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   Preface 

      A plethora of molecular motors hustle and bustle along the chromosomes of all liv-
ing cells. Distinct among them are helicases, classi fi ed by the presence of the so-
called helicase signature motifs in their amino acid sequences. Helicases were 
discovered in the 1970s and were reputed to be the enzymes that “unwind” duplex 
nucleic acids in an energy-dependent manner. The transient separation of DNA 
duplexes allows cellular machines of DNA replication, recombination, repair, and 
transcription to access the encoded information and is thereby an essential process 
required for all aspects of cellular DNA metabolism. An explosion of the helicase-
related research was prompted by the paramount importance to understand at the 
molecular level the fundamental cellular processes that depend on helicase activi-
ties. Recent methodological advances allowed for critical breakthroughs in under-
standing the helicase structure and function. Numerous proteins containing the 
helicase signature motifs have been identi fi ed and extensively studied. Many of 
these proteins do, indeed, display  bona  fi de  strand separation activity. An important 
realization, however, came when the helicase family was expanded by the discovery 
of proteins that, despite the presence of the conserved signature motifs, lack duplex 
unwinding activity. It became clear that the helicase signature motifs de fi ne a generic 
motor core, which enables ATP- (or NTP-)driven conformational changes that allow 
the enzyme to translocate along nucleic acids. The mechanistic underpinnings of 
this process have been pondered, debated, and only recently agreed upon. Whether 
the same mechanism underlies “useful” activities of the helicases, however, is still 
an unresolved question. Unidirectional translocation of a helicase or a helicase-like 
translocase may be coupled to other thermodynamically unfavorable processes 
including separation of DNA duplexes, packaging of viral genomes, DNA segrega-
tion after replication, and disassembly and rearrangement of protein–nucleic acid 
complexes. The distinct mechanistic properties can be endowed to a structurally and 
mechanistically conserved motor core in part through unique auxiliary domains or 
interacting partners that provide additional functions allowing the helicase/translo-
case to perform a diverse set of activities. Moreover, interactions with different 
substrates, protein partners, and/or posttranslational modi fi cation readily convert a 
helicase into a translocase and a translocase into a helicase. 
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 Each cell contains numerous DNA helicases, RNA helicases, helicase-like 
translocases, and molecular switches. Some of them function independently, some 
are integrated into larger macromolecular assemblies orchestrating complex 
 nucleoprotein remodeling events, while others can participate in different cellular 
pathways guided by posttranslational modi fi cations or by the presence of distinct 
interacting partners. 

 The  fi eld of DNA helicase research has reached a stage when the studies of 
molecular mechanisms and basic biology of helicases can and shall be integrated 
with the studies of development, cancer, and longevity. The objective of this book is 
to provide the  fi rst systematic overview of structure, function, and regulation of DNA 
helicases and related molecular motors. The chapters in this book are written by lead-
ing experts in the growing  fi eld of DNA helicase research. By integrating the knowl-
edge obtained through diverse technical approaches ranging from single- molecule 
biophysics to cellular and molecular biological studies the 13 chapters comprising 
this volume aim at providing a uni fi ed view on how helicases function in the cell, are 
regulated in response to different cellular stresses, and are integrated into large 
 macromolecular assemblies to form a complex and adaptive living system. 

 Wu and Spies start this volume by introducing in Chap.   1     the diverse substrates 
that DNA helicases act upon: duplex and single-stranded DNA, chromatin, and vari-
ous nucleoprotein complexes. This chapter will also provide a historic outlook on 
discovery of DNA helicases, classi fi cation into superfamilies, and on the evolution 
of our understanding of what helicases are and what functions they perform. 
Chapters   2    ,   3    , and   4     comprehensively review the state of the art in our knowledge of 
the  structure, function, and mechanisms of translocation and duplex unwinding by 
major helicase superfamilies. In Chap. 3 Aarattuthodiyil, Byrd, and Raney intro-
duce Superfamily 1 helicases; in Chap. 4 Beyer, Ghoneim and Spies Describe 
Superfamily 2; and in Chap. 4 Medagli and Onesti discuss hexameric DNA heli-
cases. These chapters  provide a mechanistic platform for understanding the assem-
bly, function, and  regulation of the molecular machines, which incorporate the 
helicase-like motor components. In Chap.   5    , McGlynn describes how individual 
helicases introduced in the previous chapters cooperate at the replication fork to 
maintain an uninterrupted progression of the delicate machinery of the replisome. 

