and have for many years occupied a particu-
larly useful niche as vehicles for peptide display, presenting peptides on the virion surface. In this 
technique, the gene for a foreign peptide is fused with the gene for one of the viral coat proteins, 
providing a very useful way to investigate the interactions of the foreign peptide with other mole-
cules (Russel and Model  2006  ) . 

 Filamentous bacteriophage particles are long, fl exible DNA viruses. Although the coat protein 
structures of the various bacteriophages (at least among the well-studied members of the genus 
 Inovirus ) are all similar (Sect.  28.3 ), the DNA content, both in total number of nucleotides and 
nucleotide to protein ratio, is very variable.  

    28.1.2   Structural Analysis of Filamentous Assemblies 

 Like most helical assemblies, fi lamentous viruses do not crystallize, and although there have been 
some solid-state nuclear magnetic resonance (ssNMR) studies, primarily of the fi lamentous bacte-
riophages (Cross et al.  1983 ; Marvin et al.  2006 ; Opella et al.  2008  ) , they are too large for conven-
tional NMR structure determination. The most informative structural studies have therefore come 
from X-ray fi ber diffraction and electron microscopy. 

 Fiber diffraction (Stubbs  1999a ; Stubbs  2001 ; Chandrasekaran and Stubbs  2006  )  is the scattering 
of radiation from specimens in which fi lamentous structural aggregates are aligned approximately 
parallel to each other but are randomly oriented about a common axis, the fi ber axis. Because of the 
random orientation, fi ber diffraction patterns represent the cylindrical average of the fi lament dif-
fraction pattern. Cylindrical averaging reduces the information content of the patterns, but for fi la-
ments of high symmetry such as viruses, the reduction is much less than one might expect. For the 
plant virus TMV (the type member of the genus  Tobamovirus ), cylindrical averaging reduces the 
number of observable diffraction data at 3 Å resolution by a factor of about 2.5, while for the fi la-
mentous bacteriophage Pf1, the corresponding factor is only 1.7 (Makowski  1982  ) . The reduction is 
negligible for TMV at 15 Å resolution, and for Pf1 at 7 Å. Fiber diffraction patterns (Fig.  28.2 ) are 
characterized by layer lines at spacings inversely proportional to the helical fi lament repeat 
distance.  
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 Fiber diffraction specimens may be oriented sols (Gregory and Holmes  1965 ; Kendall and Stubbs 
 2006  )  or dried fi bers (McDonald et al.  2008  ) . Magnetic fi elds (Torbet and Maret  1979 ; Welsh et al. 
 1998 ; Yamashita et al.  1998  )  have been used to improve alignment, particularly for fi lamentous 
bacteriophages. In order to resolve diffraction from large repeat distances and to reach reasonably 
high resolution, data collection methods for fi lamentous virus analysis have more in common with 
protein crystallography than with other fi ber diffraction methods, but because of the diffi culties 
associated with background subtraction and other data processing steps from layer line patterns, 
synchrotron beam lines specializing in fi ber diffraction (Fischetti et al.  2004 ; Smolsky et al.  2007  )  
have been useful. 

 The resolution of fi ber diffraction analyses may be limited by imperfect alignment, but in favor-
able cases, patterns can contain suffi cient data to determine structures, particularly when stereo-
chemical restraints can be imposed. Initial structures may be determined by a multidimensional 
analog of isomorphous replacement (Stubbs and Diamond  1975  )  or by molecular replacement (Wang 
et al.  1997 ; Welsh et al.  1998  ) . The fi lamentous bacteriophage structures are relatively simple, and 
models may be constructed directly from consideration of diffraction and spectroscopic data 
(Makowski et al.  1980  ) . Cryo-electron microscopy (cryo-EM) is now providing models at moderate 
resolution (Egelman  2007 ; Kendall et al.  2008  )  that also appear to have potential as starting models 
for fi ber diffraction analyses. Models have been refi ned by various methods; in recent years, molecu-
lar dynamics refi nement has been effective (Wang and Stubbs  1993 ; Wang et al.  1997 ; Welsh et al. 
 1998  ) . 

 Cryo-EM has achieved increasingly high resolutions in recent years (Zhang et al.  2008 ; Zhou 
 2008  ) . In favorable cases, resolution may be better than 10 Å, suffi cient to allow the visualization of 
secondary structures, particularly  a -helices. The helical symmetry of fi lamentous viruses is a useful 
constraint in reconstructions and has allowed methods such as iterative helical real-space reconstruc-
tion (IHRSR) (Egelman  2007  )  to be used to advantage (Kendall et al.  2008  ) . Although a relative 
newcomer to fi lamentous virus structure determination, this approach promises to be of increasing 
importance, both as a method of structure determination in itself and as a source of models with 
which to begin refi nement against fi ber diffraction data.  

  Fig. 28.2    X-ray fi ber diffraction patterns from ( a ) an oriented sol of TMV (Namba et al.  1989  )  ( b ) a dried fi ber of fi la-
mentous bacteriophage Pf1 (Welsh et al.  2000  ) . The data lie on layer lines, characteristic of diffraction from helically 
repeating structures. Part ( b ) courtesy of Dr. Don Marvin       
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    28.1.3   Structural Studies of Helical Viruses 

 Structural studies have been made of a number of fi lamentous plant viruses and bacteriophages. In 
rare cases, isolated coat proteins of viruses have been crystallized; the structure of the TMV coat 
protein was determined crystallographically (Bloomer et al.  1978 ; Bhyravbhatla et al.  1998  ) . 
However, the natural tendency of fi lamentous virus coat protein subunits to form helical aggregates 
has prevented crystallization of the coat proteins of other fi lamentous viruses, including other 
tobamoviruses. Even when crystals can be grown, the protein–protein interactions do not correspond 
to the biologically signifi cant interactions in the fi laments, and there are of course no protein–nucleic 
acid interactions. Structural studies of fi lamentous viruses have therefore primarily used the methods 
of fi ber diffraction and electron microscopy. 

 TMV was the fi rst virus to be discovered (Beijerinck  1898  ) , and the fi rst to be studied by X-ray 
diffraction. Solution scattering was described by Wyckoff and Corey  (  1936  ) , and Bawden et al. 
 (  1936  )  and Bernal and Fankuchen  (  1941  )  showed that TMV can form highly oriented sols, in which 
the rod-shaped particles are aligned to within about 1° of each other. The sols yield high-quality fi ber 
diffraction patterns (Fig.  28.2a ); the virions are randomly oriented about their long axes, but the pat-
terns are nevertheless rich in information. Bernal and Fankuchen  (  1941  )  also obtained fi ber diffrac-
tion patterns from the fl exible fi lamentous potato virus X (PVX), although those patterns were not 
as well oriented as those of TMV. 

 The arrangement of layer lines in the TMV diffraction pattern showed that the virion structure 
was periodic, repeating every 69 Å. The intensity of every third layer line close to the meridian (the 
vertical axis of the pattern) further showed that there was an approximate repeat every 23 Å. After 
Cochran et al.  (  1952  )  had developed the theory of diffraction from a helix, Watson  (  1954  )  was able 
to show that the 69 Å repeating unit of TMV must contain  3n + 1  subunits in three turns of a helical 
structure, with  n  being an integer. Franklin and Holmes  (  1958  )  showed that  n  = 16, that is, there are 
49 subunits in three turns of the TMV helix. 

 The protein crystallographic method of isomorphous replacement, binding heavy atoms such as 
mercury and lead to the protein subunits, can be adapted for fi ber diffraction. Caspar  (  1956  )  and 
Franklin  (  1956a  )  independently used this method to determine the radial density distribution of 
TMV. They showed that the virion was about 90 Å in radius, with a central hole about 20 Å in radius 
and the RNA located about 40 Å from the viral axis. The method was later adapted further (Stubbs 
and Diamond  1975  )  to determine the structure of TMV at 6.7 Å resolution (Holmes et al.  1975  ) , and 
later, in conjunction with other developments in fi ber diffraction structure determination, at 2.9 Å 
resolution (Namba et al.  1989  ) . Structures of other tobamoviruses, discussed below, followed. 

 Fiber diffraction studies of other fi lamentous plant virus genera have not yet provided the detailed 
structural models that are available for the tobamoviruses, but there have been studies of other rigid 
rod-shaped viruses. More recently, there has been considerable progress in obtaining diffraction data 
from several families of fl exible fi lamentous viruses (Sect.  28.2.2 ). Fiber diffraction data from these 
viruses have not been suffi cient by themselves for structure determination, but the combination of 
fi ber diffraction and cryo-EM is beginning to yield structural information about a number of 
fi lamentous plant virus families (Kendall et al.  2008  ) . 

 Diffraction patterns from dried fi bers of fi lamentous bacteriophage fd were described by Marvin 
 (  1966  ) . Patterns from other class I viruses were very similar (Marvin et al.  1974b  ) , but diffraction 
patterns from class II virions, while generally similar to class I, differed signifi cantly in details 
(Marvin et al.  1974a  ) . Strong magnetic fi elds were used to induce the bacteriophage particles to align 
(Torbet and Maret  1979  ) , yielding diffraction patterns of exceptionally high quality (Fig.  28.2b ). The 
simple  a -helical structure of the coat protein (Marvin  1966  )  facilitated the construction of models that 
could be refi ned against the diffraction data. The structure of Pf1 was determined at 7 Å resolution 
(Makowski et al.  1980  ) , and structures of a number of fi lamentous bacteriophages from both struc-
tural classes (Sect.  28.3 ) were later determined at resolutions as high as 3.0 Å (Welsh et al.  2000  ) .   
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    28.2   Filamentous Plant Virus Structure 

    28.2.1   Rigid Rod-Shaped Plant Viruses 

    28.2.1.1   Tobamoviruses 

 Perhaps more because of their ready availability than their agricultural importance, tobamoviruses 
have served as models in structural biology, biochemistry, virology, molecular biology, and cell 
biology (Harrison and Wilson  1999  ) . They are easily purifi ed in large quantities, physically and 
chemically stable, and particularly suited to fi ber diffraction studies because they can be aligned 
with little diffi culty. They have been a model fi ber diffraction system for over 70 years and are the 
largest molecular assemblies for which complete three-dimensional structural models in atomic 
detail have been obtained by fi ber diffraction alone. TMV was the fi rst virus for which protein–
nucleic acid interactions were directly visualized, and because of the simplicity of the nucleic acid 
binding, the tobamoviruses remain the only viruses for which the three-dimensional structure of 
essentially the entire nucleic acid component is known. 

 Early studies using fi ber diffraction, electron microscopy, and other methods (reviewed by Caspar 
 1963  )  showed that TMV (as well as several other tobamoviruses) was about 3,000 Å long, 180 Å in 
diameter, and made up of about 2,000 identical coat protein subunits of molecular weight about 
17,500, following a right-handed helix of pitch 23 Å with very close to 49 subunits in three turns of 
the helix. A central hole of about 40 Å diameter runs down the viral axis. A single RNA strand fol-
lows the viral helix at a radius of about 40 Å, with three nucleotides binding to each coat protein 
subunit (Fig.  28.3 ). Later, more detailed fi ber diffraction analyses showed that the symmetry is close 
to 49.02 subunits in three turns (Stubbs and Makowski  1982  ) , and that the helical pitch is close to 
22.9 Å (Kendall et al.  2007b  ) . There is very little variation in helical symmetry among the tobamovi-
ruses; all measured tobamoviruses have 16.34 ± 0.01 protein subunits per turn of the viral helix 
(Franklin  1956b ; Holmes and Franklin  1958 ; Stubbs and Makowski  1982  ) .  

  Fig. 28.3    Representation of 
about one-fi fth of the TMV 
virion (Namba et al.  1988  ) . 
Protein subunits are  yellow ; 
RNA nucleotides are  red . The 
RNA is shown extending 
beyond the end of the protein 
helix for clarity       
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      TMV Structure 

 The complete structure of TMV was determined by fi ber diffraction at 2.9 Å resolution (Namba et al. 
 1989  ) . The structure was refi ned to an  R -factor of 0.096; it should be noted that  R -factors of struc-
tures determined by fi ber diffraction are inherently lower than those determined by crystallography 
(Millane  1989 ; Stubbs  1989  ) , but this is nevertheless an  R -factor low enough to suggest that the 
model is comparable in quality to most icosahedral virus structures refi ned at similar resolution. 

 The structure of three adjacent TMV coat protein subunits and part of the bound RNA is shown 
in Fig.  28.4 . The coat protein fold (Stubbs et al.  1977 ; Bloomer et al.  1978  )  does not resemble that 
of any icosahedral virus coat protein. As in many viruses, the N- and C-termini are on the surface of 
the virion. The protein is about 50%  a -helical, and the subunit is built around a core of four  a - 
helices, stabilized by closely packed hydrophobic interactions. The interactions between neighboring 
subunits make up a mosaic of hydrophobic and hydrophilic patches (Namba et al.  1989  ) , stabilizing 
the overall virus structure. The intersubunit interactions are extensive, so much so that there are 
approximately the same number of intermolecular van der Waals interactions as intramolecular. 
A small  b -sheet caps the four  a -helices, and outside the sheet, numerous aromatic and other hydro-
phobic side chains interact within the subunit and between adjacent subunits, forming a continuous 
hydrophobic ribbon that follows the viral helix at high radius.  

 The RNA electron density in the TMV map represents an average of all of the bound trinucle-
otides in the viral genome, but it was known that GAA binds particularly strongly to the coat protein 
(Steckert and Schuster  1982  ) , and that this binding has a function in viral assembly (Zimmern  1977  ) . 
The RNA is therefore represented by a repeating GAA trinucleotide in Figs.  28.4  and  28.5 , and this 
trinucleotide did in fact fi t the electron density very well (Namba et al.  1989  ) . The three bases lie fl at 
against hydrophobic amino acid side chains on one of the  a -helices, providing an interaction that 
does not depend on the nucleotide sequence. Two of the bases are in the  anti  conformation, and one 
is in the unusual  syn  conformation (Stubbs and Stauffacher  1981  ) . The  syn  base and one of the  anti  
bases stack together in a cavity between two intersubunit salt bridges. Although most of the protein–
nucleic acid interactions are not base specifi c, there does appear to be a slight preference for hydro-
gen bonding to guanine in one of the three base-binding sites. The importance of this specifi city is 
discussed in Sects.  28.4.1.1  and  28.4.2.1 . The charges on the three nucleotide phosphate groups are 
offset by the charges on three arginine side chains, although not in the form of simple ion pairs.  

  Fig. 28.4    Three coat protein 
subunits of TMV with 
associated RNA. Coat protein 
ribbon representation is  blue  
with the carboxylate side 
chains involved in viral 
disassembly in  green  and  red . 
RNA is  purple . The viral axis 
is vertical, to the  right  
of the fi gure. Figure by 
Dr. Hong Wang       
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 Electrostatic interactions between negatively charged groups are important in the coat protein 
subunit interfaces, as well as the protein–nucleic acid interaction. Carboxylic acid side chains from 
Glu50 and Asp77, from adjacent subunits separated in the axial direction, are in close proximity to 
each other (Namba and Stubbs  1986 ; Culver et al.  1995  ) , as are the side chains in a complex interac-
tion at low radius between Glu106 from one subunit and Glu95, Glu97, and Asp109 on the adjacent 
subunit in the lateral direction (Fig.  28.4 ) (Namba et al.  1989 ; Lu et al.  1996,   1998  ) . A third close 
interaction of this type is between one of the RNA phosphates and Asp116 (Fig.  28.5 ). The Glu106/
Glu95/Glu97/Asp109 and phosphate/Asp116 interactions appear to be calcium-binding sites (Namba 
et al.  1989 ; Pattanayek et al.  1992  ) , and all three interactions are expected to bind protons with 
anomalous pK values. These electrostatic interactions and binding sites are important in the assem-
bly and disassembly of the virion (Sects.  28.4.1.1  and  28.4.2.1 ).  

      Other Tobamoviruses 

 Structures have been determined for several other tobamoviruses: tobacco mild green mosaic virus 
(TMGMV, also called TMV-U2) (Pattanayek and Stubbs  1992  ) , cucumber green mottle mosaic virus 
(CGMMV) (Lobert et al.  1987 ; Wang and Stubbs  1994  ) , ribgrass mosaic virus (RMV) (Wang et al. 
 1997  ) , and odontoglossum ringspot virus (ORSV) (Planchart  1995 ; Wang et al.  1998  ) . Structures 
were determined by molecular replacement, refi ning models based on the TMV structure against fi ber 
diffraction data. In the case of CGMMV, some information from isomorphous replacement was also 
incorporated (Lobert and Stubbs  1990  ) . With the exception of RMV, the structures were determined 
at resolutions of about 3.5 Å, with  R -factors in all cases a little less than 0.10. The RMV structure was 
determined at a resolution of 2.9 Å, and its refi nement parameters suggest that it may be the most 
accurately determined of the tobamovirus structures. In any case, the relatively low resolution of most 
of these structure determinations is not a concern, because many of the most signifi cant differences 
arise from the amino acid sequences rather than the details of chain folding, and the reliability of the 

  Fig. 28.5    The RNA-binding 
site of TMV (Stubbs  1999b ). 
Parts of two coat protein 
subunits are shown above the 
RNA and one below. The 
view is from the interior of 
the virion, with the viral axis 
vertical       
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TMV and RMV structures is suffi cient to base conclusions on for the whole group. The degree of 
similarity among these viruses varies considerably; the coat protein amino acid sequences of TMVMG 
and ORSV, respectively, are 72 and 70% identical to TMV, but those of CGMMV and RMV are only 
36 and 46% identical to TMV, and CGMMV and RMV are themselves only 37% identical (Altschuh 
et al.  1987 ; Dubs and van Regenmortel  1990 ; Wang et al.  1997  ) . 

 All of the tobamovirus structures share the four- a -helix coat protein core, and the coat protein 
structures are generally similar (Fig.  28.6 ). As might be expected, the degree of difference refl ects 
the degree of coat protein sequence identity to a considerable extent. Somewhat unexpectedly, the 
intersubunit electrostatic interactions are not conserved, although some corresponding interactions 
are seen in all of the tobamoviruses studied. The importance of carboxylate groups in viral disas-
sembly was recognized very early (Caspar  1963  ) , and the interacting groups are often called Caspar 
carboxylates, but attempts to identify the groups on the basis of sequence conservation (Butler and 
Durham  1972  )  were unsuccessful; we can now see why this would have been the case. The Asp116-
phosphate interaction is conserved in all the viruses. In TMGMV, the Glu50–Asp77 interaction is 
retained (as Asp–Asp), but the low-radius Glu106/Glu95/Glu97/Asp109 interaction is absent 
(Pattanayek and Stubbs  1992  ) ; this absence may account for the exceptional stability of TMGMV at 
high pH. In CGMMV, the low-radius interaction is modifi ed to become Glu106/Glu95/Asp98 and is 
across the axial rather than the lateral subunit interface (Wang and Stubbs  1994  ) . The high-radius 
interaction is replaced by Glu46/Asp126, displaced one  a -helical turn to lower radius from the 
Glu50/Asp77 interaction in TMV. RMV does not appear to have this high-radius interaction but has 
an extensive and strong interaction between Glu97/Glu98/Glu99 and the corresponding side-chains 
from the laterally adjacent subunit (Wang et al.  1997  ) . These observations, combined with mutagen-
esis studies (Lu et al.  1996  ) , prompted us to suggest that the simple electrostatic interactions that 
drive tobamovirus disassembly (Sect.  28.4.2.1 ) can “walk” (Wang and Stubbs  1994  )  or “slide” 
(Wang et al.  1997  )  across the subunit interface during viral evolution, maintaining functionality but 
altering the viral structure in order to evade host defensive responses.  

 There have been limited structural studies of other tobamoviruses. The Dahlemense strain of 
TMV exhibits an apparent doubled repeat distance of 138 Å, attributed to a deformation of the coat 

  Fig. 28.6    Ribbon drawings of four tobamovirus coat proteins, with the three bound nucleotides of RNA in skeletal 
form. The viral axis is perpendicular to the page, at the top of each fi gure component. From  left : TMV, TMGMV, 
CGMMV, RMV       
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protein, suggesting that the high-radius part of the coat protein may be unusually fl exible (Caspar 
and Holmes  1969  ) . While in itself little more than a curiosity, this observation points to the 
signifi cance of double-layered aggregates of coat protein, important in the assembly of tobamovi-
ruses (Sect.  28.4.1 ). Sunn-hemp mosaic virus (SHMV) is a type II tobamovirus (discussed in the 
context of viral assembly) and appears from fi ber diffraction data to have a structure similar to that 
of CGMMV (H. Wang and G. Stubbs, unpublished).   

    28.2.1.2   Other Rigid Rod-Shaped Plant Viruses 

 Structural studies of rigid fi lamentous plant viruses have been very limited and largely confi ned to 
the tobraviruses and the hordeiviruses. These studies, and our own unpublished studies by fi ber 
diffraction and cryo-EM, have been somewhat ambivalent about the relationships among these 
viruses. On the one hand, as discussed in this section, there are many commonalities, for example, 
the diameters of the virions and their central holes, and modeling studies have supported a common 
coat protein fold, at least for the tobamoviruses and furoviruses and probably also for the tobravi-
ruses. On the other hand, the helical symmetries of the different genera appear to differ; proposed 
values for the helical parameters have varied, and our own recent studies of the hordeiviruses cer-
tainly suggest that they do not share the tobamovirus helical parameters. 

 The tobraviruses (MacFarlane  1999,   2010  )  are bipartite viruses, with two types of particle, each 
with its characteristic length, encapsidating the two RNA molecules that make up the viral genome. 
Both particles use the same coat protein and have diameters of about 230 Å. One particle is 
consistently about 2,000 Å long, but the length of the other particle varies considerably among spe-
cies, from 500 to 1,100 Å. The    C terminus of the coat protein is exposed on the viral surface and is 
mobile (Brierley et al.  1993  ) , as in the tobamoviruses. A model for the coat protein structure has 
been proposed from sequence comparisons with TMV (Goulden et al.  1992  ) , but the tobravirus coat 
protein is about 40% longer than the TMV coat protein, the sequence identity is low, and this model 
has yet to be substantiated experimentally. 

 Fiber diffraction patterns from oriented sols have been published for tobacco rattle virus (Finch 
 1965  )  and pepper ringspot virus (known at that time as the Campinas strain of tobacco rattle virus) 
(Tollin and Wilson  1971  ) . As in the tobamoviruses, the patterns show that there are close to  3n + 1  
subunits in three turns of the viral helix; the helical pitch is about 25 Å. The value of the integer  n  is 
not clear; early electron microscopic observations suggested a value of 25 (Finch  1965 ; Tollin and 
Wilson  1971  ) , but stoichiometric calculations (Kendall et al.  2008  )  favor a value closer to the 16 
found for tobamoviruses. The central hole in the virion appears to be about 40 Å in diameter, again 
like the tobamoviruses. 

 Hordeiviruses (Jackson et al.  2009  )  are generally tripartite, with particle lengths varying from 
1,000 to almost 2,000 Å depending on the particle and the species (Fauquet et al.  2005  ) . They are 
believed to bind three nucleotides to each coat protein subunit, like the tobamoviruses. The only 
published diffraction pattern of a hordeivirus is from barley stripe mosaic virus (BSMV) (Finch 
 1965  ) . The virus appears to have a maximum diameter of about 220 Å and a central hole about 40 Å 
in diameter. The pattern shows that there are close to  5n +   1  subunits in fi ve turns of the viral helix 
( 5n −   1  is possible, but unlikely). We have confi rmed these results and shown by cryo-EM and scan-
ning transmission electron microscopy (STEM) that there are probably more than 20 subunits per 
turn of the helix. 

 There has been one modeling study of a furovirus (Chen et al.  1997  ) ; on the basis of sequence 
comparison with TMV, this study suggested that the structure of soilborne wheat mosaic virus 
(SBWMV) is extremely similar to that of TMV, with the addition of several loops projecting from 
the SBWMV surface.   
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    28.2.2   Flexible Filamentous Plant Viruses 

 While there are not yet any detailed experimentally determined structural models for the fl exible 
fi lamentous plant viruses, the considerable importance of these viruses in agriculture and biotech-
nology has led to increased interest in them in recent years. The potexviruses have been studied for 
many years. More recent results have shown that the potyviruses have structures similar to those of 
the potexviruses. There have also been a few limited structural studies of the closteroviruses. 

    28.2.2.1   Potexviruses 

 Members of the genus  Potexvirus  (Verchot-Lubicz et al.  2007  )  in the family  Alphafl exiviridae  are 
about 5,000 Å long and 130 Å in diameter. Following the early work of Bernal and Fankuchen  (  1941  ) , 
Tollin et al.  (  1967,   1980  )  examined a number of potexviruses by fi ber diffraction and a larger number 
by EM (Richardson et al.  1981  ) . These studies were largely confi ned to the determination of helical 
parameters. The helical pitch varied between 32 and 36 Å, while the helical symmetry was between 
8.7 and 8.9 subunits per turn, a substantially greater variation than had been seen in the tobamovi-
ruses. There are probably fi ve nucleotides bound to each protein subunit (Tollin et al.  1980  ) . 

 Circular dichroism measurements (Homer and Goodman  1975 ; Wilson et al.  1991  )  showed that 
the potexviruses have an  a -helical content of around 45%. Other spectroscopic studies showed that 
the virion surface (Baratova et al.  2004  ) , including parts of the  a -helices (Blanch et al.  2002  ) , is 
highly hydrated, more so than in the tobamoviruses. Tritium bombardment of PVX (Baratova et al. 
 1992  )  suggested that the N-terminus of the coat protein is exposed on the viral surface, and that the 
C terminus is close to the surface. 