 One of the major consequences of cellular dependence on DNA helicases is that 
the absence of, or defects in, these enzymes often lead to cellular dysfunction and 
cause a broad spectrum of human disorders, usually characterized by premature 
aging, susceptibility to cancers, and other diseases normally associated with aging, 
immunode fi ciency, or mental retardation. Expression of some DNA helicases is 
upregulated in proliferating cells, providing a diagnostic marker for malignant 
cells and presenting an attractive target for development of anticancer therapeutics. 
In Chap.   6     Suhasini and Brosh discuss these biomedically important helicases and 
their potential as targets for novel anticancer therapeutics and adjuvants of the 
standard treatments. Viral helicases serve as another potential drug target high-
lighted by the recent development of several speci fi c inhibitors targeting the 
association of the helicase/primase encoded by herpes simplex virus. In Chap.   7    , 
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Field and Mickleburgh provide an account of, so far, the only successful drug 
discovery campaign targeting a DNA helicase. 

 The next three chapters focus on the DNA helicases functioning in the cellular 
processes vital for maintaining the integrity of the genome. In Chap.   8    , Larsen and 
Hickson discuss RecQ helicases, which are probably the most extensively studied 
family of caretaker helicases to date. In Chap.   9    , Daley, Niu and Sung discuss DNA 
helicases and translocases that control, both positively and negatively, the processes 
of homologous recombination and homology-directed DNA repair. DNA helicases 
participating in the nucleotide excision, base excision, and mismatch repair are 
 covered in Chap.   10     by Kuper and Kisker. 

 The subjects of the three  fi nal chapters are helicase-like proteins that do not 
require a bona  fi de strand separation activity to perform their cellular roles. 
In Chap.   11    , Szczelkun highlights the similarities between some helicase-like 
 proteins and other hydrolysis-driven molecular switches. The theme of dsDNA 
translocases is further elaborated in Chap.   12    , where Demarre, Galli and Barre 
discuss FtsK, a complex motor involved in bacterial division. In the last chapter, 
Yodh talks about dsDNA translocating motors incorporated into the chromatin 
assembly and remodeling complexes. 

 In recent years, a number of groundbreaking structural and mechanistic studies 
deepened our understanding of helicase mechanisms and established new approaches 
for their analyses. Many fundamental mechanistic questions, however, remain to be 
answered. These questions range from the mechanism of force generation and 
mechanochemical coupling to distinct mechanisms by which the same enzyme 
translocates on DNA removing obstacles, unwinds DNA, and/or remodels nucleo-
protein complexes. It is even less understood how the helicase motors are regulated 
and incorporated into a wide range of genome maintenance and repair machines. 

    It is our hope that this book will become a key reference to the researchers with 
expertise in diverse  fi elds who study DNA helicases, inspiring collaborative and 
multidisciplinary approaches to many unresolved questions in the helicase  fi eld. 
This book will also be a useful starting point for graduate, medical, and advanced 
undergraduate students who look to extend their knowledge of these exciting 
enzymes beyond standard and often outdated textbook information. Finally, we 
hope that this book will provide a valuable resource for medicinal chemists seeking 
new targets for development of novel anticancer and antiviral therapeutics. 

Iowa City, IA, USA Maria Spies  
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  Abstract   First discovered in the 1970s, DNA helicases were initially described as 
enzymes that use chemical energy to separate (i.e., to unwind) the complementary 
strands of DNA. Because helicases are ubiquitous, display a range of fascinating bio-
chemical activities, and are involved in all aspects of DNA metabolism, defects in 
human helicases are linked to a variety of genetic disorders, and helicase research 
continues to be important in understanding the molecular basis of DNA replication, 
recombination, and repair. The purpose of this book is to organize this information 
and to update the traditional view of these enzymes, because it is now evident that not 
all helicases possess bona  fi de strand separation activity and may function instead as 
energy-dependent switches or translocases. In this chapter, we will  fi rst discuss the 
biochemical and structural features of DNA—the lattice on which helicases operate—
and its cellular organization. We will then provide a historical overview of helicases, 
starting from their discovery and classi fi cation, leading to their structures, mecha-
nisms, and biomedical signi fi cance. Finally, we will highlight several key advances 
and developments in helicase research, and summarize some remaining questions and 
active areas of investigation. The subsequent chapters will discuss these topics and 
others in greater detail and are written by experts of these respective  fi elds.      

   DNA: The Source of Genetic Information 

 DNA is the “blueprint of life” and stores within the necessary instructions for living 
cells to grow and to function. The existence of DNA has been known since 1869. 
It took, however, almost a century to discern DNA structure and its role in the 

    C.  G.   Wu   •    M.   Spies    (*)
    Department of Biochemistry ,  University of Iowa Carver College of Medicine ,
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 storage of genetic information. One of the  fi rst well-reasoned theoretical predictions 
that stimulated the search for genetic molecule can be attributed to the ideas 
 introduced by Erwin Schrödinger in his popular book  What Is life  in 1944. 
Schrödinger proposed that the chromosomes, which were known at that time to be 
the information carriers, are the “aperiodic crystals” where covalent chemical bonds 
are utilized to enhance the genetic information. The search for the genetic molecule 
culminated in 1953 with the discovery of DNA structure by James Watson and 
Francis Crick  [  1  ] . In 1962, Watson, Crick, and Maurice Wilkins were awarded 
Nobel Prize in Physiology and Medicine for their discoveries concerning the molec-
ular structure of nucleic acids and its signi fi cance for information transfer in living 
material. This information is written in a code composed of a four-letter alphabet 
system which must be duplicated accurately as cells divide in order to maintain 
genomic integrity. DNA is a polymer of nucleotides, where each building block 
consists of a phosphate group, a  fi ve-carbon sugar (deoxyribose), and one of four 
nitrogenous bases ( A denine,  G uanine,  C ytosine, and  T hymine). 

 The structure of DNA proposed in 1953 by James Watson and Francis Crick, and 
also Rosalind Franklin and Maurice Wilkins, has been paramount in facilitating 
nucleic acid research. The structure revealed that two strands of DNA intertwine to 
form a right-handed “double helix” (Fig.  1.1 ). The backbone of the helix is formed by 
alternating units of the phosphate and carbon groups while the nitrogenous bases point 

  Fig. 1.1    Schematic of a DNA double helix. The two antiparallel strands of a DNA double helix are 
shown as  green  and  red ribbons . The detailed positioning of the phosphate backbone, ribose sugar, 
and nitrogenous bases as well as the hydrogen bonding network is shown in the magni fi ed inset       
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towards the center of the helical axis. The sequential arrangement of these bases is 
how genetic information is written and stored. Only speci fi c pairs of bases can prop-
erly bond together between the two DNA strands without perturbing the double-
stranded helix (adenine with thymine and cytosine with guanine); hence, if the base 
sequence of one DNA chain is known, then the identity of bases on the other strand 
can be determined empirically. The double helix structure of DNA and the hydrogen 
bonding patterns of the nitrogenous bases have provided invaluable insight into how 
the genetic code is replicated—the two strands of the double helix must be  fi rst sepa-
rated and then the replication machinery can read the sequence of the template bases 
and incorporate the corresponding partner bases to regenerate the DNA duplex. 
Although this is simple conceptually, DNA replication is highly regulated in order to 
maintain genomic stability. During semiconservative replication  [  2  ] , the complete 
DNA content of the cell has to be duplicated in a timely manner and exactly once.  

 In addition, DNA is a large macromolecule and the human genome, which is on the 
order of ~3,000 million base pairs in length and arranged into 23 distinct chromo-
somes. To cope with its enormous length, genomic DNA is tightly packaged and 
stored, an arrangement that allows the control of the accessibility of this information. 

 DNA in each chromosome is packaged as protein–DNA complexes called chro-
matin, and the basic structural unit of chromatin is a nucleosome  [  3  ]  (Fig.  1.2 ) 
(see Chap.   13    ). One purpose of these complex arrangements is to package the vast 

  Fig. 1.2    DNA helicases, helicase-like motors, and their diverse substrates. Eukaryotic genomic 
DNA is organized in a chromatin, where an approximately 146 bp of DNA is wrapped around each 
histone octamer ( blue ), which consists of two copies of H2A, H2B, H3, and H4 histone proteins. 
Adjacent nucleosome core particles are tethered together by linker DNA and forms a “beads on a 
string” structure. Examples of other important DNA replication, recombination, and repair machin-
ery are also shown and include SWI/SNF family chromatin remodeler, which repositions nucleosomes 
and enables the access to genetic information to the transcription and repair systems, DNA annealing 
helicases BLM and HARP, anti-recombinases Srs2, FANCJ, RTEL, BLM and Sgs1, and the Rad54 
protein, which has both pro-recombinogenic and chromatin remodeling functions       
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amount of genetic material (almost 2 m in length) within the nucleus inside which 
space is limited (roughly 10  m m in diameter). To do so, the DNA is wrapped around 
a core of histone proteins in each nucleosome, much like how thread is spun around 
a spindle (Fig.  1.2 ). Histones comprise the majority of protein found in chromatin, 
and ~146 bp of DNA can be wrapped around each histone core in the nucleosome. 
These tightly arranged protein–DNA complexes condense to form chromatin and are 
further organized into chromosomes. As described above, access to genetic informa-
tion is tightly controlled and genetic DNA is protected and stored as chromatin. 
These protein–DNA complexes must be “remodeled” in order to gain access to the 
genetic code. Chromatin assembly and remodeling will be discussed in greater detail 
in Chap.   13    .  