 More recent fi ber diffraction experiments have shown that PVX has a helical symmetry of 8.9 
subunits per turn and a pitch of 34.5 Å (Parker et al.  2002  ) . The surface contains deep grooves, consis-
tent with both fl exibility and high surface hydration. Fiber diffraction patterns have also been obtained 
from narcissus mosaic virus (NMV). NMV has 8.8 subunits per turn, and the small difference between 
8.8 and 8.9 is enough to separate the layer lines in the NMV patterns, allowing the determination of a 
low-resolution radial density distribution (Kendall et al.  2007a  ) . However, more detailed analysis 
required more information than could be obtained from fi ber diffraction alone. By combining fi ber 
diffraction, cryo-EM, and STEM, we have constructed a model of PVX (Fig.  28.7 ) with a resolution 
of about 14 Å (Kendall et al.  2008  ) . The protein subunits are compact and well defi ned, with a major 
domain at high radius and smaller regions of density reaching into the center of the virion. The sub-
units have their longest axes running approximately radially, as in TMV, but they are much shorter and 
wider; the PVX subunits are only about 45 Å long. Intersubunit contacts are mostly confi ned to the 
high-radius region; the viral structure is very open at low radius. The viral RNA would not be distin-
guishable from protein at this resolution, but it is likely to be at a radius of 30–35 Å.  

 In the absence of an experimentally determined atomic model, there have been several attempts to 
predict the three-dimensional structure of PVX. The predicted structures are variations and extensions 
of the four-helix bundle structure of TMV (Namba et al.  1989  ) , consistent with the high  a - helical 
content of the protein and the known location of the N- and C-termini. The most detailed models 
(Baratova et al.  2001 ; Nemykh et al.  2008  )  consist of two domains, an inner four-helix bundle and an 
outer  a / b  domain. These models are similar in overall shape to the subunits that we have observed, 
more so in a recent revision (Lukashina et al.  2009  )  to fi t the subunit length in our reconstruction. 

 One unusual virus related to the potexviruses, Lolium latent virus (family  Alphafl exiviridae , 
genus  Lolavirus ) appears to have two coat proteins, possibly arising from the use of an alternative 
in-frame start codon (Vaira et al.  2008  ) . Our unpublished fi ber diffraction patterns do not indicate 
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any major structural difference (such as a heterodimer repeat) from the potexviruses, but these data 
are only preliminary. Fiber diffraction data from a still more distantly related virus, Heracleum latent 
virus (HLV) (family  Betafl exiviridae , genus  Vitivirus ), including a helical pitch of 32.6 Å, were 
described by Tollin et al.  (  1992  ) , although at that time HLV was believed to be a closterovirus.  

    28.2.2.2   Potyviruses 

 The family  Potyviridae  (López-Moya et al.  2009  )  includes the genera  Potyvirus ,  Rymovirus , 
 Tritimovirus ,  Bymovirus ,  Maclurovirus ,  Ipomovirus,  and  Brambyvirus  (Fauquet et al.  2005 ; Carstens 
 2010  ) , making up almost a quarter of the known plant viruses. 

 The virions are approximately 7,500 Å long and 120 Å in diameter and have helical pitches of 
about 33 Å (Varma et al.  1968 ; McDonald and Bancroft  1977  ) . Circular dichroism measurements 
and secondary structure predictions suggest that the coat proteins are about 50%  a -helical, similar 
to the potexviruses (Shukla et al.  1988 ; Baratova et al.  2001  ) . The N- and C-termini of the coat 
proteins are believed to be located near the surface of the virions (Shukla et al.  1988 ; Baratova et al. 

  Fig. 28.7    Reconstructions of SMV ( top row ) and PVX ( bottom row ). From  left : outside surface view, section through 
the viral axis, section normal to the viral axis. Color coding is from  red-orange  (low density) to  green-blue  (high 
density).  Bar : 50 Å       
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 2001  ) . Models have been proposed for the protein structure (Dobrov et al.  2004  ) , derived along simi-
lar lines to those of the potexviruses. 

 Despite their importance, very little was known until recently about the structure of the potyvi-
ruses beyond the level of gross morphology. There was one very limited fi ber diffraction study of 
wheat streak mosaic virus (WSMV) (Parker et al.  2005  ) . However, the combination of fi ber diffrac-
tion, cryo-EM, and STEM that was effective for PVX has also been applied to the potyvirus soybean 
mosaic virus (SMV) (Kendall et al.  2008  ) . At a resolution of about 14 Å, the structure is very similar 
to that of PVX at the same resolution (Fig.  28.7 ), supporting the suggestion that all fl exible fi lamen-
tous plant viruses are structurally related (Dolja et al.  1991 ; Kendall et al.  2008  ) . Fiber diffraction 
data from a number of members of the family, including representatives of the genera  Rymovirus  
(Agropyron mosaic virus) and  Tritimovirus  (WSMV), show that all of these related structures are 
similar, although there do appear to be some differences in the WSMV structure. Helical parameters 
vary among species, like the potexviruses but unlike the tobamoviruses (McDonald et al.  2010  ) . 

 The potyvirus protein VPg is covalently linked to the 5 ¢  end of the viral RNA, and therefore forms 
part of the intact virion. Atomic force microscopy (AFM) together with immunogold labeling EM 
shows that in PVY and PVA, some virions have an unusual structure at one end, which appears to 
contain the protein HC-Pro as well as VPg (Torrance et al.  2006  ) .  

    28.2.2.3   Closteroviruses 

 The family  Closteroviridae  (Dolja et al.  2006 ; Moreno et al.  2008  )  includes three genera of fl exible 
fi lamentous plant viruses of highly variable length (12,000–22,000 Å) and about 120 Å diameter. 
Studies of structure and assembly have been reported for beet yellows virus (BYV), citrus tristeza 
virus (CTV), grapevine leafroll-associated virus 2 (GLRaV-2), and Heracleum virus 6 (HV-6; tenta-
tive genus assignment) from the genus  Closterovirus . Virions have been examined by EM and AFM 
(Tollin and Wilson  1988 ; Peremyslov et al.  2004  ) . Unusually, closteroviruses have a major and a 
minor coat protein; the minor protein coats a short segment (less than 5% of the total virion length) 
at the 5 ¢  end of the RNA, giving a “rattlesnake” appearance (Agranovsky et al.  1995 ; Alzhanova 
et al.  2007  ) . The    short 5 ¢ -end tail end also contains other protein molecules: the Hsp homolog Hsp70h 
and the 64-kDa protein p64 in CTV and BSV, and the 20-kDa protein p20, at least in BYV 
(Satyanarayana et al.  2004 ; Peremyslov et al.  2004  ) . There have been no diffraction studies of clos-
teroviruses reported, but unpublished data (M. McDonald, A. Prokhnevsky, V. Dolja, AK, GS   ) indi-
cate a helical pitch of about 37 Å for BYV. A helical pitch of about 36 Å and an estimated symmetry 
of about 9 subunits per turn have been reported for HV-6 from EM studies (Tollin et al.  1992  ) ; other 
EM studies report pitches between 30 and 40 Å.    

    28.3   Filamentous Bacteriophage Structure 

 The fi lamentous bacteriophages are fl exible, with diameters close to 60 Å (Fig.  28.8 ). Lengths are 
extremely variable, ranging from 8,000 (Ff) to 20,000 Å (Pf1). Three to fi ve copies of two minor 
proteins are found at each end of the virion, p3 and p6 at one end and p7 and p9 at the other, but most 
of the virion capsid is made up of a single coat protein (p8) of about 50 amino acid residues (molecu-
lar weight about 6,000). Amino acid sequences vary greatly among different species, but the princi-
pal coat protein in all of the fi lamentous bacteriophages is believed to have a common structure, a 
simple extended  a -helix (Fig.  28.8 ).  

 Filamentous bacteriophage particles contain one molecule of single-stranded circular DNA. 
Protein–nucleic acid interactions do not appear to be either well defi ned or conserved in detail 
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among members of the family; viral species differ considerably in length, and the nucleotide to 
 protein ratio varies considerably. There are signifi cant differences, even within the same class, for 
example, in the class II virus Pf1, the nucleotide to protein ratio is 1.0, whereas for both Pf3 (class 
II) and Ff (class I), it is 2.4 (Welsh et al.  1998  ) . As a result of this ratio, Pf1 is more than twice as 
long as Ff or Pf3. As in most fi lamentous viruses, when additional genetic material (DNA in this 
case) is inserted into the genome, the length of the virion increases, being proportional to the total 
DNA length. 

 The helical symmetries of the two classes are actually small perturbations of each other (Fig.  28.9 ). 
The repeating unit of fd, the type member of class I, consists of two rings of fi ve subunits, although 
the fi ve subunits in a ring do not contact each other. The second ring is related to the fi rst by a 
translation of about 16 Å along the viral axis and a rotation of 36° about that axis. The repeating unit 
of Pf1, the type member of class II, consists of 27 subunits in fi ve turns of a helix, that is, there are 
5.40 subunits in one helical turn. Within a symmetry class, there are small variations in these param-
eters, for example, in the class I bacteriophages IKe and If1, the rotation is 38° rather than 36°. 
Symmetries may depend on solution conditions; below 6°C, Pf1 changes slightly to a form with 5.46 
rather than 5.40 subunits per turn (Wachtel et al.  1976 ; Nave et al.  1979  ) . The Pf1 symmetry may be 
constructed by moving the fd rings about 2 Å closer together and translating each subunit about 2.8 Å 
relative to its neighbor (illustrated in Makowski  1984  and Stubbs  2001  ) .  

 The  a -helical conformation of the coat protein has been confi rmed by solid-state NMR (Cross 
et al.  1983 ; Opella et al.  2008  ) . The ssNMR results suggested that the coat protein of fd was a single 
continuous  a -helix, while the coat protein of Pf1 consisted of two helices, the smaller one tilted at 
an angle of about 20° relative to the larger. In both the X-ray and the ssNMR models, the  a -helices 
are interleaved to form two layers (Fig.  28.8 ), with the DNA in the center of the fi lament. The C 
terminus of the protein is near the center of the virion, and the C-terminal ends of the protein 

  Fig. 28.8    Structure of fi lamentous bacteriophage fd (Marvin et al.  2006  ) . From  left : electron micrograph of a single 
virion, subunit structure of the virion,  a -helical structure of an individual coat protein subunit       
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molecules form the helices of the inner layer. Protein–protein interactions in this layer tend to be 
hydrophobic. The N-terminal part of the protein is more hydrophilic, and the N-terminus is exposed 
at the virion surface. The  a -helices in the two layers cross each other at a negative angle (Bryan et al. 
 1983  ) , rather than at a positive angle as in most  a -helical proteins. 

 Although the coat protein model for Pf1 shown in Fig.  28.9  is one continuous  a -helix   , an alterna-
tive model partly derived from low-resolution neutron diffraction data with selectively deuterated 
amino acids has two helices, abutted end-to-end to form a continuous helix, but with a seven-residue 
loop folded out of the helical structure (Stark et al.  1988 ; Nambudripad et al.  1991  ) . This model is 
consistent with the ssNMR results, but the single-helix model has been refi ned against higher-reso-
lution X-ray diffraction data (3 Å) using molecular dynamics methods (Welsh et al.  2000  ) . Although 
the X-ray and ssNMR models of fd (Marvin et al.  1994 ; Zeri et al.  2003  )  were broadly similar, there 
were signifi cant differences. These differences were to some extent resolved in a refi nement against 
both X-ray and ssNMR data (Marvin et al.  2006  )  (Fig.  28.8 ). A structure has also been determined 
by cryo-EM (Wang et al.  2006  ) ; differences between this structure and the X-ray and ssNMR struc-
tures are not completely understood (Straus et al.  2008  ) , but the cryo-EM structure is at signifi cantly 
lower resolution than the X-ray structures. 

  Fig. 28.9    Subunit arrangement in the two classes of fi lamentous bacteriophage (after Marvin  (  1990  ) ; see also Welsh 
et al.  2000 ; Marvin et al.  2006  ) .  Left : fd (class I).  Right : Pf1 (class II). Courtesy of Dr. Don Marvin       
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 The structure of Pf3 (class I) has been refi ned at 3.1 Å resolution, starting from the Pf1 model 
(Welsh et al.  1998  ) . The Pf1 and Pf3 diffraction patterns and refi ned structures are very similar, 
despite the large differences in nucleotide/protein subunit ratio. 

 In all fi lamentous bacteriophage coat proteins, basic amino acid side chains near the C terminus 
are believed to neutralize the phosphate groups of the DNA. The DNA does not appear to conform 
to the helical symmetry (Welsh et al.  1998  ) , and the ratio of nucleotides to coat protein subunits is 
often not integral. In fd, removal of one of the lysine residues near the C terminus results in a viable 
bacteriophage about 35% longer than the wild type, that is, the length is inversely proportional to 
the positive charge at the DNA-binding site. This observation suggests that simple neutralization 
of charge with no specifi c molecular interaction is all that is required to bind the DNA 
(Hunter et al.  1987  ) .  

    28.4   Filamentous Viruses as Molecular Machines 

 In addition to its passive function in genome protection, the virion of a fi lamentous virus has numer-
ous mechanical functions: cell entry, viral disassembly, viral assembly, and cell exit. In the case of 
those viruses (such as the plant viruses) that infect multicellular organisms, virions or virion-like 
assemblies are also essential for transport within the host. Early studies focused on assembly and 
disassembly, and these processes are now well understood for some viruses. We will therefore treat 
them fi rst, and then consider the various membrane-crossing functions together. 

    28.4.1   Assembly 

    28.4.1.1   Tobamoviruses 

 Fraenkel-Conrat and Williams  (  1955  )  showed in reconstitution experiments that TMV is a self-
contained assembly system: no external machinery such as a scaffolding protein is required. 

 TMV coat protein forms a number of aggregates, depending on the solution conditions (Butler 
and Durham  1977  ) ; the most important for viral assembly is a 20S aggregate, which forms near 
neutral pH at low ionic strength. Although there has been some disagreement about the nature of the 
20S aggregate involved in assembly, specifi cally whether it is the 34-subunit disk seen in the coat 
protein crystal structure (Bloomer et al.  1978  )  or a short helix of a little over two turns (Correia et al. 
 1985  ) , its precise nature is not important to the nature of the assembly process (Klug  1999  ) . The 
aggregate is required for initiation of viral assembly (Butler and Klug  1971  ) . 

 The 20S aggregate binds to a specifi c RNA sequence, the origin-of-assembly (OAS) sequence, 
located about one-sixth of the way along the RNA molecule from the 3 ¢  end (Zimmern and Wilson 
 1976 ; Zimmern  1977  ) . The sequence fi ts a proposed secondary structure in which the sequence 
GAAGAAGUU is in a loop at the end of a hairpin (Zimmern  1977  )  (Fig.  28.10 ). If the sequence is 
considered as a succession of trinucleotides, consistent with the binding of three nucleotides to each 
protein subunit, G occupies six consecutive equivalent positions. The base sequence and composi-
tion of the OAS are consistent with the trinucleotide binding studies of Steckert and Schuster  (  1982  )  
and with the slight preference for guanine observed in one of the three base-binding sites in the virus 
structure (Namba et al.  1989  ) . No other repeats in the complete nucleotide sequence of TMV RNA 
refl ect the protein–RNA binding (Goelet et al.  1982  ) .  

 The stable assembly nucleus formed by the 20S aggregate and the OAS rapidly binds approxi-
mately two more 20S aggregates, so that the RNA is bound to a short helix of coat protein, with the 



64728 Helical Viruses

  Fig. 28.10    Nucleotide 
sequence of the TMV origin 
of assembly, folded as 
proposed by Zimmern  (  1977  )        

  Fig. 28.11    Electron 
micrograph of partially 
assembled TMV with 
dimethyl sulfoxide (DMSO) 
present. The DMSO separates 
the two RNA tails, which are 
clearly coming from the same 
end of the growing virion. 
Courtesy of Dr. Genevieve 
Lebeurier       

relatively short 3 ¢  tail extending from one end of the helix, and the long 5 ¢  tail threaded through the 
central hole of the growing virion so that both tails extend from the same end of the protein helix 
(Figs.  28.11  and  28.12 ). The existence of this topologically remarkable process was shown by Butler 
et al.  (  1977  )  and Lebeurier et al.  (  1977  ) . The assembly process continues by pulling the 5 ¢  end of the 
RNA through the hole, as more 20S aggregates (and possible smaller aggregates as well) bind to the 
growing end of the assembly. Incorporation of the 3 ¢  end of the RNA requires a different mechanism, 
perhaps involving the smaller protein aggregates.   
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 Tobamoviruses have been classifi ed into two subgroups on the basis of the OAS (Okada  1986  ) . 
Subgroup I viruses, including TMV and most other studied tobamoviruses, begin assembling at the 
TMV OAS, about 900 nucleotides from the 3 ¢  end of the RNA in the cell-to-cell movement protein 
cistron. Subgroup II viruses, including CGMMV and SHMV, start assembling at a point only about 
300 nucleotides from the 3 ¢  end, in the coat protein cistron (Fukuda et al.  1980  ) . The two subgroups 
are clearly separated in comparisons based on coat protein amino acid sequences. Subgroup II virus 
preparations characteristically include large numbers of short particles, formed when the coat pro-
tein mRNA is encapsidated by coat protein as a result of its internal OAS.  

    28.4.1.2   Other Filamentous Plant Viruses 

 The coat proteins of other fi lamentous viruses also form a variety of aggregates depending on solu-
tion conditions. Virus-like particles without RNA have been reconstituted from coat protein isolated 
from virions or expressed in prokaryotic or eukaryotic cells; these experiments have included 
members of the family  Potyviridae  (McDonald et al.  1976 ; Jagadish et al.  1991 ; Hammond et al. 
 1998 ; Joseph and Savithri  1999 ; Jacob and Usha  2002 ; Cerovská et al.  2002 ; Hema et al.  2008  ) , 
potexviruses (Tremblay et al.  2006  ) , and hordeiviruses (Atabekov et al.  1968  ) . Although TMV forms 
virus-like particles at low pH (Schramm  1947  )  that are structurally extremely like the virions 
(Franklin  1955 ; Mandelkow et al.  1981  ) , this is not necessarily the case for other viruses, and in 
many cases the particles are stacked disks rather than helical empty capsids. These aggregates are 
not, however, believed to be part of the assembly pathways. 

 Smaller aggregates, many of which appear to be double-layered and comparable to the TMV 20S 
aggregate (the disk or short helix), have been seen in the coat proteins of potexviruses (Erickson 
et al.  1983 ; Tremblay et al.  2006 ; and our own unpublished observations on PVX), hordeiviruses 
(Atabekov et al.  1968  ) , and tobraviruses (Mayo et al.  1993  ) . In at least some cases, these aggregates 
appear to be involved in the formation of TMV-like initiation complexes (Tremblay et al.  2006  ) . 

 In contrast to TMV, the OAS is located at the 5 ¢  end of the RNA in a number of fi lamentous plant 
viruses, including the tobravirus tobacco rattle virus (Hamilton et al.  1987  ) , the potexvirus papaya 

  Fig. 28.12    Assembly of TMV. The origin of assembly (Fig.  28.10 ) of the RNA binds to a 20S aggregate, followed by 
the addition of more 20S aggregates. Because the OAS is at an internal site on the RNA, the 5 ¢  end of the RNA passes 
through the axial hole in the center of the growing virion. Figure by Dr. Hong Wang       
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mosaic virus (Sit et al.  1994  ) , the potyvirus tobacco vein mottling virus (Wu and Shaw  1998  ) , the 
pecluvirus Indian peanut clump virus (Bragard et al.  2000  ) , and two closteroviruses, BYV 
(Peremyslov et al.  2004  )  and CTV (Satyanarayana et al.  2004  ) . A stem-loop region at the 5 ¢  end of 
the RNA of PVX potexvirus serves as a recognition site for the binding of coat protein subunits 
(Kwon et al.  2005  ) . Most potexviruses contain an AC-rich region at the 5 ¢  end of the viral RNA, and 
the fi rst of several ACCA motifs is critical for PVX replication (Park et al.  2008  ) . A sequence at the 
5 ¢  end of the RNA of citrus tristeza closterovirus that contains two stem-loops separated by a spacer 
region has also been shown to be important for virus replication (Gowda et al.  2003  ) . 

 Closterovirus assembly requires several different structural proteins. The majority of the body of 
the closterovirus virion is encapsidated by a single coat protein, but the 5 ¢ -end tail (encapsidating 
about 650 bases) includes the minor coat protein, Hsp70h, p64, and p20 (Peremyslov et al.  2004 ; 
Satyanarayana et al.  2004  ) . The minor coat protein, Hsp70h, and p64 coordinate to encapsidate the 
5 ¢  end of the RNA; the major coat protein and p20 are not required to form the tails (Alzhanova et al. 
 2007  ) . The 5 ¢  end of the closterovirus RNA contains the packaging signal that is recognized by the 
minor coat protein (Peremyslov et al.  2004 ; Satyanarayana et al.  2004  ) . 

 Assembly, disassembly, and other molecular processes in the potexvirus life cycle have been 
reviewed by Verchot-Lubicz et al.  (  2007  ) .  

    28.4.1.3   Filamentous Bacteriophages 

 Filamentous bacteriophages are not self-assembling in the sense applied to the plant viruses. 
Assembly is concomitant with secretion from the host cell through the plasma and outer membranes, 
using a mechanism very different from that of the fi lamentous plant viruses, carried out by a com-
plex molecular machine (Marvin  1998 ; Russel and Model  2006 ; Opella et al.  2008  ) . It will therefore 
be discussed in Sect.  28.4.3.2 .   

    28.4.2   Disassembly 

 Little is known about the actual disassembly of fi lamentous bacteriophages, although a great deal is 
known about the membrane transport steps that immediately precede it (Sect.  28.4.3.2 ). This section 
will therefore consider only the fi lamentous plant viruses. 

    28.4.2.1   Tobamoviruses 

 By combining structural information with numerous other observations, it has been possible to pro-
pose a detailed mechanism for the disassembly of TMV (Namba et al.  1989 ; Stubbs  1999b  ) , which 
can be applied to all tobamoviruses. A virion in a plant cell is subjected to much lower concentra-
tions of both calcium and protons than it is in the external environment. Protons and calcium ions are 
removed from the intersubunit carboxylate and carboxylate–phosphate clusters (Sect.  28.2.1.1 ), and 
repulsive interactions between the resulting negatively charged groups destabilize the virion. This 
destabilization is not by itself suffi cient to initiate disassembly, but the protein–nucleic acid interac-
tions involving the 69 nucleotides at the 5 ¢  end of the RNA are slightly weaker than in the rest of the 
genome because there are no guanine bases (Sect.  28.2.1.1 ) in this part of the RNA (Goelet et al. 
 1982  ) . The protein subunits forming about 1½ turns of the viral helix at the end of the virion are 
therefore more easily lost. The fi rst start codon is consequently exposed so that a cellular ribosome 
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can bind. The ribosome moves toward the 3 ¢  end of the RNA in the process of translation, competing 
with the coat protein to continue disassembly and begin the cycle of viral replication. This phenom-
enon, called co-translational disassembly, has been observed experimentally in vitro (Wilson  1984  )  
and in vivo (Shaw et al.  1986  ) .  

    28.4.2.2   Other Filamentous Plant Viruses 

 While much less is known about the details of disassembly for other viruses, there have been a num-
ber of observations that point to various steps in the process, particularly for the potexviruses. 
Phosphorylation of PVX coat protein by host kinases appears to be important, enhancing RNA 
translation, presumably by destabilizing the virions and promoting disassembly (Atabekov et al. 
 2001  ) . Potexviruses and many other fi lamentous viruses encode three proteins involved in cell-to-
cell movement of the virus; these are known as the triple gene block proteins TGBp1, TGBp2, and 
TGBp3. Binding of TGBp1 to the 5 ¢  end of the PVX particle converts nontranslatable virions to 
translatable virions (Atabekov et al.  2000 ; Kiselyova et al.  2003 ; Zayakina et al.  2008  ) , apparently 
also by destabilizing the particle. Disassembly after binding TGBp1 requires translation; to this 
extent, there are some parallels with the co-translational disassembly of TMV (Wilson  1984 , 
Sect.  28.4.2.1 ), but whereas co-translational disassembly of TMV is gradual and proceeds along the 
virion with the ribosome, the disassembly of PVX associated with TGBp1 requires only the fi rst few 
steps of translation to disassemble the entire virion (Rodionova et al.  2003  ) . It has been suggested 
that when a plant is fi rst infected, phosphorylation promotes disassembly, but as the infection spreads 
to other plant cells, TGBp1-induced disassembly may serve the same function, eliminating depen-
dence on host kinases (Verchot-Lubicz et al.  2007  ) . 

 In potyviruses, one molecule of the viral protein VPg is covalently attached to the 5 ¢  end of the 
viral RNA (Hari  1981  ) . It has been shown that the bound VPg can be phosphorylated by host kinases, 
and it is possible that this phosphorylation may trigger virus disassembly and RNA translation 
(Puustinen et al.  2002  ) .   

    28.4.3   Host Cell Entry, Exit, and Membrane Transport 

    28.4.3.1   Filamentous Plant Viruses 

 Plant viruses enter and leave the host by poorly defi ned mechanisms, generally involving mechani-
cal damage to the plant by an insect or other vector. However, they have sophisticated mechanisms 
for transport within the host, usually considered separately as cell-to-cell (meaning adjacent cells 
within a leaf or half-leaf) and long-distance (involving transport through the phloem) transport 
(Samuel  1934 ; Carrington et al.  1996 ; Scholthof  2005  ) . 

 A number of recent reviews discuss movement of the fi lamentous plant viruses in plants (for 
example Morozov and Solovyev  2003 ; Verchot-Lubicz et al.  2007 ; Taliansky et al.  2008 ; Jackson 
et al.  2009 ; Epel  2009 ; Verchot-Lubicz et al.  2010  ) . Taliansky et al.  (  2008  )  divide the fi lamentous 
plant viruses into three groups, depending on which proteins they require to move from cell to cell. 
Some viruses, such as TMV, require a single type of movement protein. A second group, which 
includes the potexviruses and the hordeiviruses, requires a triple gene block (Sect.  28.4.2.2 ) for 
movement, and the third group, including the potyviruses and the closteroviruses, requires multiple 
proteins for movement. Verchot-Lubicz et al.  (  2010  )  further divide the triple gene block-encoding 
viruses into three groups based on protein interactions occurring during infection and the types of 
proteins required for movement, and propose a model for virus movement in each group. Many plant 
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viruses require the coat protein for systemic movement within plants, although the tobraviruses 
(Swanson et al.  2002  ) , hordeiviruses (Petty et al.  1990  ) , and several others do not appear to. 

 Very little is known about the detailed molecular mechanisms by which plant viruses move within 
plants. While it is clear that these viruses are able to override the normal intercellular traffi cking 
mechanisms within plant cells (reviewed by Heinlein and Epel  2004 ; Epel  2009  ) , the form that the 
virus takes while moving from cell to cell is not. In the potexviruses, it is possible that the particles 
that travel from cell to cell are the single-tailed particles described by Karpova et al.  (  2006  )  or 
another altered virion form (Verchot-Lubicz et al.  2007 ; Verchot-Lubicz et al.  2010  ) . In the hordei-
viruses, it appears that the movement complex is made up of TGBp1 and the viral genomic and 
subgenomic RNAs (Verchot-Lubicz et al.  2010  ) ; TGBp1 must interact with a TGBp2–TGBp3 com-
plex in order to be targeted to the cell wall (Lim et al.  2008  ) . 

 As early as 2001, Dolja and his colleagues had begun to speculate that the unusual tail structure 
in closteroviruses might serve as a specialized transport device (Alzhanova et al.  2001  ) . They sug-
gested that the tails help guide the virus to the plasmodesmata, and that the smaller diameter of the 
virion tails may even allow for insertion of the virus into the plasmodesmata (Alzhanova et al.  2007  ) . 
This type of directional transport would allow the 5 ¢  end of the RNA to enter the adjacent cell fi rst 
to be recruited by ribosomes (Dolja et al.  2006  ) . Tail structures at the end of some potyvirus particles 
(Torrance et al.  2006  )  and the TGBp1 complex at the end of PVX particles (Atabekov et al.  2000 ; 
Kiselyova et al.  2003  )  may serve a similar purpose (Taliansky et al.  2008  ) .  

    28.4.3.2   Filamentous Bacteriophages 

 Disassembly is the fi nal step of the process of cell entry for fi lamentous bacteriophages, and assem-
bly is part of the process of secretion. Most work has been on the Ff group of viruses, so the descrip-
tion that follows is primarily taken from those studies. More details and accounts of other viruses are 
found in reviews by Marvin  (  1998  )  and Russel and Model  (  2006  ) . 

      Cell Entry and Disassembly 

 Bacteriophage particles initially bind to the tip of a pilus (F pili in the case of  E. coli  phages) through 
the p3 protein at the end of the virion. The pilus disassembles into the plasma membrane, 
drawing the virion into contact with the membrane through interaction between p3 and the host 
membrane proteins TolA, TolQ, and TolR. The bacteriophage disassembles and the DNA is released 
into the host cytoplasm.  

      Assembly and Secretion 

 The phage DNA is prepackaged in the host cell by protein p5, forming a long fl exible fi lamentous 
complex about 80 Å in diameter. Although p5 proteins vary greatly among the different bacterio-
phage species in both size and amino acid sequence, they all appear to be structurally similar. 

 The fi ve virion coat proteins – the major coat protein and all four minor proteins – and two other 
bacteriophage-encoded proteins, p1 and p11, are inserted into the host plasma membrane as integral 
membrane proteins. In addition, phage protein p4 is an integral protein of the outer membrane. The 
major coat protein p8 has been particularly well studied; it takes up a tilted orientation in the mem-
brane with the N-terminus in the periplasm and the C terminus in the cytoplasm. Varying views have 
been expressed concerning the structure of p8 in this environment; it appears to be either a 
single  a -helix similar to the structure in the assembled virion (Hemminga et al.  2010  )  or two 
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 a - helices, one in the membrane hydrophobic core and a smaller N-terminal helix in the surface of 
the membrane (Opella et al.  2008  ) . Some phages use a leader sequence to insert p8 into the mem-
brane; some do not. The leader sequence is subsequently cleaved by a bacterial peptidase. Phage 
assembly and secretion takes place at sites where the plasma membrane is very close to the outer 
membrane. A complex of p1 and p11 in the plasma membrane interacts with p4, 12–14 subunits of 
which form a pore in the outer membrane (Opalka et al.  2003  ) . 

 Assembly of the virion begins when the packaging signal, an imperfect but stable DNA hairpin 
having some analogies to the OAS of fi lamentous plant viruses, interacts with p7 and p9 in the mem-
brane. The packaging signal protrudes from the end of the p5–DNA prepackaging complex. This 
interaction involves p1 and host-encoded thioredoxin, although the thioredoxin appears to be acting 
to manipulate the DNA, rather than utilizing its normal function as a redox enzyme. ATP hydrolysis, 
possibly by p1, is part of the packaging process. During the next step, phage elongation, p8 replaces 
p5 and the growing virion moves into the periplasm. Finally, the minor coat proteins p3 and p6 are 
added to the end of the virion. Addition of p3 and p6 is essential to the termination of assembly and 
detachment from the membrane; without either of these proteins, fi laments continue to elongate 
rather than detach. Finally, the p4 pore complex translocates the virion across the periplasm and 
extrudes it through the outer membrane.         

  Acknowledgments   We thank Dr. Don Marvin for much helpful advice and assistance with fi lamentous bacterio-
phage fi gures. The plant virus work from this laboratory was supported by NSF grant MCB-0743931.  

   References 

    Adams MJ, Antoniw JF, Kreuze J (2009)  Virgaviridae : a new family of rod-shaped plant viruses. Arch Virol 
154:1967–1972  

    Agranovsky AA, Lesemann DE, Maiss E, Hull R (1995) “Rattlesnake” structure of a fi lamentous plant RNA virus 
built of two capsid proteins. Proc Natl Acad Sci USA 92:2470–2473  

    Altschuh D, Lesk AM, Bloomer AC, Klug A (1987) Correlation of coordinated amino acid substitutions with function 
in viruses related to tobacco mosaic virus. J Mol Biol 193:693–707  

    Alzhanova DV, Napuli AJ, Creamer R, Dolja VV (2001) Cell-to-cell movement and assembly of a plant closterovirus: 
roles for the capsid proteins and Hsp70 homolog. EMBO J 20:6997–7007  

    Alzhanova DV, Prokhnevsky AI, Peremyslov VV, Dolja VV (2007) Virion tails of  Beet yellows virus : coordinated 
assembly by three structural proteins. Virology 359:220–226  

    Atabekov JG, Novikov VK, Kiselev NA, Kaftanova AS, Egorov AM (1968) Stable intermediate aggregates formed 
by the polymerization of barley stripe mosaic virus protein. Virology 36:620–638  

    Atabekov JG, Rodionova NP, Karpova OV, Kozlovsky SV, Poljakov VY (2000) The movement protein-triggered  in situ  
conversion of Potato virus X virion RNA from a nontranslatable into a translatable form. Virology 71:259–263  

    Atabekov JG, Rodionova NP, Karpova OV, Kozlovsky SV, Novikov VK, Arkhipenko MV (2001) Translational activa-
tion of encapsidated potato virus X RNA by coat protein phosphorylation. Virology 286:466–474  

    Baratova LA, Grebenshchikov NI, Dobrov EN, Gedrovich AV, Kashirin IA, Shishkov AV, Efi mov AV, Järvekülg L, 
Radavsky YL, Saarma M (1992) The organization of potato virus X coat proteins in virus particles studied by 
tritium planigraphy and model building. Virology 188:175–180  

    Baratova L, Efi mov AV, Dobrov EN, Fedorova NV, Hunt R, Badun GA, Ksenofontov AL, Torrance L, Järvekülg L 
(2001) In situ spatial organization of Potato virus A coat protein subunits as assessed by tritium bombardment. 
J Virol 75:9696–9702  

    Baratova LA, Fedorova NV, Dobrov EN, Lukashina EV, Kharlanov AN, Nasonov VV, Serebryakova MV, Kozlovsky 
SV, Zayakina OV, Rodionova NP (2004) N-terminal segment of potato virus X coat protein subunits is glycosy-
lated and mediates formation of a bound water shell on the virion surface. Eur J Biochem 271:3136–3145  

    Bawden FC, Pirie NW, Bernal JD, Fankuchen I (1936) Liquid crystalline substances from virus-infected plants. 
Nature 138:1051–1052  

    Beijerinck MW (1898) Ueber ein  contagium vivum fl uidum  als Ursache der Fleckenkrankheit der Tabaksblätter. Verh 
Kon Akad Wetensch 5:3–21  

    Bernal JD, Fankuchen I (1941) X-ray and crystallographic studies of plant virus preparations. J Gen Physiol 28:111–165  



65328 Helical Viruses

    Bhyravbhatla B, Watowich S, Caspar DLD (1998) Refi ned atomic model of the four-layer aggregate of the tobacco 
mosaic virus coat protein at 2.4-Å resolution. Biophys J 74:604–615  

    Blanch EW, Robinson DJ, Hecht L, Syme CD, Nielsen K, Barron LD (2002) Solution structures of potato virus X and 
narcissus mosaic virus from Raman optical activity. J Gen Virol 83:241–246  

    Bloomer AC, Champness JN, Bricogne G, Staden R, Klug A (1978) Protein disk of tobacco mosaic virus at 2.8 Å 
resolution showing the interactions within and between subunits. Nature 276:362–368  

    Bragard C, Duncan GH, Wesley SV, Naidu RA, Mayo MA (2000) Virus-like particles assemble in plants and bacteria 
expressing the coat protein gene of  Indian peanut clump virus . J Gen Virol 81:267–272  

    Brierley KM, Goodman BA, Mayo MA (1993) A mobile element on a virus particle surface identifi ed by nuclear 
magnetic resonance spectroscopy. Biochem J 293:657–659  

    Bryan RK, Bansai M, Folkhard W, Nave C, Marvin DA (1983) Maximum-entropy calculation of the electron density 
at 4 Å resolution of Pf1 fi lamentous bacteriophage. Proc Natl Acad Sci USA 80:4728–4731  

    Butler PJG, Durham ACH (1972) Structures and roles of the polymorphic forms of tobacco mosaic virus. 
V. Conservation of the abnormally titrating groups in tobacco mosaic virus. J Mol Biol 72:19–24  

    Butler PJG, Durham ACH (1977) Tobacco mosaic virus protein aggregation and the virus assembly. Adv Protein 
Chem 31:187–251  

    Butler PJG, Klug A (1971) Assembly of the particle of tobacco mosaic virus from RNA and disks of protein. Nat New 
Biol 229:47–50  

    Butler PJG, Finch JT, Zimmern D (1977) Confi guration of tobacco mosaic virus RNA during virus disassembly. 
Nature 265:217–219  

    Cañizares MC, Nicholson L, Lomonossoff GP (2005) Use of viral vectors for vaccine production in plants. Immunol 
Cell Biol 83:263–270  

    Carrington JC, Kasschau KD, Mahajan SK, Schaad MC (1996) Cell-to-cell and long-distance transport of viruses in 
plants. Plant Cell 8:1669–1681  

    Carstens EB (2010) Ratifi cation vote on taxonomic proposals to the International Committee on Taxonomy of Viruses. 
Arch Virol 155:133–146  

    Caspar DLD (1956) The radial density distribution in the tobacco mosaic virus particle. Nature 177:928  
    Caspar DLD (1963) Assembly and stability of the tobacco mosaic virus particle. Adv Protein Chem 18:37–121  
    Caspar DLD, Holmes KC (1969) Structure of Dahlemense strain of tobacco mosaic virus: a periodically deformed 

helix. J Mol Biol 46:99–133  
    Cerovská N, Moravec T, Velemínsky J (2002) Polyclonal antibodies to a recombinant coat protein of Potato virus A. 

Acta Virol 46:147–151  
    Chandrasekaran R, Stubbs G (2006) Fibre diffraction. In: Rossmann MG, Arnold E (eds) International tables for 

crystallography, vol. F: Crystallography of biological macromolecules. Kluwer, The Netherlands. doi:  10.1107/97
809553602060000702      

    Chen J, Torrance L, Cowan GH, MacFarlane SA, Stubbs G, Wilson TMA (1997) Detection of a single amino acid 
difference between the coat proteins of soil-borne wheat mosaic virus isolates by monoclonal antibodies: implica-
tions for virus structure. Phytopathology 87:295–301  

    Cochran W, Crick FHC, Vand V (1952) The structure of synthetic polypeptides. I. The transform of atoms on a helix. 
Acta Crystallogr 5:581–586  

    Correia JJ, Shire S, Yphantis DA, Schuster TM (1985) Sedimentation equilibrium measurements of the intermediate-
size tobacco mosaic virus protein polymers. Biochemistry 24:3292–3329  

    Cross TA, Opella SJ, Stubbs G, Caspar DLD (1983)  31 P NMR of the RNA in TMV. J Mol Biol 170:1037–1043  
    Culver JN, Dawson WO, Plonk K, Stubbs G (1995) Site-specifi c mutagenesis confi rms the involvement of carboxylate 

groups in the disassembly of tobacco mosaic virus. Virology 206:724–730  
    Denis J, Acosta-Ramirez E, Zhao Y, Hameliní M-E, Koukavica I, Baz M, Abed Y, Savard C, Pare C, Macias CL, 

Boivin G, Leclerc D (2008) Development of a universal infl uenza A vaccine based on the M2e peptide fused to 
the papaya mosaic virus (PapMV) vaccine platform. Vaccine 26:3395–3403  

    Dobrov EN, Efi mov AV, Baratova LA (2004) Investigation of helical plant virus ribonucleoprotein structures with the 
help of tritium planigraphy and theoretical modeling. Mol Biol (Mosk) 41:706–710  

    Dolja VV, Boyko VP, Agranovsky AA, Koonin EV (1991) Phylogeny of capsid proteins of rod-shaped and fi lamen-
tous RNA plant viruses: two families with distinct patterns of sequence and probably structure conservation. 
Virology 184:79–86  

    Dolja VV, Kreuze JF, Valkonen JPT (2006) Comparative and functional genomics of closteroviruses. Virus Res 117:38–51  
    Dubs MC, van Regenmortel MH (1990) Odontoglossum ringspot virus coat protein: sequence and antigenic compari-

sons with other tobamoviruses. Arch Virol 115:239–249  
    Dujardin E, Peet C, Stubbs G, Culver JN, Mann S (2003) Organization of metallic nanoparticles using tobacco mosaic 

virus templates. Nano Lett 3:413–417  
    Egelman EH (2007) The iterative helical real space reconstruction method: surmounting the problems posed by real 

polymers. J Struct Biol 157:83–94  



654 G. Stubbs and A. Kendall

    Epel BL (2009) Plant viruses spread by diffusion on ER-associated movement-protein-rafts through plasmodesmata 
gated by viral induced host  b -1,3-glucanases. Semin Cell Dev Biol 20:1074–1081  

    Erickson JW, Hallett FR, Bancroft JB (1983) Subassembly aggregates of papaya mosaic virus protein. Virology 
129:207–211  

   Fauquet CM, Mayo MA, Maniloff J, Desselberger U, Ball LA (eds) (2005) Virus taxonomy: VIIIth report of the 
International Committee on Taxonomy of Viruses. Elsevier/Academic, London  

    Finch JT (1965) Preliminary X-ray diffraction studies on tobacco rattle and barley stripe mosaic viruses. J Mol Biol 
12:612–619  

    Fischetti R, Stepanov S, Rosenbaum G, Barrea R, Black E, Gore D, Heurich R, Kondrashkina E, Kropf AJ, Wang S, 
Zhang K, Irving TC, Bunker GB (2004) The BioCAT undulator beamline 18ID: a facility for biological non-
crystalline diffraction and X-ray absorption spectroscopy at the Advanced Photon Source. J Synchrotron Rad 
11:399–405  

    Fraenkel-Conrat H, Williams R (1955) Reconstitution of active tobacco mosaic virus from its inactive protein and 
nucleic acid components. Proc Natl Acad Sci USA 41:690–698  

    Franklin RE (1955) Structure of tobacco mosaic virus. Nature 175:379–381  
    Franklin RE (1956a) Location of the ribonucleic acid in the tobacco mosaic virus particle. Nature 177:928–930  
    Franklin RE (1956b) X-ray diffraction studies of cucumber virus 4 and three strains of tobacco mosaic virus. Biochim 

Biophys Acta 19:203–211  
    Franklin RE, Holmes KC (1958) Tobacco mosaic virus: application of the method of isomorphous replacement to the 

determination of the helical parameters and radial density distribution. Acta Crystallogr 11:213–220  
    Fukuda M, Okada Y, Otsuki Y, Takebe I (1980) The site of initiation of rod assembly on the RNA of a tomato and a 

cowpea strain of tobacco mosaic virus. Virology 101:493–502  
    Goelet P, Lomonossoff GP, Butler PJG, Akam ME, Gait MJ, Karn J (1982) Nucleotide sequence of tobacco mosaic 

virus RNA. Proc Natl Acad Sci USA 79:5818–5822  
    Goulden MG, Davies JW, Wood KR, Lomonossoff GP (1992) Structure of tobraviral particles: a model suggested 

from sequence conservation in tobraviral and tobamoviral coat proteins. J Mol Biol 227:1–8  
    Gowda S, Satyanarayana T, Ayllón MA, Moreno P, Flores R, Dawson WO (2003) The conserved structures of the 5 ¢  

nontranslated region of Citrus tristeza virus are involved in replication and virion assembly. Virology 317:50–64  
    Gregory J, Holmes KC (1965) Methods of preparing orientated tobacco mosaic virus sols for x-ray diffraction. J Mol 

Biol 13:796–801  
    Hamilton WDO, Boccara M, Robinson DJ, Baulcombe DC (1987) The complete nucleotide sequence of tobacco rattle 

virus RNA-1. J Gen Virol 68:2563–2575  
    Hammond JM, Sproat KW, Wise TG, Hyatt AD, Jagadish MN, Coupar BE (1998) Expression of the potyvirus coat 

protein mediated by recombinant vaccinia virus and assembly of potyvirus-like particles in mammalian cells. 
Arch Virol 143:1433–1439  

    Hari V (1981) The RNA of tobacco etch virus: further characterization and detection of protein linked to RNA. 
Virology 112:391–399  

    Harrison BD, Wilson TMA (1999) Milestones in research on tobacco mosaic virus. Phil Trans R Soc Lond B 
354:521–529  

    Heinlein M, Epel BL (2004) Macromolecular transport and signaling through plasmodesmata. Int Rev Cytol 
235:93–164  

    Hema M, Subba Reddy ChV, Savithri HS, Sreenivasulu P (2008) Assembly of recombinant coat protein of sugarcane 
streak mosaic virus into potyvirus-like particles. Indian J Exp Biol 46:793–796  

    Hemminga MA, Vos WL, Nazarov PV, Koehorst RBM, Wolfs CJAM, Spruijt RB, Stopar D (2010) Viruses: incredible 
nanomachines. New advances with fi lamentous phages. Eur Biophys J 39:541–550  

    Holmes KC, Franklin RE (1958) The radial density distribution in some strains of tobacco mosaic virus. Virology 
6:328–336  

    Holmes KC, Stubbs GJ, Mandelkow E, Gallwitz U (1975) Structure of tobacco mosaic virus at 6.7 Å resolution. 
Nature 254:192–196  

    Homer RB, Goodman RM (1975) Circular dichroism and fl uorescence studies on potato virus X and its structural 
components. Biochim Biophys Acta 378:296–304  

    Hunter GJ, Rowitch DH, Perham RN (1987) Interactions between DNA and coat protein in the structure and assembly 
of fi lamentous bacteriophage fd. Nature 327:252–254  

    Jackson A, Lim H-L, Bragg J, Ganesan U, Lee MY (2009) Hordeivirus replication, movement, and pathogenesis. 
Annu Rev Phytopathol 47:385–422  

    Jacob T, Usha R (2002) Expression of  Cardamom mosaic virus  coat protein in  Escherichia coli  and its assembly into 
fi lamentous aggregates. Virus Res 86:133–141  

    Jagadish MN, Ward CW, Gough KH, Tulloch PA, Whittaker LA, Shukla DD (1991) Expression of potyvirus coat 
protein in  Escherichia coli  and yeast and its assembly into virus-like particles. J Gen Virol 72:1543–1550  



65528 Helical Viruses

    Joseph J, Savithri HS (1999) Determination of 3 ¢ -terminal nucleotide sequence of pepper vein banding virus RNA and 
expression of its coat protein in  Escherichia coli . Arch Virol 144:1679–1687  

    Karpova OV, Zayakina OV, Arkhipenko MV, Sheval EV, Kiselyova OI, Poljakov VY, Yaminsky IV, Rodionova NP, 
Atabekov JG (2006) Potato virus X RNA-mediated assembly of single-tailed ternary ‘coat protein-RNA- movement 
protein’ complexes. J Gen Virol 87:2731–2740  

    Kendall A, Stubbs G (2006) Oriented sols for fi ber diffraction from limited quantities or hazardous materials. J Appl 
Crystallogr 39:39–41  

    Kendall A, Bian W, Junn J, McCullough I, Gore D, Stubbs G (2007a) Radial density distribution and symmetry of a 
 Potexvirus , narcissus mosaic virus. Virology 357:158–164  

    Kendall A, McDonald M, Stubbs G (2007b) Precise determination of the helical repeat of tobacco mosaic virus. 
Virology 369:226–227  

    Kendall A, McDonald M, Bian W, Bowles T, Baumgarten SC, Shi J, Stewart PL, Bullitt E, Gore D, Irving TC, Havens 
WM, Ghabrial SA, Wall JS, Stubbs G (2008) Structure of fl exible fi lamentous plant viruses. J Virol 82:9546–9554  

    Kiselyova OI, Yaminsky IV, Karpova OV, Rodionova NP, Kozlovsky SV, Arkhipenko MV, Atabekov JG (2003) AFM 
study of potato virus X disassembly induced by movement protein. J Mol Biol 332:321–325  

    Klug A (1999) The tobacco mosaic virus particle: structure and assembly. Phil Trans R Soc Lond B 354:531–535  
    Kwon S-J, Park M-R, Kim K-W, Plante CA, Hemenway CL, Kim K-H (2005)  cis -Acting sequences required for coat 

protein binding and in vitro assembly of  Potato virus X . Virology 334:83–97  
    Lebeurier G, Nicolaieff A, Richards KE (1977) Inside-out model for self-assembly of tobacco mosaic virus. Proc Natl 

Acad Sci USA 74:149–153  
    Lico C, Chen Q, Santi L (2008) Viral vectors for production of recombinant proteins in plants. J Cell Physiol 

216:366–377  
    Lim H-S, Bragg JN, Ganesan U, Lawrence DM, Yu J, Isogai M, Hammond J, Jackson AO (2008) Triple gene block 

protein interactions involved in movement of  Barley stripe mosaic virus . J Virol 82:4991–5006  
    Lobert S, Stubbs G (1990) Fiber diffraction analysis of cucumber green mottle mosaic virus using limited numbers of 

heavy-atom derivatives. Acta Crystallogr A46:993–997  
    Lobert S, Heil P, Namba K, Stubbs G (1987) Preliminary x-ray fi ber diffraction studies of cucumber green mottle 

mosaic virus, watermelon strain. J Mol Biol 196:935–938  
    López-Moya JJ, García JA (2008) Potyviruses. In: Mahy BWJ, van Regenmortel MHV (eds) Encyclopedia of virol-

ogy, 3rd edn. Elsevier/Academic, London  
   López-Moya JJ, Valli A, García JA (2009) Potyviridae. In: Encyclopedia of life sciences (ELS). Wiley, Chichester. 

doi:10.1002/9780470015902.a0000755.pub2  
    Lu B, Stubbs G, Culver JN (1996) Carboxylate interactions involved in the disassembly of tobacco mosaic tobamovirus. 

Virology 225:11–20  
    Lu B, Stubbs G, Culver JN (1998) Coat protein interactions involved in tobacco mosaic tobamovirus cross-protection. 

Virology 248:188–198  
    Lukashina E, Badun G, Fedorova N, Ksenofontov A, Nemykh M, Serebyakova M, Mukhamedzhanova A, Karpova O, 

Rodionova N, Baratova L, Dobrov E (2009) Tritium planigraphy study of structural alterations in the coat protein 
of  Potato virus X  induced by binding of its triple gene block 1 protein to virions. FEBS J 276:7006–7015  

    Macfarlane S (1999) Molecular biology of the tobraviruses. J Gen Virol 80:2799–2807  
   Macfarlane S (2010) Tobraviruses - plant pathogens and tools for biotechnology. Mol Plant Pathol. doi:  10.1111/

j.1364-3703.2010.00617.x      
    Makowski L (1982) The use of continuous diffraction data as a phase constraint II. Application to fi ber diffraction 

data. J Appl Crystallogr 15:546–557  
    Makowski L (1984) Structural diversity in fi lamentous bacteriophages. In: Jurnak FA, McPherson A (eds) Biological 

macromolecules and assemblies, vol 1. Wiley, New York  
    Makowski L, Caspar DLD, Marvin DA (1980) Filamentous bacteriophage Pf1 structure determined at 7 Å resolution 

by refi nement of models for the  a -helical subunit. J Mol Biol 140:149–181  
    Mandelkow E, Stubbs G, Warren S (1981) Structures of the helical aggregates of tobacco mosaic virus protein. J Mol 

Biol 152:375–386  
    Marvin DA (1966) X-ray diffraction and electron microscope studies on the structure of the small fi lamentous bacte-

riophage fd. J Mol Biol 15:8–17  
    Marvin DA (1990) Model-building studies of  Inovirus:  genetic variations on a geometric theme. Int J Biol Macromol 

12:125–138  
    Marvin DA (1998) Filamentous phage structure, infection and assembly. Curr Opin Struct Biol 8:150–158  
    Marvin DA, Wiseman RL, Wachtel EJ (1974a) Filamentous bacterial viruses XI. Molecular architecture of the Class 

II (Pf1, Xf) virion. J Mol Biol 82:121–138  
    Marvin DA, Pigram WJ, Wiseman RL, Wachtel EJ, Marvin FJ (1974b) Filamentous bacterial viruses XII. Molecular 

architecture of the Class I (fd, If1, IKe) virion. J Mol Biol 88:581–600  



656 G. Stubbs and A. Kendall

    Marvin DA, Hale RD, Nave C, Helmer-Citterich M (1994) Molecular models and structural comparisons of native and 
mutant class I fi lamentous bacteriophages Ff (fd, fl , M13), If1 and IKe. J Mol Biol 235:260–286  

    Marvin DA, Welsh LC, Symmons MF, Scott WRP, Straus SK (2006) Molecular structure of fd (f1, M13) fi lamentous 
bacteriophage refi ned with respect to X-ray fi bre diffraction and solid-state NMR data supports specifi c models of 
phage assembly at the bacterial membrane. J Mol Biol 355:294–309  

    Mayo MA, Brierley KM, Goodman BA (1993) Developments in the understanding of the particle structure of tobra-
viruses. Biochimie 75:639–644  

    McDonald JG, Bancroft JB (1977) Assembly studies on Potato virus Y and its coat protein. J Gen Virol 35:251–263  
    McDonald JG, Beveridge TJ, Bancroft JB (1976) Self-assembly of a protein from a fl exuous virus. Virology 

69:327–331  
    McDonald M, Kendall A, Tanaka M, Weissman JS, Stubbs G (2008) Enclosed chambers for humidity control and 

sample containment in fi ber diffraction. J Appl Crystallogr 41:206–209  
    McDonald M, Kendall A, Bian W, McCullough I, Lio E, Havens WW, Ghabrial SA, Stubbs G (2010) Architecture of 

the potyviruses. Virology 30:309–313  
    Millane RP (1989) R factors in x-ray fi ber diffraction. II. Largest likely R factors for N overlapping terms. Acta 

Crystallogr A45:573–576  
    Moreno P, Ambrós S, Albiach-Martí MR, Guerri J, Peña L (2008)  Citrus tristeza virus : a pathogen that changed the 

course of the citrus industry. Mol Plant Pathol 9:251–268  
    Morozov SY, Solovyev AG (2003) Triple gene block: modular design of a multifunctional machine for plant virus 

movement. J Gen Virol 84:1351–1366  
    Namba K, Stubbs G (1986) Structure of tobacco mosaic virus at 3.6 Å resolution: implications for assembly. Science 

231:1401–1406  
    Namba K, Caspar DLD, Stubbs G (1988) Enhancement and simplifi cation of macromolecular images. Biophys J 

53:469–475  
    Namba K, Pattanayek R, Stubbs G (1989) Visualization of protein-nucleic acid interactions in a virus. Refi ned struc-

ture of intact tobacco mosaic virus at 2.9 Å resolution by x-ray fi ber diffraction. J Mol Biol 208:307–325  
    Nambudripad R, Stark W, Opella SJ, Makowski L (1991) Membrane-mediated assembly of fi lamentous bacterio-

phage Pf1 coat protein. Science 252:1305–1308  
    Nave C, Fowler AG, Malsey S, Marvin DA, Siegrist H, Wachtel EJ (1979) Macromolecular structural transitions in 

Pf1 fi lamentous bacterial virus. Nature 281:232–234  
    Nemykh MA, Efi mov AV, Novikov VK, Orlov VN, Arutyunyan AM, Drachev VA, Lukashina EV, Baratova LA, 

Dobrov EN (2008) One more probable structural transition in potato virus X virions and a revised model of the 
virus coat protein structure. Virology 373:61–71  

    Okada Y (1986) Molecular assembly of tobacco mosaic virus  in vitro . Adv Biophys 22:95–149  
    Opalka N, Beckmann R, Boisset N, Simon MN, Russel M, Darst SA (2003) Structure of the fi lamentous phage pIV 

multimer by cryo-electron microscopy. J Mol Biol 325:461–470  
    Opella SJ, Zeri AC, Park SH (2008) Structure, dynamics, and assembly of fi lamentous bacteriophages by nuclear 

magnetic resonance spectroscopy. Annu Rev Phys Chem 59:635–657  
    Park M-R, Kwon S-J, Choi H-S, Hemenway CL, Kim K-H (2008) Mutations that alter a repeated ACCA element 

located at the 5 ¢  end of the  Potato virus X  genome affect RNA accumulation. Virology 378:133–141  
    Parker L, Kendall A, Stubbs G (2002) Surface features of potato virus X from fi ber diffraction. Virology 

300:291–295  
    Parker L, Kendall A, Berger PH, Shiel PJ, Stubbs G (2005) Wheat streak mosaic virus – structural parameters for a 

 Potyvirus . Virology 340:64–69  
    Pattanayek R, Stubbs G (1992) Structure of the U2 strain of tobacco mosaic virus refi ned at 3.5 Å resolution using 

x-ray fi ber diffraction. J Mol Biol 228:516–528  
    Pattanayek R, Elrod M, Stubbs G (1992) Characterization of a putative calcium-binding site in tobacco mosaic virus. 

Proteins 12:128–132  
    Pennisi E (2010) Armed and dangerous. Science 327:802–803  
    Peremyslov VV, Andreev IA, Prokhnevsky AI, Duncan GH, Taliansky ME, Dolja VV (2004) Complex molecular 

architecture of beet yellows virus particles. Proc Natl Acad Sci USA 101:5030–5035  
    Petty IT, French R, Jones RW, Jackson AO (1990) Identifi cation of barley stripe mosaic virus genes involved in RNA 

replication and systemic movement. EMBO J 9:3453–3457  
   Planchart A (1995) X-ray fi ber diffraction studies of odontoglossum ringspot virus: lessons on how nature produces a 

virus with a different host specifi city. Thesis, Vanderbilt University  
    Puustinen P, Rajamäki M-L, Ivanov KI, Valkonen JPT, Mäkinen K (2002) Detection of the potyviral genome-linked 

protein VPg in virions and its phosphorylation by host kinases. J Virol 76:12703–12711  
    Richardson JF, Tollin P, Bancroft JB (1981) The architecture of the potexviruses. Virology 112:34–39  
    Rodionova NP, Karpova OV, Kozlovsky SV, Zayakina OV, Arkhipenko MV, Atabekov JG (2003) Linear remodeling 

of a helical virus by movement protein binding. J Mol Biol 333:565–572  



65728 Helical Viruses

    Russel M, Model P (2006) Filamentous phage. In: Calendar RL (ed) The bacteriophages, 2nd edn. Oxford University 
Press, New York  

    Samuel G (1934) The movement of tobacco mosaic virus within the plant. Ann Appl Biol 21:90–111  
    Satyanarayana T, Gowda S, Ayllón MA, Dawson WO (2004) Closterovirus bipolar virion: evidence for initiation of 

assembly by minor coat protein and its restriction to the genomic RNA 5 ¢  region. Proc Natl Acad Sci USA 
101:799–804  

    Scholthof HB (2005) Plant virus transport: motions of functional equivalence. Trends Plant Sci 10:376–382  
    Schramm G (1947) Uber die Spaltung des Tabakmosaikvirus und die Wiedervereinigung der Spaltstücke zu höher-

molekularen Proteinen. Z Naturforsch 2b:249–257  
    Shaw JG, Plaskitt KA, Wilson TMA (1986) Evidence that tobacco mosaic virus particles disassemble cotranslation-

ally  in vivo . Virology 148:326–336  
    Shukla DD, Strike PM, Tracy SL, Gough KH, Ward CW (1988) The N and C termini of the coat proteins of 

potyviruses are surface-located and the N terminus contains the major virus specifi c epitopes. J Gen Virol 69:
1497–1508  

    Sit TL, Leclerc D, AbouHaidar MG (1994) The minimal 5 ¢  sequence for  in vitro  initiation of papaya mosaic assembly. 
Virology 199:239–242  

    Smolsky IL, Liu P, Niebuhr M, Ito K, Weiss TM, Tsuruta H (2007) Biological small-angle X-ray scattering facility at 
the Stanford Synchrotron Radiation Laboratory. J Appl Cryst 40:s453–s458  

    Stark W, Glucksman MJ, Makowski L (1988) Conformation of the coat protein of the fi lamentous bacteriophage Pf1 
determined by neutron diffraction from magnetically oriented gels of specifi cally deuterated virions. J Mol Biol 
199:171–182  

    Steckert JJ, Schuster TM (1982) Sequence specifi city of trinucleoside diphosphate binding to polymerized tobacco 
mosaic virus protein. Nature 299:32–36  

    Straus SK, Scott WRP, Symmons MF, Marvin DA (2008) On the structures of fi lamentous bacteriophage Ff (fd, f1, 
M13). Eur Biophys J 37:521–527  

    Stubbs G (1989) The probability distributions of x-ray intensities in fi ber diffraction: largest likely values for fi ber 
diffraction R factors. Acta Crystallogr A45:254–258  

    Stubbs G (1999a) Developments in fi ber diffraction. Curr Opin Struct Biol 9:615–619  
    Stubbs G (1999b) Tobacco mosaic virus particle structure and the initiation of disassembly. Philos Trans R Soc B 

354:551–557  
    Stubbs G (2001) Fibre diffraction studies of fi lamentous viruses. Rep Prog Phys 64:1389–1425  
    Stubbs G, Diamond R (1975) The phase problem for cylindrically averaged diffraction patterns. Solution by isomor-

phous replacement and application to tobacco mosaic virus. Acta Crystallogr A31:709–718  
    Stubbs G, Makowski L (1982) Coordinated use of isomorphous replacement and layer-line splitting in the phasing of 

fi ber diffraction data. Acta Crystallogr A38:417–425  
    Stubbs G, Stauffacher C (1981) Structure of the RNA in tobacco mosaic virus. J Mol Biol 152:387–396  
    Stubbs G, Warren S, Holmes K (1977) Structure of RNA and RNA binding site in tobacco mosaic virus from a 4 Å 

map calculated from x-ray fi bre diagrams. Nature 267:216–221  
    Swanson M, Barker H, Macfarlane S (2002) Rapid vascular movement of tobraviruses does not require coat protein: 

evidence from mutated and wild-type viruses. Ann Appl Biol 141:259–266  
    Taliansky M, Torrance L, Kalinina NO (2008) Role of plant virus movement proteins. Methods Mol Biol 451:33–54  
    Tollin P, Wilson HR (1971) Some observations on the structure of the Campinas strain of tobacco rattle virus. J Gen 

Virol 13:433–440  
    Tollin P, Wilson HR (1988) Particle structure. In: Milne RG (ed) The plant viruses, vol. 4: The fi lamentous plant 

viruses. Plenum, New York  
    Tollin P, Wilson HR, Young DW, Cathro J, Mowat WP (1967) X-ray diffraction and electron microscope studies of 

narcissus mosaic virus, and comparison with potato virus X. J Mol Biol 26:353–355  
    Tollin P, Wilson HR, Bancroft JB (1980) Further observations on the structure of particles of potato virus X. J Gen 

Virol 49:407–410  
    Tollin P, Wilson HR, Roberts IM, Murant AF (1992) Diffraction studies of the particles of two closteroviruses: hera-

cleum latent virus and heracleum virus 6. J Gen Virol 73:3045–3048  
    Torbet J, Maret G (1979) Fibres of highly oriented Pf1 bacteriophage produced in a strong magnetic fi eld. J Mol Biol 

134:843–845  
    Torrance L, Andreev IA, Gabrenaite-Verhovskaya R, Cowan G, Mäkinen K, Taliansky M (2006) An unusual structure 

at one end of potato potyvirus particles. J Mol Biol 357:1–8  
    Tremblay M-H, Majeau N, Laliberté Gagné M-E, Lecours K, Morin H, Duvignaud J-B, Bolduc M, Chouinard N, Paré 

C, Gagné S, Leclerc D (2006) Effect of mutations K97A and E128A on RNA binding and self assembly of papaya 
mosaic potexvirus coat protein. FEBS J 273:14–25  

    Vaira AM, Maroon-Lango CJ, Hammond J (2008) Molecular characterization of Lolium latent virus, proposed type 
member of a new genus in the family  Flexiviridae . Arch Virol 153:1263–1270  



658 G. Stubbs and A. Kendall

    Varma A, Gibbs AJ, Woods RD, Finch JT (1968) Some observations on the structure of the fi lamentous particles of 
several plant viruses. J Gen Virol 2:107–114  

    Verchot-Lubicz J, Ye C-M, Bamunusinghe D (2007) Molecular biology of potexviruses: recent advances. J Gen Virol 
88:1643–1655  

    Verchot-Lubicz J, Torrance L, Solovyev AG, Morozov SY, Jackson AO, Gilmer D (2010) Varied movement strategies 
employed by triple gene block-encoding viruses. Mol Plant Microbe Interact 23:1231–1247  

    Wachtel EJ, Marvin FJ, Marvin DA (1976) Structural transition in a fi lamentous protein. J Mol Biol 107:379–383  
    Wang H, Stubbs G (1993) Molecular dynamics in refi nement against fi ber diffraction data. Acta Cryst A49:504–513  
    Wang H, Stubbs G (1994) The structure of cucumber green mottle mosaic virus at 3.4 Å resolution by x-ray fi ber dif-

fraction: signifi cance for the evolution of tobamoviruses. J Mol Biol 239:371–384  
    Wang H, Culver JN, Stubbs G (1997) Structure of ribgrass mosaic virus at 2.9 Å resolution: evolution and taxonomy 

of tobamoviruses. J Mol Biol 269:769–779  
    Wang H, Planchart A, Stubbs G (1998) Caspar carboxylates: the structural basis of tobamovirus disassembly. Biophys 

J 74:633–638  
    Wang YA, Yu X, Overman S, Tsuboi M, Thomas GJ Jr, Egelman EH (2006) The structure of a fi lamentous 

bacteriophage. J Mol Biol 361:209–215  
    Watson JD (1954) The structure of tobacco mosaic virus: I. X-ray evidence of a helical arrangement of subunits 

around the longitudinal axis. Biochim Biophys Acta 13:10–19  
    Welsh LC, Symmons MF, Sturtevant JM, Marvin DA, Perham RN (1998) Structure of the capsid of Pf3 fi lamentous 

phage determined from X-ray fi bre diffraction data at 3.1 Å resolution. J Mol Biol 283:155–177  
    Welsh LC, Symmons MF, Marvin DA (2000) The molecular structure and structural transition of the  a -helical capsid 

in fi lamentous bacteriophage Pf1. Acta Crystallogr D56:137–150  
    Wilson TM (1984) Cotranslational disassembly of tobacco mosaic virus  in vitro . Virology 137:255–265  
    Wilson HR, Tollin P, Sawyer L, Robinsin DJ, Price NC, Kelly SM (1991) Secondary structures of narcissus mosaic 

virus protein. J Gen Virol 72:1479–1480  
    Wu X, Shaw JG (1998) Evidence that assembly of a potyvirus begins near the 5 ¢  terminus of the viral RNA. J Gen 

Virol 79:1525–1529  
    Wyckoff RWG, Corey RB (1936) X-ray diffraction patterns of crystalline tobacco mosaic proteins. J Biol Chem 

116:51–55  
    Yamashita I, Suzuki H, Namba K (1998) Multiple-step method for making exceptionally well-oriented liquid- 

crystalline sols of macromolecular assemblies. J Mol Biol 278:609–615  
    Zayakina O, Arkhipenko M, Kozlovsky S, Nikitin N, Smirnov A, Susi P, Rodionova N, Karpova O, Atabekov J (2008) 

(2008) Mutagenic analysis of  Potato Virus X  movement protein (TGBp1) and the coat protein (CP):  in vitro  
TGBp1-CP binding and viral RNA translation activation. Mol Plant Pathol 9:37–44  

    Zeri AC, Mesleh MF, Nevzorov AA, Opella SJ (2003) Structure of the coat protein in fd fi lamentous bacteriophage 
particles determined by solid-state NMR spectroscopy. Proc Natl Acad Sci USA 100:6458–6463  

    Zhang X, Settembre E, Xu C, Dormitzer PR, Bellamy R, Harrison SC, Grigorieff N (2008) Near-atomic resolution 
using electron cryomicroscopy and single-particle reconstruction. Proc Natl Acad Sci USA 105:1867–1872  

    Zhou ZH (2008) Towards atomic resolution structural determination by single-particle cryoelectron microscopy. Curr 
Opin Struct Biol 18:218–228  

    Zimmern D (1977) The nucleotide sequence at the origin for assembly on tobacco mosaic virus RNA. Cell 11:
463–482  

    Zimmern D, Wilson TM (1976) Location of the origin for viral reassembly on tobacco mosaic virus RNA and its rela-
tion to stable fragment. FEBS Lett 71:294–298      



659

  A 
  AAA+ ATPases , 564, 565   
  Aathavan, K. , 537, 562, 570–572   
  Abdellati, S. , 234   
  Abrahams, J.P. , 7   
  Accessory protein 

 evolutionary origins , 432  
 folds , 432  
 UL35 , 431  
 UL25, “per se” phases , 432   

  Ackermann, H.W. , 169   
  Adachi, K. , 9   
  Additional Strand Catalytic E (glutamate) (ASCE) 

 adjacent monomers , 529  
 macromolecular translocases , 512  
 sequence position , 527  
 tailed bacteriophage , 529  
 TLS , 528   

  Adler, B. , 434   
  Adsorption 

 cell surface 
 biased movement, virions , 149  
 phage K29 adsorbtion  E. coli  , 147  
 podoviruses , 147  
 tailspike receptor-binding domains , 147–148  

 diversity and evolution, tail fi bers 
and tailspikes , 150–151  

 initial/reversible binding, host cell , 145–147  
 irreversible binding and secondary 

receptor , 149–150  
 protein , 369, 374   

  Adsorption vertex , 371   
  Agirrezabala, X. , 157, 427   
  Ahmed, K. , 234   
  Ahn, Y. , 234   
  Akulenko, N. , 169   
  Alam, J. , 234   
  Alam, T.I. , 536, 564, 567   
  Alary, M. , 234   
  Allegretti, S.M. , 380   

  Allison, W.S. , 10   
  Alphaviruses 

 animal virus penetration , 181–182  
 description , 181  
 infectious agents , 182  
 molecular motors 

 cell membranes penetration , 186–194  
 receptor recognition , 185–186  
 virus particles , 185  

 reconciling contradictory observations 
 cell membranes direct penetration , 195, 196  
 hydrophobic domains , 195  

 structure 
 class II virus membrane fusion 

proteins , 184  
 glycoproteins , 182–183  
 Sindbis virus surface and interior 

reconstruction , 183  
 strep-tag/glycine-serine linker , 184  
 virions function , 182   

  Altini, L. , 234   
  Anderson, D.L. , 164, 427, 517, 519, 520, 523, 532, 537, 

553, 555–558, 562, 570–572   
  Andrei, G. , 234   
  Anfi nsen cage , 316   
  Animal viruses 

 capsid organization , 27  
 Sendai viruses , 37   

  Antiviral.    See  Entry inhibitors  
  Antson, A.A. , 427, 534   
  Apical domain 

 ATP hydrolysis , 313  
 ATP-mediated allosteric mechanism, 

GroEL , 310  
 en bloc movements , 318  
 hydrophobic residues , 314  
 substrate binding , 311   

  Aravind, L. , 526   
  Arkhipenko, M.V. , 651   
  ASCE.    See  Additional Strand Catalytic E (glutamate)  

    Index 

M.G. Rossmann and V.B. Rao (eds.), Viral Molecular Machines, 
Advances in Experimental Medicine and Biology 726, DOI 10.1007/978-1-4614-0980-9, 
© Springer Science+Business Media, LLC 2012



660 Index

  Assembly 
 builiding blocks and roles 

 capsid protein , 428–429  
 maturational protease , 430  
 portal protein , 429, 430  
 scaffolding proteins , 430  
 spherical procapsids, triplex proteins , 430–431  

 pathway, HK97 , 352–354  
 shells 

 capsomers , 352, 353  
 current working model , 356  
 E219K protein , 355  
 genetic and biochemical experiments , 356  
 N-terminal 102 amino acids , 356  
 PH I , 354  
 whiffl eballs , 355   

  Assembly and architecture, HIV 
 enveloped spherical viruses , 459  
 Gag MA domain functions 

 budding , 448–450  
 envelope proteins , 446  
 Gag–Gag lattice interactions , 446–448  
 membrane binding and targeting , 444–446  

 Gag proteins , 442, 443  
 immature virion 

 CA NTD  and CA CTD  , 444  
 Gag protein organisation , 443  
 modules Gag , 443  
 moloney murine leukemia studies , 444  
 NC–RNA interactions , 444  

 important human pathogens , 442  
 mature capsid 

 CA–CA lattice interactions , 452–457  
 capsid lattice curvature, mechanisms , 457–458  
 CTD–CTD interactions , 458  

  Orthoretrovirinae  , 442  
 preintegration complex , 442  
 RNA genome organization , 459  
 stages, replication cycle , 442  
 virion maturation , 450–452   

  Assembly cofactor , 388   
  Atabekov, J.G. , 651   
  ATPase 

 allosteric interactions , 529  
 amino acid sequence , 529  
 arginine fi nger , 528  
 catalytic glutamate , 527–528  
 catalytic pocket , 625  
 center , 497–500  
 cis-arginine fi nger , 536  
 classifi cation , 529  
 coarse-grain , 525  
 cycle , 616  
 domains , 611, 612  
 domain structure , 502  
 dsDNA helix , 525  
 dsDNA packaging , 613  
 electrostatic interactions , 536  
 ø29 motor , 535  
 fuels machine , 490  

 genome encapsidation , 529  
 gp16 terminase , 491  
 hydrolysis , 525  
 luminal lever , 529  
 mechanism , 527  
 motor protein , 505  
 nuclease subunits , 497  
 oligosaccharide-binders , 526  
 polar residue , 528  
 posttranslocation state , 536  
 power stroke , 535  
 RecA-like family , 610  
 Rossmann fold , 527  
 sequence motifs , 527  
 signifi cans , 528  
 ssRNA bacteriophage , 529  
 4 bacteriophage , 535  
 4 gp17 , 503  
 topology diagrams , 526  
 trans activation , 529–530  
 two domains , 526  
 universal energy , 525  
 Walker A and B motifs , 527   

  ATP hydrolysis 
 absence/presence, RNA , 618–619  
 [ADP] ratio , 618  
 catalytic cleft , 562  
 DNA translocation , 569  
 futile , 561  
 rate, P 

i
  release , 618  

 sequential model and steady-state kinetic 
parameters , 618, 619  

 viral DNA , 556  
 wt subunits, hexamer , 619   

  ATP synthase 
 catalytic sites , 7–8  
 F 

1
 -ATPase rotation , 6  

 function , 11  
 subunit assembly , 7, 9   

  Augustijns, P. , 234    

  B 
  Babcock, H.P. , 211   

  Bacteriophage.    See also  dsDNA packaging motor, 
bacteriophage ø29; HK97  bacterial 
mutants , 150  

 coinfecting genome , 480  
 domain maps, capsid proteins , 428, 429  
 dsDNA , 469  
 fd, f1, and M13 , 633  
 genome encoding , 373  
  vs.  herpesvirus capsids , 427  
 inner capsid arrangements, dsDNA , 471  
  f  EL , 319  
 lambda , 373  
 lambda and T4 proliferation , 311  
 life cycle , 602  
 morphogenesis , 316–317  
 resemblance properties , 427  



661Index

 structures , 633–634  
 tail machines , 144  
 T7 capsids , 479  
 T4 precedent , 470   

   j 29 Bacteriophage 
 genome packaging 

 advantages , 514  
 fi berless proheads , 514  
  in vitro  , 514  
 macromolecular components , 514  
 molecular envelopes , 515  
 phage lambda , 514  
 shared central axis , 515  

 initiation, DNA packaging 
  Bacillus subtilis  phage , 553  
 gp3 terminal protein , 554–555  
 tracking method , 553–554  

 life cycle and assembly pathways 
  Bacillus subtilis  host , 513  
 description , 513  
 genome replication , 513  
 hydrolytic enzymes , 513  
 pentameric phage , 514  
 pseudo sixfold symmetric , 512  
 scaffolding protein , 514  
 steps , 513  

 single-molecule measurement, packaging 
 stalled complex , 551  
 viral DNA , 552, 553  

 viral DNA packaging assay , 552  
 X-ray structures, connector , 557   

  Bacteriophage 80a , 345–346   
  Bacteriophage HK97 

 evolutionary relationship , 333  
 high-resolution structural data , 331   

  Bacteriophage øX174 
 early stages 

 genetic analysis , 337  
 location, suppressors , 336  
 morphogenesis , 334–337  
 wild-type, mutant , 334, 335  

 sequence divergence , 343  
 structure , 339–340   

  Bacteriophage P1 
  E. coli  , 476  
 SPP1/P22 genome , 472   

  Bacteriophage P2 
 parasitic role , 333  
 proteolytic processing , 345  
 size determination , 345–346   

  Bacteriophage P4 
 capsid assembly , 345  
 genome , 345  
 procapsid-like structures , 337  
 size determination , 345–346   

  Bacteriophage P22 
 assembly pathway , 326–327  
 auxiliary functions , 330  
 role, scaffolding protein , 327  
 scaffolding exit, procapsids , 331  

 scaffolding function , 328  
 structure , 328–330   

  Bacteriophage Phi-29 
 internal scaffolding proteins , 329  
 life cycle , 331  
 portal protein core , 326  
 in vitro assembly system , 332   

  Bacteriophage SaP11 
 NMR structure , 346  
  Staphylococcus aureus  pathogenicity , 345   

  Bacteriophage T5 , 333   
  Badasso, M.O. , 427, 517, 519, 532, 557   
  Badel, K. , 234   
  Baker, M.L. , 49–84   
  Baker, T.S. , 427, 517, 532, 557   
  Bamford, D.H. , 379–396   
  Bamunusinghe, D. , 649   
  Bancroft, J.B. , 641   
  Barr, J.N. , 250, 253   
  Bartesaghi, A. , 228   
  Basement membrane 

 acellular , 406  
 productive infection , 407  
 wound/microtrauma setting , 415   

  Baseplate 
 central spike , 107  
 diversity, genes , 101  
 fi ber folding and attachment , 104  
 structure, T4 , 104   

  Baseplate hub.    See  Baseplate hub proteins  
  Baseplate hub proteins (BHPs) 

 feature , 125  
 myophages , 124  
 structures , 124, 125   

  Battisti, A.J. , 146, 247, 519   
  Baumann, R.G. , 555   
  Bawden, F.C. , 635   
  Bayer, M.E. , 147, 148   
  Bayer, M.H. , 147, 148   
  Becker, M.L. , 234   
  Beijerinck, M. , 1   
  Bell, T.W. , 234   
  Ben-Shaul, A. , 575   
  Berger, B. , 31   
  Bernal, J.D. , 635, 641   
  Bernal, R.A. , 307–320   
  Binding changes and ATP Synthesis 

 angle-dependent , 11  
 induced fi t and unfi t , 12   

  Bishop, D.H. , 259   
  Bi, Y. , 9   
  Black, L.W. , 469–483, 555   
  Blair, W. , 234   
  Bluetongue virus 

 acute disease, ruminants , 382  
 helicase activity , 387  
 T2 capsid structures , 383  
 X-ray structure , 392, 393   

  Bolognesi, D. , 234   
  Booy, F.P. , 427   



662 Index

  Borgnia, M.J. , 228   
  Borisov, A.V. , 380   
  Bottcher, B. , 380   
  Boudko, S.P. , 257   
  Bowman, V.D. , 146, 163, 164, 536, 564, 567   
  Boyer, P.D. , 5   
  BPP-1 

  Bordetella  , 167, 168  
 e15 tail , 168, 169  
 negatively strained transmission electron 

micrographs , 167, 168  
 podoviruses KSY1 and fEco32 , 169  
  S. enterica  , 168   

  Bridging sheet 
 CCR5 N-terminal domain , 231  
 coreceptor accessibility , 230  
 monomer structure, SIV gp120 , 228   

  Brouwers, J. , 234   
  Brown, D.T. , 181–196   
  Brownian ratchet , 353, 360, 413   
  Brown, J.C. , 427   
  Buck, C.B. , 403–418   
  Budding 

 ESCRT budding pathway , 448, 449  
 late domains, mammalians , 450  
 membrane fi ssion mechanism , 450  
 positive and negative curvatures , 448   

  Buice, R. , 234   
   Bunyaviridae  

 biological role, NSs proteins , 255, 256  
 description , 246  
 icosahedral symmetry , 248  
 model, translation-coupled transcription , 253  
 morphology, RNPs , 259  
 nonviral heterogeneous sequence , 251   

  Bunyavirus 
 description , 246  
 genome organization , 246  
 N protein–mediated translation initiation , 261–262  
 RNPs   ( see  Ribonucleoproteins (RNPs)) 
 structure 

 cryo-electron tomography , 247  
 glycoprotein spikes , 247–248  
 Gn–Gc spike complex , 249  
 Hantaan virus , 249  
 matrix layer , 247  
 RNPs and RdRps , 247  
 RVFV and UUKV , 248  

 synthesis, RNA   ( see  RNA synthesis) 
 translation-coupled transcription , 252–253  
 viral RNA replication , 253–254  
 viral RNA transcription , 249–252   

  Burroughs, A.M. , 526   
  Bustamante, C. , 537, 562, 567–572   
  Butcher, S.J. , 247, 365–374   
  Butler, P.J.G. , 647    

  C 
  CA.    See  Capsid protein  
  CA C-terminal domain dimer 

 dissociation constant , 456  
 mature retroviral capsid curvature , 456, 457   

  CA hexamer 
 fullerene cone , 452  
 intersubunit interactions , 452, 453  
 X-ray structure, HIV-1 , 454, 455   

  Calandra, G. , 234   
  Cambillau, C. , 127   
  Cancer 

 cervical , 403–405, 417, 418  
 malignant skin , 404  
 nonenveloped DNA viruses, rodent systems , 404  
 uterine cervix , 405   

  CA NTD  hexamer 
 hexamer  vs.  pentamer assembly , 455  
 quasi-equivalence , 455, 456  
 quaternary organization angles , 454, 455  
 sixfold symmetric ring , 454   

  Cap-binding 
 activity, N protein , 255, 261  
 bunyavirus L protein , 255  
 N protein, Hantavirus , 262   

  CA pentamer 
 RSV CA icosahedral assemblies , 453  
 X-ray structure, HIV-1 , 454, 455   

  Capping enzyme 
 assembly, T13 shell , 394  
 enzymatic components , 383  
 RNA , 386–387   

  Capsid 
 A, B, and C procapsids , 424–427  
 DNA packaging , 427  
 herpesvirus assembly , 423  
 phage  vs.  herpesvirus , 427  
 shell determines , 606  
 structure , 607  
 UL19 , 424  
 viral , 610, 625   

  Capsid assembly and maturation 
 double-stranded RNA viruses 

 families , 380  
 large icosahedral , 380–382  

 encapsidation, viral genome 
 electron density maps , 390–391  
 single/multiple packaging vertices , 391–392  

 outer virion layers , 395  
 T2 capsid 

 architecture, T2 shell , 383–385  
 assembly , 388–390  
 associated proteins , 386–388  
 icosahedral dsRNA viruses , 383  
 structural stability , 385  
 T2 protein , 385  

 T13 shell 
 T13 capsid , 394  
 T13 capsid-associated proteins , 394  
 T13 protein , 392–394   

  Capsid maturation 
 dsDNA bacteriophages , 32  
 scaffolding protein , 32–33  
 structural organization , 33   



663Index

  Capsid protein (CA) 
 CA–CA lattice interactions 

 assembly functions, CA NTD  & CA CTD  
domains , 453  

 hexamer-hexamer spacing , 452  
 electron cryomicroscopy, HIV-1 , 458  
 elongation , 345  
 Gag domains 

 CA CTD  , 447–448  
 CA NTD  , 447  

 Gag precursor , 450  
 NTD-CTD interactions , 458  
 P22 scaffolding protein , 327  
 Sir mutations , 345  
 viral protease cleavage , 442   

  Capsid structured internal proteins 
 cryo-EM, spectroscopy and NMR , 473  
 DNA condensate bend models , 472, 473  
 FCS-FRET , 474  
 “giant” phage and DNA density , 471–472  
 lambda , 472  
 models, packaged DNA , 471  
 phage lambda , 473–474  
 X-ray and cryo-EM , 471   

  Capsid-targeting sequence (CTS) 
 IPIII-GFP fusions , 476  
 morphogenetic gp21 , 477  
 N-terminal peptides , 474  
 protein packaging, T4 phage , 474, 475   

  Capsid unstructured internal proteins 
  b -galactosidase , 476  
 proteins packaging, CTS , 474, 475  
 T4 phage , 474   

  Cap-snatching 
 bunyaviruses , 251  
 defi ned , 251  
 RNA virus , 255–256  
 transcription initiation , 255   

  Capsule 
 K1, chains , 149  
  a -polysialic acid , 148   

  Cardarelli, L. , 115–139   
  Cardone, G. , 423–435   
  Carragher, B. , 165, 167   
  Carrascosa, J.L. , 157, 427, 533   
  Carroll, C.A. , 481   
  Casjens, S.R. , 143–171   
  Caspar, D.L.D. , 18, 22, 26, 455, 635   
  Cassim, N. , 234   
  Caston J.R. , 157   
  Cathro, J. , 641   
  CCR5 

 chemokine receptor , 226  
 and CXCR4 , 232  
 description , 226  
 gp120–coreceptor interaction , 231  
 HIV entry inhibitors , 224  
 inhibition, tyrosine sulfation , 231  
 segmental duplications , 225   

   CCR5 D 32  

 defi ned , 225  
 mutation, CCR5 , 235  
 segmental duplications , 225   

  Cell entry 
 and disassembly , 651  
 mechanical functions , 646   

  Cell envelope.    See  Host-cell envelope  
  Cell receptors 

 alphaviruses interaction, host cells , 196  
 binding , 195  
 virus infection process , 185   

  Cerritelli, M.E. , 427   
  Chain-mail , 357   
  Chait, B.T. , 169   
  Chandra, R. , 380   
  Chang, J. , 49–84, 169   
  Chaperone.   See  Tail assembly chaperones  
  Chaperonin-mediated folding, viral proteins 

 Alzheimer’s and Parkinson’s disease , 308  
 chaperonin architecture , 308  
 GroEL-mediated mechanism 

 ATP binding and hydrolysis , 313–315  
 encapsulation and release , 315–316  

 group I 
 GroEL/ES , 309–310  
 Hsp60 , 310–311  

 group II 
 mm-cpn , 313  
 thermosome , 312–313  
 TRiC/CCT , 311  

 nucleotide binding pockets , 308  
 protein 

 Lambda and T5 , 316–317  
 potato leafroll virus , 318  
 T4 and RB49 , 317–318  

 protein folding , 319  
 structural differences , 309  
 viral gene product , 320   

  Chase, M. , 158   
  Chemla, Y.R. , 537, 549–580   
  Cheng, N. , 423–435   
  Chipman, P.R. , 247   
  Chiu, W. , 49–84, 155, 169, 188, 190, 195   
  Choi, H.J. , 234   
  Choi, K.H. , 163, 267–300   
  Chopin, A. , 169   
  Chopin, M.C. , 169   
  Chu, Y.K. , 247   
  Cingolani, G. , 427, 495   
  Cis/trans ring 

 ATP binding , 313–315  
 fl exibilty alterations , 316  
 nucleotide-bound and active folding , 308   

  Closteroviruses , 643   
  Coat protein 

 four- a -helix , 639  
 N-terminus , 641  
 single type , 632  
 TMV , 637   

  Cochran, W. , 635   



664 Index

  Cohen, D.N. , 164   
  Collier, A.C. , 234   
  Coll, M. , 533   
  Colonno, R. , 234   
  Combinatorial mutagenesis 

 287 triplet show , 500  
 T4’s gp17 , 500   

  Comenzo, R.L. , 234   
  Condensed genome structure 

 ATP-driven terminase complex , 470  
 dsDNA viruses/phages , 469  
 “environmental” phages , 471  
 internal capsid arrangements, phages , 470, 471  
 internal multiproteins 

 epsilon15 , 479–480  
 inner bodies , 481–482  
 podoviruses and myoviruses , 478  
 P-SSP7,  Autographivirinae  , 479  
 sequence level conservation , 480  
 T7 capsid diameter and spools , 479  

 internal proteins 
 bacteriophage P22, ejection , 478  
 localized , 476–478  
 unstructured , 474–476  

 naked DNA, phage capsids , 471–474  
 PRD1, icosahedral protein , 469–470   

  Conformational changes 
 CCSC binding , 433  
 L2 furin cleavage , 416  
 phage HK97 , 433  
 and virion production , 406  
 virion transfer , 415   

  Conformational selection , 12   
  Conformational switching 

 high-resolution structures , 27  
 icosahedral viruses , 39  
 intersubunit interactions , 29, 30  
 subunit organization , 28   

  Connector 
 asymmetric unit , 518  
 ATP hydrolysis , 534  
 bacteriophage crystal structure , 517  
 biophysical methods , 516  
 central domain , 518  
 charged lumenal , 533  
 cone-shape , 516  
 conformational fl exibility , 519  
 driven models , 531  
 electrostatic potential , 518  
 expansion and contraction , 532  
 grip and release DNA , 533  
 Hendrix astutely , 531  
 lumenal lysine rings , 533  
 nucleates capsid , 516  
 orchestration , 535  
 oscillating helical spring , 532  
 portal proteins , 516  
 pRNA , 518  
 ratchet , 533  
 relaxation , 532  

 seahorse , 518  
 SPP1 Packaging / luminal loops , 534  
 SPP1 portal indicates , 534  
 tail binders , 518  
 two lysine rings , 518   

  Contractile tail machines, bacteriophages 
 assembly , 105–106  
 description , 93  
 genomic and protein structure data , 95  
 interaction, host-cell envelope , 106–108  
 orthologs , 111  
 phage structure , 93–94  
 structure 

 evolution, sheath proteins , 98–100  
 and function , 109–111  
 hub , 101–103  
 minimal baseplate , 104  
 phage genomes , 101  
 RBPs , 104  
 sheath , 95–98  
 tail terminator complex , 105  
 tail tube and sheath , 105  
 tail tube initiator , 104  
 TMP , 104–105  
 tube , 100   

  Coombs, R.W. , 234   
  Corey, L. , 234   
  Corey, R.B. , 635   
  Cotter, P.A. , 168   
  Crick, F.H.C. , 19, 635   
  Crowther, R.A. , 53, 380   
  Crucitti, T. , 234   
  Cryo-electron microscopy (Cryo-EM) 

 bacteriophages 
 reconstruction , 25  
 structure analysis , 18  

 disulfi de-driven maturation process , 410  
 high-resolution, structure , 408  
 L1 + L2 pseudovirions comparison , 409  
 and tomography 

 bacteriophage P22 procapsid , 51  
 instrument factors , 52  
 range, resolvability , 51  
 TEM , 51  

 T4 sheath , 99  
 T4 tai , 97, 100   

  Cryo-EM.    See  Cryo-electron microscopy  
  CTS.    See  Capsid-targeting sequence  
  Cusack, S. , 256   
  CXCR4 

 CCR5, Env determinant , 232  
 description , 227  
 Env, coreceptor , 224, 227  
 expression, CCR5 , 234  
 inhibitors, HIV , 234  
 resistance pathway,  in vivo  , 235  
 transmembrane helice , 231   

  Cyrklaff, M. , 72   
  Cystoviridae , 604   
   Cystoviridae  



665Index

 comparable proteins , 381, 382  
 families of dsRNA viruses , 379, 380  
 virion structure , 381   

  Cystovirus 
 dsRNA genome , 380  
 lipid–protein envelope , 395  
 replication and assembly , 382  
 T2 core capsid , 383  
 T13 shell , 394  
 virus assembly , 380   

  Cytomegalovirus 
 murine infected NIH 3T3 , 434  
 tegumentation , 435  
 third site cleavage , 424    

  D 
  Daar, E.S. , 234   
  Dai, W. , 168   
  D’Ambrosio, P. , 234   
  Davidson, A.R. , 115–139   
  DdDp.    See  DNA-dependent DNA polymerase  
  DdRp.    See  DNA-dependent RNA polymerase  
  de Castro-Dias, E. , 380   
  De Clercq, E. , 234   
  Deese, J. , 234   
  De Kock, A. , 234   
  Delbrück, M. , 1   
  del Rizzo, P.A. , 9   
  Demers, G. , 234   
  Deminie, C. , 234   
  Deora, R. , 168   
  DeRosier, D.J. , 53   
  Deveau, H. , 169   
  Dey, K. , 234   
  d’Herelle, F. , 1   
  Ding, F. , 520, 523   
  Distal tip protein (DTP) 

 and BHP , 126, 127  
 EM-based model of a Gram-positive infecting 

phage tail , 126  
 phage SPP1 , 126   

  Disulfi de bonds 
 formation , 412, 413  
 HPV16 , 410  
 inter-L1 formation , 410  
 papillomavirus virions and L1 VLPs , 409–410   

  Disulfi de shuffl ing 
 conformational changes, L2 furin cleavage , 416  
 reactions , 412   

  Dmitriev, O. , 9   
  DNA-dependent DNA polymerase (DdDp) 

 defi ned , 289–294  
 dsDNA  j 29 bacteriophage 

 elongation , 291–293  
 gp2 initiation , 289–290  
 proofreading , 293  
 protein-primed initiation , 290–291  
 replication , 290  
 terminal protein, gp3 , 289  

 eukaryotic ssDNA virus , 293–294  
 genome replication , 288   

  DNA-dependent RNA polymerase (DdRp) 
 defi ned, transcription bubble , 294  
 description , 293–294  
 dsDNA T7 bacteriophage 

 description , 294  
 elongation , 295–297  
 nucleotidyl transfer cycle , 297–299  
 promoter and abortive initiation , 295  
 transcription , 294, 295   

  DNA ejection 
 force and velocity , 470  
 genome plugs , 477  
  in vitro  , 171  
 phage lambda , 473–474  
 rates and extents , 151–152  
 tailed phages , 144, 153   

  DNA injection 
 binding, cell surface 

  l  interaction , 131  
 premature ejection , 132  
 RBP , 131  
 reversible/irreversible , 131  

 mechanism 
 gram-negative bacteria , 132  
 host proteins role , 133  
 peptidoglycan , 133–134  
 phage DNA , 132  
 TMP , 132–133   

  DNA packaging 
 assembly, proheads , 479  
 and capsid proteins assembly , 371  
 chromosome size and encapsidation 

cycles , 587  
 concatemers, icosahedron , 489–490  
 head assembly, bacteriophage , 490  
 head-to-tail multimers , 587  
 late-stage, C-capsid , 433, 434  
 N4 gp50 and Alt , 477  
 phage  j 29 or adenovirus package , 588  
 phylogenetic spectrum , 469  
 pox-, adeno-, and herpesviruses , 587  
 PRD1 DNA, linked terminal proteins , 372  
 procapsids/proheads , 489  
 scaffolding proteins , 427  
 SPP1 , 587  
 variations, viruses 

 energetics and kinetics , 492  
 genome recognition , 491  
 mechanism, translocation , 502  
 molecular motor , 495–502  
 phages and herpesviruses , 491  
 portal , 493–495  
 promiscuity , 492  
 shell , 493  

 viral terminase , 427   
  DNA packaging energetics 

 minimum energy structures , 473  
 T4 and lambda , 473   



666 Index

   j 29 DNA polymerase 
 binding mode , 298  
 Tyr residue , 298   

  DNA pressure 
 fully packaged capsid , 483  
 packaging motor , 476   

  DNA release and delivery 
 packaged structure 

 cryoEM , 152  
 DNA pressure , 151  
 ejection , 151  

 periplasm transit , 153–154  
 podoviruses , 152  
 and superinfection exclusion , 154  
 virion , 153   

  DNA replication 
 machinery , 370  
 and procapsid formation , 373   

  DNA structure 
 condensed genome, bacteriophages , 470  
 packaged capsid , 474  
 packaging density , 472   

  DNA synthesis 
 mutations, residues , 291  
 oligonucleotide primer , 27  
 PBS , 284  
 PPT primer , 288  
 proofreading activity , 293  
 reverse transcriptase , 285–288  
 terminal protein, gp3 , 289   

  DNA translocation 
 binding domain , 535  
 concentric rings and DNA-gp3 , 515  
 connector , 532  
 despites , 531  
 motor components , 512  
 oligomeric ring helicase , 528  
 pRNA binding , 526   

  Dobbs, M. , 250   
  Dodecahedron , 602   
  Dodson, E.J. , 427, 534   
  Domain 

 CA 
 deuterium and mutagenesis , 451  
 RSV and MPMVpeptides , 452  

 Gag 
 MA targets, N & C-terminal , 444  
 proteolysis cascade , 451   

  Doms, R.W. , 223–236   
  Double  b -barrel trimer , 35   
  Double-stranded RNA (dsRNA) 

 bacteriophages , 610, 613  
 design , 607  
 and dsDNA , 616  
 segments , 601  
 single-stranded , 615  
 synthesize minus strand copies , 603   

  Dou, C. , 10   
  Doulatov, S.R. , 168   
  Dozier, G. , 234   

  Draper, B. , 536, 564, 567   
  Dröge, A. , 483   
  dsDNA packaging motor 

 atomic resolution , 542  
 ATPase , 525–530, 535–536  
 bacteriophage ø29 

 genome packaging , 515  
 life cycle and assembly pathways , 513–514  

 bioinformatics analysis , 541  
 breaking energy , 511  
 connector , 516–519, 531–535  
 DNA-gp3 

 biochemical data , 516  
 controversy regard , 516  
 genes coding , 516  
 protease K , 516  
 protein primer , 516  

 encoded ATPases , 512  
 identifying mutation , 543  
 macromolecular remodeling , 512  
 motor mechanisms level , 512  
 noninteger step sizes , 537–540  
 nontrivial topological requirement , 512  
 nuclear magnetic resonance (NMR) , 542  
 phages , 541  
 pRNA , 519–525  
 rotary and linear motors , 511–512  
 single particle analysis 

 DNA translocation , 530  
 force–velocity data , 531  
 nonnucleic acid polymers , 530  
 sophisticated optical tweezer , 530   

  dsDNA viruses 
 adenovirus , 35  
 capsid protein (hexons) , 27  
 nucleocapsid of herpesvirus , 34   

  dsRNA.    See  Double-stranded RNA  
  Duffy, N. , 234   
  Dunn, S.D. , 9    

  E 
  ECL2.    See  Extracellular loop 2  
  Eggert, E. , 234   
  Ehrlich, S.D. , 169   
  Eiserling, F.A. , 168   
  Ejection protein 

 localized densities , 478  
  Salmonella  podovirus , 478   

   f  EL 
 ATP hydrolysis , 319  
 protein-folding machinery , 319  
 substrate binding , 319   

  Electron microscopy (EM) 
 analysis , 127  
 high-resolution imaging , 81  
 micrographs , 127, 136–137  
 phase plate 

 low-resolution contrast, cryo-EM image , 83  
 subnanometer reconstruction , 84  



667Index

 reconstructing virus particle , 51  
 tail, density , 126  
 whole cell study , 69   

  Elliott, R.M. , 250   
  Encapsidated DNA 

 primary envelopment, C-capsid , 433  
 UL17 and UL25 proteins , 433   

  Endocytosis 
 cell plasma membrane , 210  
 cellular and transportation mechanisms , 211  
 clathrin-mediated , 211  
 infl uenza virus particle, host cell , 202   

  Endonuclease 
 activity, polymerase , 254  
 cap snatching , 251, 255  
 core polymerase domain , 255  
 crystal structure , 255  
 Hantaan virus , 251  
 N protein binding , 252  
 Ribbon diagram, LACV , 256   

  Endosome 
 description , 202  
 internalized virus particles , 210  
 virus-containing , 211  
 virus particle , 212–213   

  Energy-landscape , 360   
  Enfuvirtide 

 antiviral agent , 236  
 defi ned , 236  
 HIV entry inhibitor , 224, 234  
 inhibitors, 6HB formation , 233  
 membrane fusion , 236   

  Engelbrecht, S. , 13   
  Engelhardt, P. , 257   
  Entry inhibitors 

 chemical structure, infl uenza virus published fusion 
inhibitors , 217  

 mutations , 218  
 replication cycle , 217   

  Env.    See  HIV-1 Envelope  
  Envelope 

 HA trimers , 203  
 lipid membrane , 201  
 three-helix bundle , 204–205  
 viral membrane , 213–216   

  Enveloped virus 
 icosahedral organization , 40, 41  
 morphogenesis , 39   

  Epsilon15 
 core proteins , 479  
 lacks symmetry , 480  
 tunnel formation , 479–480   

  Epsilon (e15).    See  BPP-1  
  Equatorial domain 

 ATP hydrolysis , 314–315  
 intra-and interring contacts , 309–310  
 mutational analysis , 318  
 rotation, intermediate domain , 313   

   Escherichia coli  
 GroEL-defi cient  E.coli  strain , 316  
 primary sequence similarity , 318   

  ESCRT complexes 
 budding pathway , 448, 449  
 cell division , 449   

  Esterlechner, J. , 434   
  Ettischer, N. , 434   
  Evolution 

 ancestral fold , 430  
 distinctive molecular behaviors , 432   

  Exocytosis 
 progeny virions , 435  
 tegument reorganization , 435   

  Extracellular loop 2 (ECL2) 
 cell lines expression , 234  
 description , 230  
 interaction, V3 , 231  
 X4 virus , 232    

  F 
  Fane, B.A. , 325–346   
  Fankuchen, I. , 635, 641   
  F 

1
 -ATPase 

 rotary mechanism 
 binding changes and ATP Synthesis , 11–12  
 kinetics, chemo-mechanical coupling , 8–11  
 structural basis, rotation , 12–13  
 symmetry considerations , 7–8  
 tryptophan quenching , 10  

 rotary molecular machine , 5–7  
 spiral rotations and viral machines , 13–14   

  FCS-FRET.    See  Fuorescence correlation spectroscopy 
Förster resonance energy transfer  

  Feiss, M. , 489–506, 555   
  Ferreira, D. , 188, 190, 195   
  FhuA , 132   
  Fiber diffraction 

 and cryo-EM , 635  
 NMV , 641  
 patterns , 633   

  Fichtenbaum, C.J. , 234   
  Filamentous bacteriophages 

 assembly and secretion 
 fi ve virion coat proteins and single 

 a -helix , 651–652  
 packaging signal , 652  

 cell entry and disassembly , 651  
 coat protein model Pf1 , 645  
  a -helical conformation , 644  
 Pf3 (class I) and lysine residues removal , 645  
 protein–nucleic acid interactions , 643–644  
 protein–protein interactions , 645  
 simple extended  a -helix , 643, 644  
 single-stranded circular DNA , 643  
 subunit arrangements, helical 

symmetries , 644, 645   



668 Index

  Filamentous plant virus 
 closterovirus assembly , 649  
 fl exible   ( see  Flexible fi lamentous plant viruses) 
 host cell entry, exit, and membrane transport 

 fi lamentous bacteriophages   ( see  Filamentous 
bacteriophages) 

 insect /vector damage , 650  
 intercellular traffi cking mechanisms , 651  
 types, movement , 650–651  

 low pH , 648  
 papaya mosaic virus , 648–649  
 phosphorylation, PVX coat protein , 650  
 TMV-like initiation complexes , 648  
 tobamoviruses 

 assembly , 646–648  
 disassembly , 649–650  
 rigid rod-shaped , 636–640  

 viral protein VPg , 650   
  Fillingame, R.H. , 9   
  Finch, J.T. , 647   
  Fischl, M.A. , 234   
  Flavivirus polymerase 

 de novo initiation , 280–281  
 N-terminal domain , 281–282   

  Flexible fi lamentous plant viruses 
 closteroviruses , 643  
 potexviruses , 641–642  
 potyviruses , 642–643   

  Flomenberg, N. , 234   
  Florens, L. , 169   
  Fluorescence correlation spectroscopy Förster 

resonance energy transfer (FCS-FRET) 
 5-and 50-kb DNAs , 474  
 T4 capsid , 474   

  Fokine, A. , 536, 564, 567   
  Force generation , 620   
  Forces 

 DNA packaging , 561, 574–575  
 DNA translocation , 563  
 internal resisting DNA , 573, 574  
 molecular motors , 562  
 phage  l  , 576  
 single-molecule kinetics , 558–560  
 velocity behavior , 563, 565   

  Forde, N.R. , 567   
  Fortes, P.A.G. , 10   
  Fox, I. , 234   
  Fraenkel-Conrat, H. , 646   
  Franklin, R.E. , 635   
  Fregolente, M.C. , 380   
  Fridell, R. , 234   
  Friedland, B. , 234   
  Fuller, D.N. , 553, 555–556, 558   
  Fullerene cone 

 biochemical and structural analyses, retroviral 
capsids , 453, 454  

 geometric principles , 452  
 hexagonal CA lattice curvature , 457  
 morphologies, mature capsids , 452, 453   

  Functional motifs , 566   

  Furin 
 cleavage , 415–416, 418  
 cultured cell lines , 415  
 RG1 epitope , 418   

  Furuike, S. , 9   
  Fusion peptide 

 HA cleavage , 204  
 HEF , 206  
  a -helix and insertion , 215  
 hydrophobic , 204  
 insertion, target cellular membrane , 202  
 mutations , 218  
 role , 213   

  Fusion pore 
 defi ned, prebundle state , 233  
 formation , 215  
 functional , 215  
 gp41 ectodomain , 232  
 6HB formation , 232–233  
 transmembrane domain , 216    

  G 
  Gabisonia, T. , 169   
  Gag–Gag lattice interactions 

 “beads on a string” assembalance , 446  
 CA NTD  and CA CTD  domains , 447–448  
 cryotomograms , 448  
 hexamer-hexamer packing , 448  
 immature virion , 446, 447   

  Gag polyprotein 
 hydrophobic groove , 446  
 MA domain functions , 444, 445  
 myristyl and PI(4,5)P 

2
  , 445  

 X-ray studies, folded-over conformation , 444   
  Ganser-Pornillos, B.K. , 441–460   
  Garcin, D. , 250   
  Gatti, M.S. , 380   
  Gelbart, W.M. , 575   
  Gene product 31 (gp31) 

 capsid proteins , 311  
 folding, citrate synthase , 317  
 growth defect, groES , 317  
 heptameric lid structure , 318   

  Genome gating, tailed bacteriophage capsids 
 DNA packaging , 587–588  
 dsDNA viruses , 586  
 morphotypes, tailed phages , 586  
 phage–host interaction   ( see  Phage–host interaction) 
 portal system   ( see  Portal system) 
 siphovirus assembly pathway and DNA ejection , 586  
 trigger mechanisms , 597   

  Genome packaging , 392, 615   
  Genome replication 

 cell adaptation , 271  
 CRE region , 277  
 de novo initiation , 279–280  
 fl avivirus , 279  
 misincorporation, nucleotides , 275  
 poliovirus , 276  



669Index

 5’-RNA methyltransferase and polymerase , 282  
 ssRNA virus , 275–282  
 vicinity, polymerase , 275  
 viral polymerases , 268–269   

  Genome segments 
 encoding , 202  
 regrouping, set , 203  
 viral , 201–202   

  Genomic packaging model 
 cDNA copies , 605  
 drug resistance genes , 604  
  Escherichia coli  , 604  
 folding pattern 5’ region  F 6 S 

transcript , 604, 605  
 NTPase complexes , 605  
 packaging experiments, result , 605, 606  
  pac  sequences , 604  
 transcription , 604, 605   

  Gerardy-Schahn, R. , 146   
  Gerrard, S.R. , 257   
  Gibbons, C. , 9   
  Gilcrease, E.B. , 167   
  Gilmer, D. , 650   
  Gingery, M. , 168   
  Girvin, M.E. , 9   
  Glycoprotein Gn/Gc complex 

 molecular-mass measurement , 248  
 structure, Hantaan virus , 249  
 surface, bunyaviruses , 246  
 tomographic subvolume , 249   

  Glycoproteins 
 E1 and E2 , 183  
 surface membrane , 182  
 virus , 196   

  Goel, M. , 169   
  Gokushovirus , 334, 338   
  Gomis-Ruth, F.X. , 533   
  Gong, Y.F. , 234   
  Gonzalez, J.M. , 427   
  Govender, S. , 234   
  Govinden, R. , 234   
  GP41 

 cryo-EM structure , 229  
 ectodomain , 226, 232  
 envelope proteins , 446  
 globular domain , 228  
 protease furin cleaves , 225  
 robust amino acid conservation , 233  
 transmembrane domain , 446  
 viral surface protein, Env , 224   

  GP120 
 CD4bs , 230  
 D-peptide inhibitors , 236  
 ectodomain , 446  
 ER-associated ribosomes , 446  
 6HB formation , 232  
 liganded and unliganded structures , 228  
 mathematical modeling , 234  
 protease furin cleave , 225  
 sulfated tyrosine , 231  

 viral surface protein, Env , 224  
 V3 loop , 228   

  Greenwell, T. , 234   
  Grell, E. , 10   
  Grimes, S. , 517, 519, 520, 523, 532, 537, 553, 555–558, 

562, 570–572   
  Grivel, J.C. , 234   
  Grünewald, K. , 247, 427, 434   
  Guasch, A. , 533   
  Guedou, F. , 234   
  Guo, Q. , 234   
  Guu, T.S.Y. , 245–262    

  H 
  HA.    See  Hemagglutinin  
  Hagen, C. , 434   
  Halpern, V. , 234   
  Hantavirus 

  Bunyaviridae  , 246  
 cap-binding activity , 255, 262  
 comparison, eukaryote , 261  
 3D N trimer, EM reconstruction , 257  
 EM analysis , 248  
 oligomeric species , 258  
 prime-and-realign mechanism , 250  
 “prime-and-realign” model , 254  
 surface models , 247  
 transcription initiation , 251  
 viral and nonviral RNAs , 259   

  Hase, T. , 194   
  Hatse, S. , 234   
  6HB.    See  Six-helix bundle  
  Head completion proteins 

 bioinformatics searches, family , 589  
 cryo-EM , 589  
 gpFII (l)–gp16 (SPP1) family, monomers , 591–592  
  b -hairpin , 591  
 monomers (gp15 and yqbG) and single subunits 

(gp6 and gp4) , 590, 591  
 podoviruses, siphoviruses and myoviruses , 589  
 stopper and puncturing device , 592   

  Headful cleavage , 587, 593   
  Headful packaging 

 endonuclease cut, DNA , 490  
 T4 pac site , 491   

  Hegde, S. , 536, 564, 567   
  Helical symmetry 

 shoe-shaped capsid protein , 38  
 X-ray fi ber diffraction , 18–19   

  Helical viruses 
 binding, RNA , 39  
 bionanotechnology , 632  
 coat protein structures , 633  
 fi lamentous assemblies 

 cryo-EM , 634  
 isomorphous replacement , 634  
 ssNMR , 633  
 X-ray fi ber diffraction patterns , 633, 634  

 helical symmetry, class I and II , 633  



670 Index

 Helical viruses (cont.) 
 icosahedral symmetry , 37  
 morphological differences , 633  
 negative-stain electron micrographs , 632  
 pleomorphic membrane-enveloped assemblies , 631  
  Potyviridae  , 631  
 structural studies 

 bacteriophage fd and isolated coat protein , 635  
 protein crystallographic method , 635  

 structure, TMV , 38   
  Helicase 

 dsRNA viruses , 387  
 minor structural component (VP6) , 387  
 RNA metabolisms , 383  
 T2 protein , 385   

  Helicase fold and sequence motifs 
 domain structure, P4 , 611, 612  
 P4 (blue)  vs.  ATPase domain, phage T4 , 611, 612  
 RecA-like fold , 611, 612  
 RNA-interacting loops , 612, 613  
 SF4 subunit fold, p4 , 611, 612  
 topology, ASCE core , 611, 612  
 X-ray crystallography and N-terminal domain , 611   

  Helicase motifs 
 C and Q complexes , 500  
 N & C-terminal domain , 500   

  Hemagglutinin (HA) 
 HA-mediated , 214–216  
 low pH-induced conformational change 

 fusion peptide , 213  
 fusion peptide insertion, target membrane , 212  
 HA1 and HA2 trimer , 212–213  
 helix-loop-helix structure , 213  
 mutations , 213  
 RNP release , 214  

 structure 
 ectodomain , 204  
 glycosylation , 205  
 HA1 and HA2 polypeptides , 203–204  
 HEF protein , 206  
 infl uenza virus types , 203  
 ligand-binding domain , 204  
 structural differences, regions , 205  
 three-helix bundle , 204–205   

  Hemagglutinin-esterase-fusion (HEF) 
 description , 206  
 fusion peptide , 206  
 protein , 206, 208   

  Hemifusion 
 catalysis , 215  
 fusion peptide , 215  
 lipid bilayer , 215   

  Hendrix, R.W. , 351–362, 531, 557   
  Heparin , 417–418   
  Heparin sulfate 

 cryo-EM image , 186  
 receptor , 186   

  Hepatitis B virus reverse transcriptase , 288–289   
  Hepojoki, J. , 247   
  Heptad repeat (HR) 

 C-terminal , 226, 232, 233, 236  
 N-terminal , 226, 232, 233, 236   

  Hernandez, R. , 181–196   
  Heroux, A. , 234   
  Herpesviruses 

 core protein shell , 328  
 scaffolding proteins , 334   

  Hershey, A.D. , 1, 158   
  Hexagonal close packing 

 capsid organization , 38  
 polyomavirus , 41  
 triangulated lattice , 30   

  Hexamer 
 assembly , 616  
 enzymes , 627  
 PC-free , 614  
 SF3 viral , 611   

  He, Y. , 427, 517, 519, 532, 557   
  Heymann, J.B. , 423–435   
  HHpred , 130, 135   
  Hildenbrand, Z.L. , 307–320   
  Hill, C.P. , 234   
  Hirsch, M.S. , 234   
  HIV.    See  Human immunodefi ciency virus  
  HIV-1 envelope (Env) 

 cryo-electron microscopy , 228–229  
 crystal structures , 227–228  
 description , 227  
 determinant, CCR5 and CXCR4 , 232  
 players , 225–226  
 stoichiometry 

 CCR5 expression , 234  
 electrostatic interactions , 234  
 fusogenic , 234  
 molecular mechanism , 233  
 spikes, virions , 233   

  HIV inhibitors 
 attachment and CD4-binding , 235  
 coreceptor-binding , 235  
 fusion , 236   

  HIV, molecular mechanisms 
 advantages , 224, 225  
 attachment and CD4 binding 

 CD4bs , 230  
 noncovalent interactions , 230  
 N-terminus, coreceptor , 230  
 thermodynamic change , 230  
 V3 loop , 230  

 ccr5 D  32 , 225  
 coreceptor binding 

 CCR5 and CXCR4, Env determinants , 231–232  
 CCR5 N-terminus , 231  
 interactions, V3 and ECL2 , 231  

 description, AIDS , 224  
 fusion pore , 232–233  
 inhibitors 

 attachment and CD4-binding , 235  
 coreceptor-binding , 235  
 fusion , 236  

 players 



671Index

 CD4 , 226  
 coreceptor , 226–227  
 Env , 225–226  

 schematic representation , 224  
 SIV-infection, chimpanzees , 224  
 stoichiometry, Env , 233–234  
 structure, Env , 227–229   

  HIV reverse transcriptase 
 RNase H domains , 284  
 structures , 286   

  HK97 
 assembly pathway , 352–354  
 balloon , 360  
 cross-linking reaction , 360–361  
  Escherichia coli  phage , 352  
 expansion intermediate I (EI-I) , 360  
 prohead I (PH I) , 359  
 prohead II (PH II) , 359–360  
 shells assembly , 354–357  
 tailed phage capsids , 351  
 virus-like particle crystal structure , 357–358   

  HK97-like fold 
 dsDNA bacteriophages , 35  
 high-resolution crystallographic structure , 32   

  Ho, D.D. , 234   
  Hodes, A. , 168   
  Hogle, J.M. , 196   
  Holmes, K.C. , 635   
  Horton, M. , 190, 195   
  Host cell 

 infected , 201  
 infl uenza virus entry outcome , 202  
 protein , 211  
 receptor , 204  
 surface , 207, 209, 210  
 traffi cking , 211   

  Host-cell envelope, contractile tail interaction 
 baseplate , 106  
 breaching , 106, 107  
 fi ber reorientation coupling , 108  
 phage , 106–107  
 sheath contraction and DNA ejection , 108   

  HPV-16 
 and HPV18 , 405, 418  
 L1 and L2 , 409  
 L1 protein , 408  
 pseudovirions , 411, 412  
 stabilizing disulfi de bonds , 410   

  HR.    See  Heptad repeat  
  Hsp60/10 

 hereditary diseases , 308  
 mitochondrial matrix , 310   

  Huiskonen, J.T. , 247   
  Hui, W.H. , 168   
  Human immunodefi ciency virus (HIV) 

 Gag protein , 443  
 MA domain , 444–446  
 replication cycle , 441, 442   

  Human papillomavirus (HPVs) 

 application, molecular approaches , 404  
 types , 403  
 vaccines 

 “Achilles heels” , 417  
 heparin-binding , 417–418  
 HS , 417  
 papillomavirus , 418  
 recombinant immunogen , 418  

 virion production , 407   
  Human viruses , 18, 26    

  I 
  Ibarra, B. , 533   
  Icosahedral symmetry 

 capsid organization , 27  
 cryo-EM reconstructions , 34  
 rotational symmetry , 37–38  
 tomato yellow mosaic virus (TYMV) , 21   

  Iino, R. , 10   
   In vitro  assembly 

 assembly pathway , 396  
 cystoviruses , 388  
  Pseudomonas  phage  f 6 , 388   

  Immature virion , 444   
  Induced fi t and unfi t 

 lower free energy , 12  
 mechano-chemical energy conversion , 12   

  Infl uenza virus entry 
 antigenic drift , 203  
 cartoon, architecture , 201, 202  
 entry inhibitors , 217–218  
 entry pathway 

 actin , 211  
 endocytosis and transportation 

mechanisms , 211  
 process, cellular factors , 210  
 traffi cking pathway, nucleus , 211  

 HA 
 HA-mediated membrane fusion , 214–216  
 low pH-induced conformational 

change , 212–214  
 structure , 203–206  

 infection , 201  
 process , 202  
 receptor binding site 

 amino acid sequence changes, HA , 209  
 antiviral drugs , 210  
 functional groups linking, pyranose ring , 207  
 glycosidic linkage , 208–209  
 sialic acid, trimeric HA subunit , 207   

  Inhibitors of acidifi cation 
 endosome , 194  
 vacuolar , 191–192   

  Inner body 
 mature capsid composition , 481–482  
 PhiKZ , 481  
 potential functions , 482  
  Pseudomonas  phages , 481   



672 Index

  Inner core 
 Epsilon15 and P-SSP7 , 480  
 T7 capsid , 471  
 vRNAP , 477   

   Inovirus  
 genus , 633  
 and  Plectrovirus  genera , 633   

  Integrase 
 H-fold , 500  
 HIV packages , 284   

  Intermediate domain 
 ATP-binding site , 313  
 equatorial and apical domains , 308   

  Ionic screening 
 buffers concentrations , 574  
 CoHex 3+  , 574, 575  
 motor velocity , 575  
 trivalent cations , 575   

  Isidro, A.L. , 427, 483, 534   
  Itoh, H. , 9   
  Ivanovsky, D. , 1   
  Iwane, A.H. , 8   
  Iyer, L.M. , 526   
  Izhaky, D. , 567    

  J 
  Jackson, A.O. , 650   
  Jacob, F. , 109   
  Jacobson, J.M. , 234   
  Jakana, J. , 169   
  Jardine, P.J. , 427, 517, 519, 520, 523, 532, 537, 553, 

555–558, 562, 570–572   
  Jelly roll  b -barrel fold , 27   
  Jenson, J.C. , 234   
  Jiang, W. , 9, 169   
  Johnson, J.E. , 155, 165, 167, 351–362, 427, 495   
  Johnston, R. , 188, 190, 195   
  Jones, P.C. , 9   
  Jonsson, C.B. , 247   
  Junge, W. , 13    

  K 
  Kabat, D. , 234   
  Kaganman, I. , 163   
  Kagawa, Y. , 5   
  Kakela, R. , 382   
  Kalinina, N.O. , 650   
  Kang, C.Y. , 250   
  Kaplan, A. , 570–572   
  Karhu, N.J. , 365–374   
  Karpova, O.V. , 651   
  Kaufmann, B. , 247   
  Kaukinen, P. , 257   
  Kay, M.S. , 234   
  Ke, A. , 520, 523   
  Kemp, P. , 169   
  Kendall, A. , 631–652   

  Khayat, R. , 165   
  Kielian, M. , 184   
  Kindt, J. , 575   
  King, J. , 31, 169   
  Kinosita, K. Jr. , 5–14   
  Kiselev, N.A. , 380   
  Kiselyova, O.I. , 651   
  Klimstra, W. , 188, 190, 195   
  Klinov, D. , 481   
  Klug, A. , 18, 22, 26, 53, 455   
  Kolakofsky, D. , 250   
  Komori, Y. , 8   
  Kondabagil, K. , 536, 564, 567   
  Koszinowski, U. , 434   
  Kozak, S.L. , 234   
  Krause, M.H. , 427, 534   
  Kremer, A.B. , 234   
  Krishnan, A.K. , 234   
  Kroger, H. , 234   
  Krylov, V.N. , 481   
  Kuhmann, S.E. , 234   
  Kuhn, R.J. , 257   
  Kukkonen, S.K. , 250   
  Kumar, V. , 257    

  L 
  L1 

 capsomers , 408  
 dimer , 412, 413, 416  
 and L2 , 407, 409  
 trimer , 411, 412  
 VLPs , 409, 410   

  L2 
 amino terminus , 416  
 furin cleavage , 415  
 and L1 , 407, 409, 410  
 mass , 409  
 N terminus , 413, 417, 418  
 proteolytic cleavage , 415   

  Lahteenmaki, P. , 234   
  Lakadamyali, M. , 211   
  LamB 

 phage  l  , 130  
 receptor , 131, 132   

  Lambda 
 HK97 and Phi29 , 471  
 internal proteins , 470  
 package deletion , 472  
 proliferation, bacteriophages , 311  
 SN nuclease , 475  
 and T5 , 316–317   

  Lander, G.C. , 165, 167   
  Lankinen, H. , 247   
  Late domains, retroviral 

 ESCRT pathway , 450  
 HIV-1 Gag , 444  
 native cellular recruitment 

factors , 448, 449   



673Index

  Lattice curvature 
 hexamer incorporation , 455  
 mechanisms, capsid , 457–458  
 Quasi-equivalent , 448   

  Laurinavicius, S. , 382   
  Laurinmaki, P. , 247   
  Lebedev, A.A. , 427, 534   
  Lebeurier, G. , 647   
  Lee, R.S. , 10   
  Le Grand, R. , 234   
  Leiman, P.G. , 93–111, 146, 427, 517, 519, 532, 557   
  Leslie, A.G.W. , 7, 9   
  Lezzi, M. , 250   
  Li, C.B. , 234   
  Lin, P.F. , 234   
  Lipid membrane , 201   
  Lipopolysaccharide (LPS) 

  E. coli  B,C and K-12 strains , 156  
 O-antigen polysaccharide , 165  
 polysaccharide portion , 154   

  Liporace, R. , 234   
  Li, R. , 165   
  Lisal, J. , 619   
  Lisco, A. , 234   
  Liu, J. , 228   
  Liu, M. , 168   
  Liu, X. , 49–84   
  Li, X.L. , 234   
  Localized proteins 

 Alt and gp2 proteins, T4 , 477  
 DNA packaging, N4 gp50 and Alt , 477  
 example, internal proteins , 476–477  
 genome plugs , 477–478   

  Long noncontractile tail machines, bacteriophages 
 DNA injection process 

 binding, cell surface , 131–132  
 mechanism , 132–133  
 role, tail-mediated peptidoglycan 

degradation , 133–134  
 evolution, long phage tails 

 ancestry , 135  
 benefi t , 136–137  
 diversity, tail proteins , 134–135  
 mystery, tail length , 138  
 relationship, tail type and genome size , 137–138  
 Tail-Tube fold , 135–136  

 phages classes , 115  
 structure 

 architecture and assembly, phage tail , 116–117  
 phage T5 , 130  
 siphophage tail genes , 117–118  
 TAC , 123–124  
 TCP , 129  
 TMP , 121–123  
 TrP , 118–120  
 TTC , 124–129  
 TTP , 120–121   

  LPS.    See  Lipopolysaccharide  
  Lu, C. , 520, 523   

  Luo, M. , 201–218   
  Luria, S. , 1   
  Lutter, R. , 7   
  Ly, H. , 234    

  M 
  MA.    See  Matrix protein  
  Macromolecular assembly , 594   
  Macromolecular machine , 93   
  Maddon, P.J. , 234   
  Maguire, R. , 234   
  Mancini, E.J. , 609–627   
  Manole, V. , 365–374   
  ManY (Pel) 

 mutations, gene encoding , 133  
 role , 133   

  Manykin, A. , 481   
  Maraviroc 

 antiviral activity , 235  
 antiviral agents , 236  
 CCR5 inhibitor , 234   

  Margolis, L. , 234   
  Martin-Benito, J. , 157, 427   
  Martins, S.S. , 380   
  Marvin, D.A. , 634, 635, 651   
  Maskell, D.J. , 168   
  Matrix protein (MA) 

 layer , 201–203, 216  
 orthoretrovirus , 448  
 structural changes , 214   

  Matsko, N. , 481   
  Matthews, T. , 234   
  Maturation 

 A, B, and C procapsids , 425, 426  
 Cryo-EM reconstructions, HSV-1 , 425, 426  
 detaching, scaffold proteins , 425, 427  
 orthoretrovirus 

 folding,  b -hairpin , 451  
 molecular transformations , 451  
 RNA genome , 459  
 viral protease , 450, 451   

  Maturational protease 
 UL26 , 424  
 VP24, 24 kDa structure , 430   

  Mature virion 
 organization, HIV-1 , 442, 443  
 viral protease cleavage, Gag , 450–451   

  Maurer, U.E. , 427, 434   
  Maxwell, K.L. , 115–139   
  McDanal, C. , 234   
  McNeil, L. , 234   
  McPartland, J. , 163   
  McPherson, C.E. , 427   
  Meanwell, N. , 234   
  Mechanochemistry 

 C motif , 562  
 coupling DNA , 562  
 description , 562  



674 Index

 Mechanochemistry (cont.) 
  j 29 motor , 563  
 inorganic phosphate , 564  
 kinetic parameters , 563  
 Michaelis–Menten equation , 563  
 nucleophilic , 562   

  Mehta, N. , 234   
  Membrane fusion 

 evidence, penetration 
 alphavirus , 192  
 electron micrographs, Sindbis virus-cell 

complexes , 192, 193  
 pore-like structure, virus , 194  

 HA1 crown , 205  
 HA-mediated 

 EM cryo-tomography , 216  
 fusion peptide , 214–215  
 process model , 214  
 transmembrane domain , 215–216  

 mechanisms, cell penetration , 186  
 physical demonstration and endosome acidifi cation 

chemical disruption , 187  
 and RNP release , 214  
 studies, artifi cial 

 alphavirus, liposomes , 188  
 cholesterol role , 187  
 conformational changes, Sindbis virus , 188, 189  
 trimers function, infl uenza virus , 190, 191  
 virus interaction, model liposomes , 187  

 uncleaved HA molecules , 204  
 vacuolar acidifi cation inhibitors studies 

 antibiotic Balfi nomycin A , 192  
 endocytosis and exposure, acid pH , 191  
 virus RNA , 191–192   

  Merrill, D.P. , 234   
  Mertens, P. , 380, 382   
  Michaelis, J. , 562   
  Michael, M. , 234   
  Microviridae 

 evolutionary context 
 analyses , 334  
 internal and external species , 333  

 external scaffolding protein 
 conformational switching , 340–342  
 inhibitory proteins , 342–343  
 structure, assembled and unassembled , 339–340  
 substrate specifi city domains , 343–345  

 functional redundancy 
 evolutionary approach , 337  
 growth kinetics , 338, 339  

 internal scaffolding protein-mediated reactions 
 B-free øX174 assembly , 334, 335  
 genetic analysis , 337  
 suppressors, mutant , 336   

  Microvirus 
 evolution, external scaffolding protein , 334  
 gene E start codons , 340  
 icosahedral geometries , 346   

  Miller, J.F. , 168   
  Mindich, L. , 601–607   

  Minenkova, I.B. , 481   
  Minus-sense ssRNA virus , 282–283   
  Miranda, R. , 157   
  Mirembe, F.M. , 234   
  Mir, M.A. , 261   
  Modeling 

 computational tools , 79  
 de novo 

 C a  model construction , 80  
 computational techniques , 79  
 X-ray crystallographic methods , 80  

 sequence–structure alignment , 79  
 validation , 83   

  Model, P. , 651   
  Moffi tt, J.R. , 537, 567–572   
  Mohr, C.A. , 434   
  Moineau, S. , 169   
  Molecular machine , 543   
  Molecular motor 

 ATPase center 
  b  and  g  phosphates , 498–499  
 N-terminal, T4 DNA , 497, 498  
 Q and C-motif , 500  
 subdomain I & II , 498  
 terminal domains, SF2 helicases , 500  

 ATPase/nuclease subunit , 497  
 coupling and breaking , 511  
 DNA packaging motor , 516  
 endonuclease center 

 communication track , 501  
 gp17 structure comparison , 501  
 hairpin orientations, gp17 and G2P , 500–501  
 headful nuclease center , 499, 500  

 energy transduction systems , 511  
 interconvert energy , 511  
 mechanical reaction , 625  
  g -phosphate ( g P) sensor , 611  
 recognition subunit 

  l gpNu1 , 496  
 oligomeric rings , 497  
  pac  and  cos  site , 496  
 structure, sf6 small terminase , 496  
 viral DNA , 496  

 structure and sequence , 610–611  
 thermodynamic machines , 620  
 translocation center 

 cryo-EM structure , 503  
 crystal structure, T4 gp17 , 501–502  
 phi29 packaging , 502   

  Molineux, I.J. , 143–171   
  Montgomery, M.G. , 9   
  Moonis, M. , 234   
  Morais, M.C. , 164, 511–543, 557   
  Morozov, S.Y. , 650   
  Morris, S.A. , 234   
  Moudgil, T. , 234   
  Mowat, W.P. , 641   
  Mühlbach, H. , 434   
  Muhlenhoff, M. , 146   
  Mullaney, J.M. , 475   



675Index

  Müller, M. , 13   
  Murant, A.F. , 642   
  Murga, J.D. , 234   
  Murphy, F.A. , 259   
  Mushegian, A. , 169   
  Myophage 

 genomes , 137  
 mutations , 118  
 and siphophages , 124, 129, 135, 137  
 tail sheath protein , 120  
 trimeric tail spike , 125  
 TrPs , 119  
 TTC , 124   

  Myosin 
 actin fi lament rotation , 14  
 linear molecular motors , 8  
 reaction cycles , 5   

  Myovirus 
 inner bodies , 481–482  
 Mu gpF super family , 478   

  Myristyl 
 fatty acid modifi cation , 444  
 hydrophobic groove and binding , 446  
 molecular mechanism , 446    

  N 
  N4 

 cylindrical structure , 479  
  E. coli  phages , 477  
 smaller core , 480  
 vRNAP , 477   

  Nairovirus 
  Bunyaviridae  family , 246  
 endonuclease domain , 255  
 glycoprotein spike , 247   

  NC.    See  Nucleocapsid protein  
  Near-atomic resolution.    See  Virus structures 

reconstruction  
  Neidhardt, E.A. , 234   
  Nelson, K. , 234   
  Newcomb, W.W. , 427   
  Nicolaieff, A. , 647   
  Nishizaka, T. , 9   
  NMR.    See  Nuclear magnetic resonance  
  Noji, H. , 9, 10   
  Noninteger step sizes 

 alternative models , 537  
 DNA movement , 538  
 dominant reaction , 540  
 four-step cycle , 538  
 homology model , 538  
 nuclease C-terminal oligonucleotide , 537  
 packaging mechanisms , 537  
 power stroke , 539  
 push-and-roll model , 538, 539  
 steric interactions , 537–538   

  NTPase 
 complex , 605  
 P4 , 602, 603   

  Nuclear magnetic resonance (NMR) , 118, 542   
  Nuclease 

 ATPase subunit , 502  
 C-domain, DNA packaging motor , 499, 500  
 concatemers damage , 492  
 C-terminal domain , 500  
 inter-domain communication , 501   

  Nucleic acid binds 
 duplex nucleic acid , 616  
 loops, L1 and L2 , 611, 616–617  
 oligoribonucleotide length , 617  
 Rho crystal structure , 617–618  
 RNA adopts “staircase” structure , 617  
 submicromolar ( j 8,  j 13) to millimolar ( j 6,  j 12) , 616   

  Nucleocapsid protein (NC) , 444   
  Nucleoprotein , 256–259   
  Nucleotide binding , 308   
  Nucleotide binding domain 

 ATPase center , 497–500  
 subdomain I & II , 497–498    

  O 
  O-antigen 

 chain , 149  
 cleavage , 149, 166  
 polysaccharide , 149, 151, 165, 166, 168   

  Oas, T. , 234   
  Obijeski, J.F. , 259   
  Obunge, O. , 234   
  Oduyebo, O. , 234   
  Ogunsola, F. , 234   
  Oiwa, K. , 9   
  Olia, A.S. , 427, 495   
  Olson, N.H. , 517, 532, 557   
  Olson, W.C. , 234   
  Onyejepu, N. , 234   
  Open reading frames (ORF) 

 PRD1 genes and proteins , 367  
 roman numeral, protein encoding , 370   

  Optical traps 
  j 29 packaging complex , 551  
 high-resolution measurements 

 ATP hydrolysis , 569, 570  
 ATP ring structure , 570  
 B-form DNA , 570  
 biphasic mechanism , 568–569  
 bursts DNA , 567  
 commitment step , 569  
  j 29 step size , 568  
 fundamental stepping motion , 567  
 mechanochemical cycle , 569  
 Michaelis–Menten kinetics , 567  
 microdwells , 568  
 pentameric gp16 ring , 567  
 tandem , 567  

 mechanochemistry, molecular motors , 562  
 tethered DNA molecule , 551  
 trap assay , 558  
 uses , 551   



676 Index

  Optical tweezers 
 amino acid , 565  
 bacteriophage  j 29 , 551  
 DNA packaging , 577, 578  
 gp3-DNA, non-gp3 DNA , 555  
 G212S , 565–566  
  l  terminase , 565  
 procapsid–motor complexes , 578  
 traps , 553–554   

  Orbivirus 
 acute disease, ruminants , 380  
 assembly pathways , 389  
 polypeptide chains , 385  
 recombinant expression system , 394  
 RNA concentration , 391  
 T13 proteins , 392   

  Orlova, E.V. , 427, 534, 585–597   
  Orthobunyavirus 

 coexpression, NSs , 253–254  
 EMs, RNps , 259  
 encode, NSs , 246  
 endonuclease activity site , 255  
 glycoprotein spike , 247  
 homotypic interactions, N protein , 258  
 N protein tetramers , 257  
 NTRs , 249  
 replication, BUNV , 253   

   Orthomyxoviridae  , 201   
  Orthoretrovirus 

 HIV , 441–444, 448–450  
 retrovirus , 442, 444, 449   

  Osburne, M.S. , 234   
  Oster, G. , 12   
  Otusanya, S. , 234   
  Overby, A.K. , 247    

  P 
  P22 

 podoviruses , 145  
 tailspike , 149, 166  
 virion , 166, 167   

  Packaging, dsRNA viruses 
 bacteriophage  F 12 , 602  
 bacteriophage  F 6 structure , 602  
 description and cystoviruses , 601  
 empty and fi lled procapsid, bacteriophage  F 6, 

structure , 603  
 genomic packaging model   ( see  Genomic 

packaging model) 
 lipid-containing membrane , 602  
 polymerase activity 

 capsid structure and rotavirus , 606  
 genomic segments S and M  vs.  L , 607  
 in vitro transcription  F 2954 nucleocapsids , 607  

 section through reconstruction  F 6 , 602, 603  
 type IV pilus/ rough LPS , 602   

  Packaging vertex 
 genome delivery , 374  
 molecular organization , 374  

 PRD1 , 371  
 proteins , 371   

  Padovan, J.C. , 169   
  Palanee, T. , 234   
  Pallai, P.V. , 234   
  Palmer, E.L. , 259   
  Pande, B. , 234   
  Panganiban, A.T. , 261   
  Pänke, O. , 13   
  Papillomavirus 

 description , 403–404  
 HPV vaccines , 417–418  
 infectious entry 

 capsid protein L2 , 415  
 endosome escape , 416–417  
 fi lopodia , 416  
 furin cleavage , 415–416  
 HS , 414  
 initial binding, HPV16 virion , 414–415  
 intact epidermis , 414  
 mouse model , 414  

 life cycle 
 classifi cation , 405  
 keratinocytes , 406–407  
 pseudoviruses , 407  
 skin architecture, cartoon form , 406  

 medical signifi cance 
 benign skin lesions , 404  
 molecular approaches applications, HPV , 404  
 recombinant DNA revolution , 405  
 types, HPV , 405  

 virion maturation, 408–414l  
  Paredes, A.M. , 188, 190, 195   
  Parkhill, J. , 168   
  Patel, M.C. , 234   
  Pavlova, O. , 169   
  Pell, L.G. , 115–139   
  Pemrick, S.M. , 234   
  Peptidoglycan 

 cleavage , 153–154  
 genome delivery , 374  
 and host cytoplasmic membrane , 373  
 layer , 116  
 polysaccharide portion , 164  
 tail-mediated degradation role , 133–134   

  Perevozchikova, N.A. , 380   
  Pettersson, R.F. , 247, 259   
  Pf1 

 bacteriophage , 633, 634  
 and Pf3 diffraction patterns , 646  
 structure , 635   

  Phage.    See  Bacteriophage  
  Phage HK97 , 124, 129   
  Phage–host interaction 

 cryo-ET , 596  
 helical tail structure and/ tape measure protein , 596  
 MTPs and myoviruses , 596  
 RBPs and bacterial surface , 595  
 tail spikes and complex baseplates , 595  
 YueB receptor , 596   



677Index

  Phage  l  
 electron microscopy , 577  
 gpZ , 129–130  
 internal forces , 576  
 particles and LamB , 131  
 procapsid , 577  
 stochastic dynamics , 577  
 TMP , 122, 123  
 TTC , 127   

  Phage p2 
 baseplate , 131  
 DTP , 126  
  L. lactis  , 123–124, 129, 133  
 TAC , 124   

  Phage SPP1 
  Bacillus subtilis  , 118, 119  
 DTP , 126  
 gram-positive infection , 131, 134   

  Phage T5 
 interaction , 131  
 tail proteins , 130  
 TMP , 132, 134  
 TTPs , 121   

  Phage tail 
 evolution, long 

 ancestry , 135  
 benefi t , 136–137  
 diversity, proteins , 134–135  
 mystery, tail length , 138  
 primordial building block , 135–136  
 relationship, tail type and genome size , 137–138  

 noncontractile 
 classes , 116  
 conserved features and proteins, siphophage tail , 

116  
 TrP , 116   

  Phage TP901-1 
  L. lactis  , 122  
 TTC , 127   

  201phi2-1 
 inner body , 481–482  
  Pseudomonas  phages , 481   

  Phlebovirus 
 cryo-electron tomography , 248  
 crystal structure, protein N , 257, 258  
 description , 246  
 3D structure, bunyavirus , 247  
 EMs, RNPs , 259  
 Gn and Gc interactions , 249  
 homotypic interactions, N protein , 258  
 transcription termination , 252   

  Phosphatidylinositol-4,5-bisphosphate PI(4,5)P 
2
  

 hydrophobic groove , 446  
 mechanism, myristyl and , 446   

  Photorhabdus virulence cassette (PVC) , 110–111   
  Phytoreovirus 

 high-resolution structure , 394  
 nucleic acid-binding protein , 388  
 rice dwarf virus , 385  
 RNA helicase activity , 387  

 T13 proteins , 392–394   
  Picornavirus polymerase 

 amino-acid peptides , 273  
 calicivirus initiation , 276–279  
 dsDNA phage utilization , 300   

  Pilus , 651   
  Piper, M.E. , 257   
  Pirie, N.W. , 635   
  Plagianos, M.G. , 234   
  Plant viruses 

 ssRNA , 26  
 structure , 18   

  Platt, E.J. , 234   
  P-loop ATPases , 528   
  Plus-sense ssRNA virus 

 de novo mechanism 
 advantages, genome replication , 279–280  
 cofactor, GTP , 280  
 description , 279  
 elongation , 281–282  
 fl avivirus polymerase , 280–281  
 functions , 282  

 diverse viral genomes , 275  
 genomes , 275  
 plus-strand RNA synthesis , 275, 276  
 primer-dependent mechanism 

 3CD precursor protein , 276  
 description , 276  
 nucleotidyl transfer reaction , 277–279  
 poliovirus genome replication , 276  
 VPg uridylation, 3D polymerase , 277  

 structures, RdRp , 279–282  
 viral polymerase , 275   

  Plyusnin, A. , 250, 257   
  Podovirus 

 phage f29 
 autochaperone , 164  
  B. subtilis  , 163–164  
 DNA , 165  
 “push-pull” mechanism , 164–165  
 tail machine , 164  

 phage N4 
 appendages , 162  
 three-dimensional reconstruction, tail , 162, 163  
 vRNAP , 162–163  

 phage P22 
 ejection proteins , 167  
 homotrimeric tailspike , 166  
 resolution structure , 165–166  
 tail mechanism , 165, 166  
 virion structure , 166  

 phages BPP-1, e15 , 167–169  
 phage T7 and relatives 

 cytoplasm , 158  
 DNA internalization , 160  
  E. coli  RNAP , 161  
 GATC nucleotide sequence , 159  
 genome internalization , 162  
 gp7.3 , 156, 157  
 N-terminal domain, gp16 , 158  



678 Index

 Podovirus (cont.) 
 promoters,  E. coli  , 160  
 tail fi bers , 156  
 T7 genome , 159  
 Type I restriction enzymes , 162  
 virion internal core , 157  

 universal and variable tail machine features 
 phage type , 155  
 portal proteins , 156  
 tail structures , 154–155   

  Poliakov, A. , 167   
  Politzer, A.T. , 570–572   
  Poljakov, V.Y. , 651   
  Polymerase 

 replication and transcription , 386  
 RNA metabolisms , 383   

  Poranen, M.M. , 379–396   
  Pornillos, O. , 441–460   
  Portal 

 ATPase , 534  
 conformational changes , 495  
 connector functions , 535  
 connector proteins , 529  
 DNA entrance , 512  
 dodecameric virion , 495  
 motor , 556  
 pRNA ring, phi29 motor , 494  
 structure, phage , 493   

  Portal protein 
 asymmetric reconstructions, bacteriophages 

T7 , 588, 589  
 crystallographic structures , 588–589  
 DNA packaging , 331  
 dodecameric portal complex , 326  
  a -helical crown , 588–589  
  a -helical stem , 588  
 herpesviruses , 588  
 homogeneous/mixed populations , 588  
 small RNA molecule (pRNA) , 331   

  Portal system 
 connector and neck assembly mechanisms 

 gp6 adaptor, HK97 , 594  
 Gp4 and gp16 monomer , 594  
 P22 gp1–gp4 structure , 593  
 phage  l  and in vitro system , 592  
 phage T3 , 592  
 portal vertex and terminase–DNA complex , 592  
 single amino acid substitution , 593  
 SPP1 connector, structures, individual protein 

components , 593  
 endonucleolytic cleavage , 588  
 head completion proteins   ( see  Head completion 

proteins) 
 head-to-tail interface 

 joining reaction , 595  
 neck–DNA-end interaction , 595  
 viral DNA , 595  

 portal protein   ( see  Portal protein)  
  Potato virus X (PVX) , 635, 641   
  Potexviruses 

 circular dichroism measurements and helical 
parameters , 641  

 PVX three-dimensional structure , 641  
 reconstructions, SMV and PVX , 641, 642  
 unpublished fi ber diffraction patterns , 641–642   

  Potter, C.S. , 165, 167   
  Potyviruses 

 circular dichroism measurements and secondary 
structure predictions , 642  

 WSMV , 643   
  Pous, J. , 533   
  Power stroke , 11, 12   
  Pradeep, B.S. , 234   
  Prasad, B.V.V. , 17–41   
  PRD1 

 assembly 
 cell lysis , 373  
 chaperones , 370–371  
 events, DNA packaging , 371, 372  
 genome organization , 369, 370  
  in vitro  packaging assay , 371, 372  
 life cycle , 369  
 membrane , 371  
 replication , 369  
 “sliding-back” mechanism , 369  
 unique vertex , 371  

 causes, four , 365  
 genome , 374  
 P5 , 374  
 virion structure and properties 

 genes, ORF and proteins , 366, 367  
 P31 , 367  
 Ribbon model , 366, 368  

 virion, unique vertex organization , 365, 366   
  Preston, A. , 168   
  Prevelige, P.E. Jr. , 19, 165, 167, 325–346, 427, 495   
  Primary envelopment 

 C-capsid , 434  
 inner nuclear membrane , 432   

  Primary receptor 
 bacterial mutants , 150  
 host molecule , 145  
 polymeric , 147  
 role , 146  
 virion binding , 144   

  Prime-and-realign mechanism 
 defi ned , 251  
 Hantavirus transcription and genome 

replication , 250  
 replication, hantavirus vRNA and cRNA , 254   

  Princen, K. , 234   
  pRNA 

 A-helix , 522  
 centrifugation , 524  
 CryoEM analysis , 521  
 D-loop , 521  
 electron density and temperature factors , 522  
 E-loop , 522  
 functional modules , 521  
 hexameric , 523–524  



679Index

 monomers , 522  
 motor vertex , 525  
 nonpentameric component , 524  
 N-terminus , 525  
 oligomerization , 521, 522  
 phylogenetic analysis , 521  
 prohead-binding domain , 520  
 pseudoatomic structure , 523  
 quaternary structures , 521  
 ribonuclease , 519  
 RKR sequence , 524  
 secondary structure prediction , 519, 521  
 transcription , 519  
 X-ray crystallography , 524   

  Procapsid (PC) 
 assembly , 613–615  
 assembly and maturation, HSV-1 , 423, 424  
 capsid 

 assembly , 424–432  
 building blocks and role , 428–432  
 maturation , 424–427  
 parallels, bacteriophage , 427–428  

 capsids and teguments interaction , 424  
 internal and external scaffolding system , 424  
 Phi29 system , 331–332  
 reconstruction , 328  
 replication cycle 

 capsid–tegument interactions , 435  
 nuclear exit, UL25 and UL17 , 432–434  
 tegumentation , 435  

 UL19 , 424   
  Profy, A.T. , 234   
  Prohead 

 life cycle , 331  
 structure, cores , 328   

  Prolate icosahedron , 24, 25   
  Protease 

 bioinformatic analyses , 427  
 detaching, scaffolding protein , 424  
 maturation , 430   

  Protein ejection , 153–154   
  Protein L , 255–256   
  Protein N, viral nucleoprotein , 256–259   
  Protein–protein interaction , 597   
  Protein translation , 261   
  Proteolysis , 356, 357   
   Pseudomonas  phage  j 6 

  Escherichia coli  , 388  
 image reconstructions , 394  
 kinetic analyses , 389   

  PSI-BLAST 
 detection , 135  
 search , 119, 127–130, 134–136   

  PVX.    See  Potato virus X   

  Q 
  Quasi-equivalence theory 

 capsid assembly , 31  
 conformational switching , 27–30  

 scaffolds, glue proteins and cores , 31–37  
 triangulated lattice and subunit packing , 30    

  R 
  Radford, D.R. , 115–139   
  Rajashankar, K.R. , 520, 523   
  Ramjee, G. , 234   
  Rao, B.V. , 489–506   
  Rao, V.B. , 1–3, 497, 536, 555, 564, 567   
  Rastogi, V.K. , 9   
  Raymond, D.D. , 257, 259   
  RB49.    See  T4  
  RdRp.    See  RNA-dependent RNA polymerase  
  Receptor 

 entry and packaging , 374  
 gram-negative bacteria , 365  
 polymer , 147  
 release and rebinding, P22 tailspike , 149  
 SP6 tailspike , 150  
 surface protein , 145   

  Receptor-binding proteins (RBPs) 
 baseplate , 94  
 phage genomes , 101  
 tail fi ber/tailspike and tail fi ber chaperone , 104   

  Receptor molecule 
 HA binding , 208  
 host , 204, 206  
 infl uenza virus particle , 202  
 trimeric HA , 212–213   

  Reconstructing icosahedral viruses 
 building initial model , 55–56  
 3-D volume 

 back projection , 60  
 fourier-space reconstructions , 59–60  

 initial data preparation , 53–55  
 near-atomic resolution structures , 63  
 particle orientation and center determination 

 common lines , 58–59  
 2-D alignment methods , 56  
 polar Fourier transform (PFT) , 57  
 projection matching , 57–58  
 reconstructed model , 55  

 postprocessing, 3-D volumes 
 map sharpening , 61  
 near-atomic resolution structures , 62  
 noncrystallographic symmetry averaging , 61  
 visualization and segmentation , 61–63  

 processing and refi ning 3-D Map , 61  
 single-particle reconstruction , 55   

  Redfi eld, R.R. , 234   
  Refolding 

 fusion peptide , 213  
 HA , 212–214, 216  
 HA2 , 213   

  Reguera, J. , 256   
  Reichman, R.C. , 234   
   Reoviridae  

 families, dsRNA viruses , 380  
 virion structure , 380   



680 Index

  Reovirus 
 assembly pathway , 389  
  Reoviridae  family , 380  
 T2 capsids , 384, 386–388  
 viral genome replication , 381   

  Replication 
 cycle , 381–382  
 cystoviruses , 380  
 dynamic processes , 385   

  Retrovirus, HIV , 442–443   
  Retrovirus reverse transcriptase 

 complexity , 85  
 coordination, activity , 287–288  
 description , 284–288  
 DNA synthesis 

 elongation complex , 286  
 enzyme interaction , 286  
 P66 polymerase , 286  
 primer and template grip , 286  
 structures, HIV , 284, 285  

 HIV-1 genome , 284, 285  
 RNA degradation, RNase H , 286–287   

  Reverse transcriptase.    See  RNA-dependent DNA 
polymerase  

  Rey, F.A. , 184   
  Ribbon model , 368   
  Ribonucleic acid (RNA) 

 activation, injection mechanism , 196  
 alphavirus synthesis , 192  
 virus synthesis , 182, 187, 191–192   

  Ribonucleoproteins (RNPs) 
 BUNV , 260  
 EMs , 259  
 morphology , 259  
 Phlebovirus structures , 248  
 RdRp , 247  
 RNA-binding domain, Hantaan virus N-protein , 260  
 tomographic sections, Hantaan virus , 247  
 transcriptional activity, R94A mutant , 261  
 UUKV lipid bilayer , 248  
 viral  vs.  nonviral RNAs , 259   

  Ribosome, cellular , 649–650   
  Rice dwarf virus 

 comparable proteins , 382  
 T2 protein dimer interactions , 390   

  Richards, K.E. , 647   
  Rickgauer, J.P. , 553, 555–556, 558   
  Ring opening 

 mechanism , 615  
 spontaneous , 618, 625   

  RNA-dependent DNA polymerase 
 description , 283  
 hepatitis B virus , 288–289  
 retrovirus , 284–288  
 transcription and protein translation , 284   

  RNA dependent polymerase , 602, 603   
  RNA-dependent RNA polymerase (RdRp) 

 double-stranded RNA virus , 283–284  
 minus-sense ssRNA virus , 282–283  
 plus-sense ssRNA virus , 275–282   

  RNA genome 
 “bottoms-up” approach , 459  
 enveloped spherical viruses , 459   

  RNA packaging motor, mechanism 
 ATP binding and hydrolysis control lever motion 

 bound nucleotides , 620  
 cross-section, apo hexamer ( ribbon ) , 620, 621  
 C-terminal tip displays , 621–622  
 lever  vs.  bound state ATP , 620, 622  
  g  P sensors and direction, RNA translocation , 

621  
 biochemical properties and enzyme kinetics 

 ATP binding , 616  
 ATP hydrolysis   ( see  ATP hydrolysis) 
 hexamer assembly , 616  

 nucleic acid binding   ( see  Nucleic acid binds) 
 concerted lever movement , 626, 627  
 coupling mechanical  vs.  chemical reaction 

  cis -acting residues , 623–624  
 different nucleotides states , 623  
 P-loop and “pre-hydrolysis” , 624  
 S252 and R279 , 624  

  Cystoviridae  family ( j 6– j 4) , 610  
 lever motion hydrolysis , 622  
 molecular lever , 620, 621  
 P4 Is 

 ATPases, dsDNA viruses , 613  
 viral life cycle , 613–615  

 P4  vs.  hexameric molecular motors 
 AAA+ proteins , 624  
 LTAg and E1 , 625  
 nanometer-scale motions and internal motions, 

rigid elements , 626  
 N-terminal domain stationary , 625  
 RecA core , 625  

 sequential ATP hydrolysis drives translocation , 626  
 SF4 , 610  
 structure and sequence 

 artistic impression, P4 pumping ssRNA, PC , 610  
 conserved helicase fold and sequence motifs , 

611–613  
 low-resolution techniques , 611   

  RNA synthesis 
 asymmetric replication cycle , 275  
 co-expression, NSs , 254  
 DdDps , 270  
 defi ned, FoTF , 255  
 de novo mechanism , 273, 279–282  
 description , 254  
 fl aviviridae initiation , 281  
 initiation,, T7 DNA-dependent polymerase , 289–294  
 picornavirus and calicivirus initiation , 276–279  
 reverse transcriptase , 287–288  
 transcription bubble , 295  
 viral dependent polymerase, protein L 

 crystal structure, N-terminal domain , 256  
 description , 255  
 topology, LACV endonuclease domain , 255  

 viral nucleoprotein, protein N 
 crystal structure, RVFV , 257  



681Index

 hantavirus , 258–259  
 homotypic interactions , 258  
 oligomerization and RNA binding , 258  
 properties , 256  

 viral polymerase , 275   
  RNPs.    See  Ribonucleoproteins  
  Roberts, I.M. , 642   
  Robinson, B. , 234   
  Rochat, R.H. , 49–84   
  Rodionova, N.P. , 651   
  Rolando, M.R. , 481   
  Rosenberg, A.H. , 427   
  Rose, R. , 234   
  Rossmann, M.G. , 1–3, 163, 164, 247, 257, 427, 517, 

519, 532, 536, 557, 564, 567   
  Rotary motor.    See  F 

1
 -ATPase  

  Rotavirus 
 animal hosts , 379  
 structural proteins , 387  
 T2 proteins , 385  
 transcription mechanism , 386   

  Rothman-Denes, L.B. , 163   
  Rotshteyn, Y. , 234   
  R-type pyocins 

 feature , 110  
  P. aeruginosa  , 109  
 phage P2 tail , 109  
 pyocin-lysogenized bacterium , 109  
 subtypes , 109   

  Rusconi, S. , 234   
  Russel, M. , 651   
  Rust, M.J. , 211   
  Ruzsics, Z. , 434   
  Ryman, K. , 188, 190, 195    

  S 
  Saad, A. , 188, 190, 195   
  Saag, M.S. , 234   
  Samala, M.F. , 234   
  Sapiro, G. , 228   
  Savalia, D. , 169   
  Scaffolding protein functions 

 bacteriophage P22 
 assembly pathway , 326–327  
 auxiliary functions , 330  
 kinetic studies , 328  
 role , 327  
 scaffolding exit, procapsids , 331  
 structure , 328–330  

 bacteriophage Phi29 system , 331–332  
 coassembling outgrowth , 424  
 coat protein fusions 

 HK79 , 333  
 T5 , 333  

 icosahedral geometries , 346  
 microviridae 

 evolutionary context , 333–334  
 external scaffolding protein , 339–345  
 functional redundancy , 337–339  

 internal scaffolding , 334–337  
 molecular piracy 

 bacteriophages P2 and P4 , 345  
 phage 80a and parasite SaPI1 , 345–346  

 procapsid , 427  
 protease activation , 424  
 short  f 29 structure , 430  
 spherical viral capsids , 325  
 UL18 and UL38 , 430   

  Scarbrough, E. , 234   
  Schacker, T. , 234   
  Schmaljohn, C. , 250   
  Schmid, M.F. , 17–41   
  Scholl, D. , 146   
  Schols, D. , 234   
  Schuster, T.M. , 646   
  Scrivano, L. , 434   
  Secondary envelopment 

 tegument , 432  
 trans-golgi derived compartment , 432   

  Secondary receptor , 149–150   
  Segmented genome , 601–604, 606–607   
  Senior, A.E. , 10   
  Severinov, K. , 169   
  Sheath 

 proteins evolution 
 gp18 polypeptide , 98–99  
 HHpred, Gp18 Domain I structure 

prediction , 99  
 PDB , 99  

 structure 
 contractile phages , 95  
 cryoEM , 97  
 domainal organization, proteins , 97  
 Gp18 , 95  
 proteins structure , 96  
 T4 sheath structure , 97, 98   

  Sheval, E.V. , 651   
  Shilton, B.H. , 9   
  SHMV.    See  Sunn-hemp mosaic virus  
  Shneider, M.M. , 93–111   
  Shor, P.W. , 31   
  Short noncontractile tail machines 

 adsorption 
 cell surface , 147–149  
 initial/reversible binding, host cell , 145–147  
 irreversible binding and secondary 

receptor , 149–150  
 tail fi bers and tailspikes , 150–151  

 “Bradley type C” morphology , 143  
 cryo-electron microscopy , 171  
 DNA release and delivery , 151–154  
 ejection, DNA , 144  
 mechanism, DNA transfer , 170–171  
  Podoviridae  , 170  
 podovirus 

 phage f29 , 163–165  
 phage N4 , 162–163  
 phage P22 , 165–167  
 phages BPP-1, e15 , 167–169  



682 Index

 Short noncontractile tail machines (cont.) 
 phage T7 and relatives , 156–162  
 universal and variable tail machine 

features , 154–156  
 tailed phages , 143  
 virion binding, tailspikes cleave and proteins , 145   

  Simian immunodefi ciency virus (SIV) 
 cross-species transmission, HIV , 224  
 Env spikes, viral membrane , 229  
 robust amino acid conservation, gp41 , 233  
 structure, gp120 monomer , 228–229  
 V2 loops , 228   

  Simons, R.W. , 168   
  Simpson, A.A. , 427, 517, 519, 532, 557   
  Singh, S.K. , 234   
  Single-molecule 

 dynamics and force generation , 550  
 heterogeneity stems , 550  
 measurement,  j  29 packaging 

 microspheres , 551  
 nonhydrolyzable ATP , 551  
 viral DNA packaging , 552  

 mechanochemistry , 562–564  
 motor force generation 

 cytoskeletal motors , 562  
 motor translocates , 562  
 optical tweezers measurements , 561  
 skeletal muscle contraction , 561  

 motor velocities 
 ATP concentration , 558  
 kinetic parameters , 558, 559  
 kinetics in phages  j 29, T4, and  l  , 558  
 phage T4 DNA packaging dynamics , 559  
 stochastic thermal fl uctuations , 559–560  

 optical traps , 551  
 pauses and slips , 560  
 phage  l  packaging , 554  
 power, applied load 

  l  motor , 561  
 optical trap force , 560  
 power density , 561  
 rate-limiting step , 560  
  T 4 velocity , 561  

 X-ray crystallography , 550   
  Siphophage 

 cell-surface recognition , 131  
 feature , 137  
 systems , 132  
 tail genes , 117–118  

 binding, cell-surface molecules , 128  
 conserved genome arrangements , 117, 118  
 and myophages , 124  
 phage T5 , 130  
 TrP , 117–120  
 TTC, gram-negative infection and tail assembly 

initiation , 127–128  
 TTP , 120  

 tail lengths , 138   
  SIV.    See  Simian immunodefi ciency virus  
  Six-helix bundle (6HB) 

 description , 232–233  
 HR-N molecules , 236  
 initiation, pore formation , 233  
 membrane fusion , 232  
 structure , 232   

  Skoler-Karpoff, S. , 234   
  Smirnova, T.A. , 481   
  Smith, D.E. , 549–580   
  Smith, J.L. , 257   
  Smith, S.B. , 567, 568   
  Snoeck, R. , 234   
  Sodeik, B. , 427, 434   
  Sodoma, A. , 234   
  Solomon, S. , 234   
  Solovyev, A.G. , 650   
  Somerharju, P. , 382   
  Sousa, N. , 533   
  Spacer protein 1 (SP1) , 444, 451   
  Spherical viruses 

 capsid organization 
 classes, icosahedra , 22–24  
 cubic symmetry , 19–21  
 icosahedral asymmetric unit and quasi-equivalent 

subunits , 25  
 icosahedral capsid organization , 21–22  
 pentavalent and hexavalent positions , 26  
 prolate icosahedra , 25  
 triangulated icosahedral lattices , 23  

 structure determination , 19  
 X-ray crystallographic structure , 18   

  Spicer, T. , 234   
  Spike proteins , 369, 371   
  Spilki, F.R. , 380   
  ssRNA viruses , 26   
  Stanley, W. , 1   
  Stavola, J.J. , 234   
  Steckert, J.J. , 646   
  Stel’Mashchuk, V.Y. , 380   
  Steven, A.C. , 423–435   
  Stiege, A.C. , 483   
  Stock, D. , 9   
  Straka, M. , 619   
  Structure, contractile tail 

 baseplate , 100–101  
 evolution, sheath proteins , 98–100  
 and function 

 PVC , 110  
 R-type pyocins , 109  
 T6SS , 109–110  

 hub 
 contractile tail , 101, 103  
 gp27 ortholog , 103  
 proteins set, functional contracted 

tail , 101, 102  
 trimeric gp5-gp27 , 101  

 minimal baseplate , 104  
 RBPs , 104  
 sheath , 95–98  
 tail terminator complex , 105  
 tail tube initiator , 104  



683Index

 tape measure protein , 104–105  
 tube , 100   

  Stubbs, G. , 631–652   
  Stummeyer, K. , 146   
  Subnanometer resolution 

 alignment/reconstruction software , 56  
 cryo-EM density maps , 76  
 icosahedral symmetry , 82  
 protein structure , 78  
 reconstruction, herpes simplex virus capsid , 61   

  Subramaniam, S. , 228   
  Sundquist, W.I. , 445, 451   
  Sunn-hemp mosaic virus (SHMV) , 640   
  Sun, S. , 536, 564, 567   
  Superinfection exclusion , 154    

  T 
  T4 

 level, specifi city phages , 311  
 life cycle , 317  
 and RB49 , 317–318   

  T=12 
 heterodimers , 248  
 icosahedral symmetry , 247  
 phleboviruses , 246   

  TACs.    See  Tail assembly chaperones  
  Tail assembly 

 chaperones   ( see  Tail assembly chaperones) 
 contractile 

 baseplate , 105–106  
 sheath states , 106   

  Tail assembly chaperones (TACs) 
 gpG and gpGT , 123  
 ORFs , 123  
 TMP , 123–124   

  Tail completion protein (TCP) 
 DNA , 130  
 phage l gpZ , 129–130   

  Tailed bacteriophage-herpesvirus lineage 
 capsid portal system , 587  
 genome packaging motor , 586   

  Tail fi bers 
 and receptor-binding proteins 

 lactococcal phages , 129  
 myophages , 129  
 siphophages , 128, 129  
 structures , 128  

 and tailspikes, diversity and evolution 
 acquisition, DNA delivering ability , 151  
 P22 and SP6 , 150  
 phages , 150  
 receptor-binding domains , 150   

  Tail length 
 determination , 122  
 mystery , 138  
 sipho and myophages , 121–122  
 TMP , 116, 117   

  Tail spike 
 myophages , 129  

 trimeric , 125   
  Tailspikes.    See  Tail fi bers  
  Tail terminator.    See  Tail terminator protein  
  Tail terminator protein (TrP) 

 crystal structures , 119  
 gpU , 119  
 mutations , 118  
 siphophages , 119   

  Tail tip.    See  Tail tip complex  
  Tail tip complex (TTC) 

 BHP , 124–125  
 distal tail protein , 126–127  
 tail fi bers and receptor-binding proteins , 128–129  
 TTC , 127–128   

  Tail-Tube 
 BHP , 124  
 Domain I interaction , 97  
 fold , 135–136  
 initiator , 104  
 and sheath , 105  
 TrPs , 136  
 TTP , 120–121   

  Tail-tube protein (TTP) 
 comparison, N-terminal domain structure , 120, 121  
 Hcp1 hexameric rings , 120   

  Taliansky, M. , 650   
  Tang, L. , 167   
  Tao, Y.J. , 245–262, 427, 517, 519, 532, 557   
  Tape measure.   See  Tape measure protein  
  Tape measure protein (TMP) 

 contractile and noncontractile tails , 104–105  
 C-terminus , 103  
 feature , 123  
 roles , 121  
 six-helix bundle , 122  
 TTP polymerization , 122   

  Tavares, P. , 427, 534, 585–597   
  Taylor, D. , 234   
  T4 bacteriophages 

 colocalization, packaged DNA , 555  
 coupling mechanism , 564, 565  
 endonuclease activities , 555  
 high-resolution measurements , 578  
 mechanical power , 561  
 motor velocities , 559  
 portal rotation , 557  
 procapsid–motor complex assembly , 555–556   

   Tectiviridae  , 365   
  Telenius, J. , 619   
  Terminal  a -sialic acid , 202   
  Terminal protein 

 genome replication , 365  
 OE1 and OE2 , 369  
 replication process , 369  
 roles , 374   

  Terminase 
 arginine fi nger , 528  
 ATPase domain , 528  
  l   E.coli  phage , 491, 496  
 gpNu1 subunit , 556  



684 Index

 Terminase (cont.) 
 nuclease domain structures , 497  
 phage capsids , 432  
 phage systems , 514  
 portal undock , 491  
 recognize viral DNA , 496  
 sequence analysis , 528  
 subunits , 493  
 T4,  l  packaging , 555, 556, 566  
 UL17 and UL25 multiproteins , 433  
 viral DNA packaging , 425  
 viral enzymes , 490  
 X-ray crystal structure , 579   

  Thomas, J.A. , 469–483   
  Thompson, M.A. , 234   
  Three-dimensional reconstruction (3DR) 

 Cryo-EM analysis, pseudovirions , 413  
 techniques , 409   

  Thurow, H. , 147   
  Tilton, J.C. , 223–236   
  TMV.    See  Tobacco mosaic virus  
  T-number 

 description , 22  
 discrete values , 22  
 icosahedron , 22, 23   

  Tobacco mosaic virus (TMV) 
 coat protein structure , 635  
 fi lamentous plant , 632  
 helix , 635   

  Tobamoviruses 
 assembly 

 nucleotide sequence and electron micrograph, 
DMSO , 647  

 OAS subgroups , 648  
 RNA binds, 20S aggregate , 648  
 20S aggregate and OAS , 646  
 short helix of coat protein , 646–647  

 disassembly 
 fi rst start codon , 649–650  
 intersubunit carboxylate and carboxylate–

phosphate clusters , 649  
 rigid rod-shaped plant viruses 

 agricultural importance and availability , 636  
 bipartite viruses , 640  
 CGMMV , 638  
 dahlemense strain , 639–640  
 electrostatic interactions , 638  
 GAA bind , 637  
 hordeiviruses and  3n + 1  subunits , 640  
 one-fi fth, TMV virion , 636  
 R-factor, 0.096 , 637  
 ribbon drawings , 639  
 RNA phosphates and Asp116 , 638  
 SBWMV surface , 640  
 similarity degree , 639  
 three coat protein subunits , 637   

  Tollin, P. , 641, 642   
  Torrance, L. , 650   
  Tospovirus 

 FoTF , 255  
 glycoprotein spikes , 247  
 homotypic interactions, N protein , 258  
 transcription termination , 252   

  Traffi cking 
 host cell , 211  
 pathway, infl uenza virus particles , 211   

  Transcription 
 complexity, retrovirus replication , 285  
 dsRNA , 283  
 HIV-1 genome , 285  
 L segment , 607  
 minireplicon assay , 261  
 “prime-and-realign” model , 254  
 retroviridae and hepadnaviridae , 284  
 reverse-transcribing virus , 268  
 S and M , 603  
 TFIIH concentration , 254  
  Tospovirus  TSWV , 255  
 translation-coupled , 252–253  
 viral genome , 268  
 viral polymerase , 268–269  
 viral RNA , 249–252   

  Translation-coupled transcription 
 model,  Bunyaviridae  , 252, 253  
 protein-synthesis inhibitors , 252  
 reverse genetics , 252   

  Translocase 
 DNA packaging mechanism model and ATP 

binding , 503, 504  
 inchworm-type DNA translocation , 502–503  
 motor and DNA symmetries , 504–505  
 N & C-terminal ATPase domain , 503  
 phi29 packaging machine , 505  
 T4 gp17 , 503   

  Translocation 
 conformational changes, phi29 , 495  
 dodecameric virion, gp6 , 495  
 pRNA ring, phi29 motor , 494  
 shell , 493  
 structure, phage portal , 493, 494   

  Transmembrane domain 
 HA , 215–216  
 HA trimers , 203  
 three-helix bundle , 205   

  Transmission electron microscopy (TEM) , 51   
  Triangulated lattice , 30   
  Trimeric glycoprotein , 203   
  T7 RNA polymerase 

 initiation and elongation complex , 281–282  
 N-terminal domain , 294–295  
 reaction cycle and structure , 298  
 single-subunit protein , 294   

  Trus, B.L. , 403–418, 423–435   
  Tsuruta, H. , 188, 190, 195   
  Tucker-Kellogg, L. , 31   
  Tulimaki, K. , 257   
  Tuma, R. , 609–627   
  Turner, J. , 427, 534   



685Index

  Type VI secretion system (T6SS) 
 features , 110  
 genes , 110  
 proteins , 109–110   

  Tzlil, S. , 575    

  U 
  Umo-Otong, J. , 234   
  Unstructured protein domains , 474, 476    

  V 
  V3.   See  Variable loop 3  
  Vagin, A.A. , 427, 534   
  Vaheri, A. , 247, 250, 257   
  Valencia, A. , 427   
  Valle, M. , 427   
  Valpuesta, J.M. , 157, 427, 533   
  Van Damme, L. , 234   
  VanDemark, A.P. , 234   
  Vand, V. , 635   
  Vanham, G. , 234   
  Van Herrewege, Y. , 234   
  Variable loop 3 (V3) 

 CD4 binding , 231  
 coreceptor binding , 226, 230  
 Env , 232  
 gp120 monomer , 227, 228   

  Variations, genome recognition 
  B. subtilis,  phi29 , 491  
 concatemers and translocation 

machine , 490–491  
 “pac” site , 491  
  l  terminase , 490   

  Verchot-Lubicz, J. , 649, 650   
  Vermeire, K. , 234   
  Viral assembly 

 function , 637  
 20S aggregate , 646  
 SHMV , 640   

  Viral disassembly , 637, 646   
  Viral DNA packaging 

 ATP coupling 
 AAA+ superfamily , 564  
 hydrogen bonds , 564  
 recoil steps , 564  

 coupling mechanism, T4 and  l  
 C motif , 565  
 genetic screening experiments , 566  
 phage  l  packaging dynamics , 566  
 photo-cross-link , 565  
 point mutations, phage  l  gpA , 565  
 Q motif , 565  
 T4, gp17 structures , 564  
 Walker A motif , 565  
 Walker B , 566  

 dynamic steps , 550  
 early stages 

 motor force generation , 561–562  
 motor velocities , 558–560  
 pauses and slips , 560  
 power, applied load , 560–561  
 structural and biochemical studies , 557–558  

  j 29 initiation 
 effect , 554–555  
 method , 553–554  

 forces resisting DNA packaging , 579  
 high-resolution optical trap 

 ATP hydrolysis , 569, 570  
 measurements , 567–569  

 internal force resisting DNA, Phage  j 29 
 capsid measurements , 573  
 DNA charge , 573  

 ionic screening , 574–575  
 mechanochemistry,  j 29 , 562–264  
 molecular motor complex , 549  
 motor–DNA interaction 

 biphasic mechanism , 572  
 electrostatic nature , 570  
  j 29 motors , 570, 571  
 methylphosphonate DNA , 571–572  
 upstream and downstream , 572  

 phage  l  , 556, 576–577  
 phage T4 , 555–556  
 single-molecule 

 biochemical techniques , 550  
 complementary method , 550  
 measurement,  j  29 , 551–553  
 optical traps , 551  
 single fl uorophore imaging , 550  

 structure–function relationships,  l ,  j 29 and T4 , 579  
 termination, mechanisms , 579  
 theoretical models , 575–576  

 Brownian dynamics , 575  
 coaxial inverse spool models , 575  
 Cryo-EM , 576  
 equilibrium thermodynamic , 575–576   

  Viral evolution 
 phage  vs.  herpesvirus capsids , 427  
 priori probability , 432   

  Viral genome delivery 
 concatemers , 587  
 packaging , 586   

  Viral life cycle, P4 Is 
 procapsid assembly 

 dsRNA phages , 614–615  
 genome segments , 613  
 hydrogen–deuterium exchange , 614–615  
 intermediate dodecahedral PC , 614  

 RNA packaging , 615  
 transcription , 615   

  Viral polymerases 
 Baltimore classifi cation , 268  
 catalytic mechanism 

 divalent metal ions , 269  
 steps , 269  
 transcription, nucleotidyl moiety , 269  



686 Index

 Viral polymerases (cont.) 
 DdDp   ( see  DNA-dependent DNA polymerase) 
 DdRp   ( see  DNA-dependent RNA 

polymerase)  description , 268–269  
 DNA and RNA , 268  
 elongation , 273  
 fi ngers and thumb domain , 271  
 initiation , 272–273  
 molecular motors 

 Brownian-ratchet/translocational equilibrium 
model , 274  

 description , 274  
  E .coli  reaction , 274  
 power-stroke model , 274  

 palm domain , 271  
 RdRp  ( see  RNA-dependent RNA polymerase) 
 retrovirus reverse transcriptase , 271  
 reverse transcriptase  ( see  RNA-dependent DNA 

polymerase) 
 sequence motifs 

 bacteriophages , 270–271  
 gene identifi cation , 270  
 reverse transcriptase , 270  
 RNA-and DNA-dependent , 268–269  

 termination , 273–274   
  Viral RNA, bunyavirus 

 replication 
 cap structure and nonviral sequences , 253  
 effi ciency , 253  
 pppG basepairs , 254  
 sequence integrity, NTRs , 254  
 translational inhibitors , 254  

 transcription 
 antigenomic RNAs , 250  
 defi ned , 249  
 defi ned, cap snatching , 251  
 mechanism , 252  
 NTRs , 249–250  
 repetitive sequence , 251  
 signaling termination , 252  
 stoichiometry calculation , 251   

  Virion 
 infl uenza , 201, 203, 206  
 maturation 

 analyses , 410–411  
 atomic model, L1 arrangement , 408  
 “Brownian ratchet” model , 413  
 cryo-EM comparison, L1 + L2 pseudovirions , 409  
 EM analyses , 408  
 HPV16 capsids , 412, 413  
 L1 disulfi de bonds formation, hypothetical 

pathway , 412  
 pseudovirion production , 409  

 reassortment , 203   
  Virus assembly 

 moloney murine leukemia , 444  
 polyomavirus , 41  
 retrovirus, Gag molecules , 444  
 scaffolding proteins , 32   

  Viruses 
 biological machines 

 infectious virion , 3  
 invading cells , 2  
 X-ray diffraction analyses , 2  

 DNA ejection , 576–577  
 dsDNA , 549, 553  
  Escherichia coli  , 556  
  j 12 and  j 6 , 615  
 infectious , 613–614  
 papilloma , 611  
 simian , 624  
 T4 , 555   

  Virus particles , 585   
  Virus penetration 

 alphaviruses , 182  
 animal 

 interaction, living cells , 182  
 RNA synthesis , 182  
 technology, direct and indirect observation , 181–182   

  Virus structural organization 
 capsid, spherical viruses 

 asymmetric unit and quasi-equivalent subunits , 25  
 classes, icosahedra , 22–24  
 cubic symmetry , 19–21  
 icosahedral , 21–22  
 pentavalent and hexavalent positions , 26  
 triangulation numbers , 22  

 enveloped viruses , 39–41  
 helical viruses , 37–39  
 metastable macromolecular assemblies , 17  
 quasi-equivalence theory 

 capsid assembly , 31  
 conformational switching , 27–30  
 scaffolds, glue proteins and cores , 31–37  
 triangulated lattice and subunit packing , 30  

 structural techniques , 18–19   
  Virus structures reconstruction 

 atomic resolutions , 81–82  
 cryo-electron microscopy and tomography , 51–52  
 CTF correction in cryo-ET , 83  
 data validation and interpretation 

 de novo modeling , 79–81  
 density map , 77–78  
 manual structure assignment , 80  
 map validation , 76  
 model fi tting , 78–79  
 protein models, cryo-EM density maps , 79  
 segmenting cryo-EM and cryo-ET maps , 76–77  

 3-D virus reconstruction , 50  
 high-resolution symmetry , 82–83  
 image processing software , 84  
 model validation , 83  
 phase plate electron microscopy , 83–84  
 single-particle methods 

 asymmetric density maps , 67  
 asymmetric orientation determination , 66–67  
 building an initial model , 65–66  
 complex macromolecular machines function , 65  
 cryo-EM density maps , 68  
 dynamic masking technique. , 66  
 Fourier transform (FT) , 52  
 initial data preparation , 65  



687Index

 reconstruction, icosahedral viruses , 53–63  
 symmetry-free structures , 67–69  

 tomographic methods 
 aligning and averaging subvolumes , 73–74  
 classifi cation, subvolumes , 74  
 cryo-ET reconstructions , 75  
 data collection , 70  
 process, subvolumes , 72  
 specimen preparation considerations , 69  
 Tilt series , 71–73   

  von Bonsdorff, C.H. , 259    

  W 
  Walker, J.E. , 7, 9   
  Wallin, A.E. , 619   
  Wang, C.H. , 234   
  Wang, H.G. , 12, 234, 637   
  Wang, T. , 234   
  Washburn, M.P. , 169   
  Watanabe, R. , 10   
  Watson, J.D. , 19, 635   
  Weber, F. , 247, 256   
  Weber, J. , 10   
  Weigele, P. , 169   
  Welch, B.D. , 234   
  Wertz, G.W. , 250   
  Westblade, L.F. , 169   
  Wild, C. , 234   
  Wilen, C.B. , 223–236   
  Wilke-Mounts, S. , 10   
  Williams, R. , 646   
  Willis, K.J. , 234   
  Wilson, H.R. , 641, 642   
  Wyckoff, R.W.G. , 635    

  X 
  Xiang, Y. , 164, 519   
  X-ray crystallography 

 and cryoEM studies , 126  
 gpU , 118  
 pseudoatomic models , 19  
 structure determination , 19    

  Y 
  Yamanaka, G. , 234   
  Yaminsky, I.V. , 651   
  Yanagida, T. , 8   
  Yang, Z. , 234   
  Yeager, M. , 441–460   
  Ye, C.-M. , 649   
  Yoshida, M. , 9   
  Young, D.W. , 641    

  Z 
  Zadjura, L. , 234   
  Zayakina, O.V. , 651   
  Zeh, J.E. , 234   
  Zhang, H. , 619   
  Zhang, Y. , 234   
  Zhang, Z. , 536, 564, 567   
  Zhao, W. , 520, 523   
  Zheng, W. , 245–262   
  Zhou, N. , 234   
  Zhou, Z.H. , 168   
  Zhuang, X. , 211   
  Zimmern, D. , 647   
  Zingman, B.S. , 234   
  Zinn-Justin, S. , 585–597        


	Viral Molecular Machines
	Acknowledgment
	Contents
	Contributors
	Chapter 1: Viruses: Sophisticated Biological Machines
	Chapter 2: F 1 -ATPase: A Prototypical Rotary Molecular Motor
	Chapter 3: Principles of Virus Structural Organization
	Chapter 4: Reconstructing Virus Structures from Nanometer to Near-Atomic Resolutions with Cryo-Electron Microscopy and Tomography
	Part I: Viral Entry Machines
	Part II: Genome Replication Machines
	Part III: Capsid Assembly and Maturation
	Part IV: Genome Packaging Machines
	Index