 Cellular DNA undergoes harmful modi fi cations every day as a result of exposure 
to UV light, environmental stress, and toxic chemicals. DNA damage can also result 
from errors during DNA synthesis. Damaged DNA must be repaired promptly and 
ef fi ciently; otherwise, the replication machinery can incorporate the wrong nitroge-
nous base, leave nicks and gaps, and stall or disengage during subsequent rounds of 
DNA synthesis, resulting in deleterious mutations and chromosomal instability. The 
cell utilizes a number of repair pathways to prevent the loss of genetic  information. 
The enzymes that are involved in the repair process are speci fi c to the type of DNA 
damage encountered and depend on the stage of the cell cycle. Not surprisingly, 
defects in key components of these systems in humans are associated with a broad 
spectrum of disorders, usually characterized by premature aging, susceptibility to 
cancers, and other diseases bearing hallmarks of aging, immunode fi ciency, or mental 
retardation (see Chap.   6    ). Similar to DNA replication, in order for the DNA repair 
machinery to gain access to the genetic code, the two strands of the double helix must 
 fi rst be “unwound.” In some cases, because DNA is tightly packaged in chromatin, 
these protein–DNA complexes need to be restructured to expose the DNA region of 
interest. The enzymes which couple chemical energy to unwind the DNA duplex are 
commonly referred to as helicases. Related motors also work as chromatin remodel-
ers, which restructure chromosome organization and thereby enabling or restricting 
access to DNA.  

   DNA Helicases: Ubiquitous Molecular Motors 

 The  fi rst DNA helicase,  Escherichia coli  TraI (helicase I), was puri fi ed and charac-
terized in 1976  [  4,   5  ] . As more helicases were identi fi ed and reported in the literature, 
helicase “signature motifs” were identi fi ed  [  6  ] . These highly conserved amino acid 
domains are involved in the binding and hydrolysis of nucleoside triphosphate (NTP), 
the energy source required to separate the stable double-stranded DNA (dsDNA). So 
far hundreds of helicases have been identi fi ed across different organisms. It is esti-
mated that approximately 1% of the prokaryotic and eukaryotic genomes encode for 
proteins containing helicase signature motifs. Helicases have been classi fi ed into 
superfamilies (SF) and families based on amino acid patterns and the presence of the 

http://dx.doi.org/10.1007/978-1-4614-5037-5_13
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helicase motifs, with a majority of enzymes falling into SF1 and SF2  [  6  ] . However, 
this original classi fi cation scheme was developed when biochemical and structural 
data were limited; therefore, bioinformatics-based analysis and nomenclature often 
fail to provide a reliable mechanistic insight into how a helicase might function. 
Recently, a new classi fi cation approach has been proposed to differentiate between 
enzymes that move along single-stranded DNA (ssDNA) (type A) and dsDNA (type 
B) with either 3 ¢ –5 ¢  (type  a ) or 5 ¢ –3 ¢  (type  b ) directionality  [  7  ] . This book will mainly 
focus on discussing the features and characteristics of DNA helicases although we 
note that there are many enzymes that act on RNA duplexes and RNA–DNA hybrids. 
The properties of these RNA helicases and their role in RNA metabolism and dis-
eases are well reviewed in the following literature  [  8,   9  ] .  

   Mechanistic Considerations 

 The DNA double helix is thermodynamically stable under normal physiological 
conditions. Therefore, energy input is required to destabilize the duplex. Helicase 
activity is de fi ned as the ability to use energy from nucleotide binding and hydroly-
sis to separate dsDNA into ssDNA. This unique activity is quite distinct, at least at 
a  fi rst glance, from duplex melting by the ssDNA binding proteins, which can desta-
bilize short DNA duplexes transiently simply because they bind and capture ssDNA 
with high af fi nity and selectivity. A processive helicase is an enzyme that unwinds 
many base pairs per binding event. In contrast, a distributive helicase unwinds only 
a limited region of dsDNA before dissociating and typically separates the duplex by 
virtue of binding to it akin to the ssDNA binding proteins that destabilize duplexes 
exclusively at the expense of the potential energy. An important distinction, how-
ever, is that the distributive helicases still require ATP hydrolysis, which supplies 
the free energy to recycle the helicase and reset it for the next binding/melting event. 
In order for a helicase to unwind DNA processively, it must also be able to move 
along the DNA  fi lament (i.e., to translocate) and couple this directional motion 
along the DNA lattice to strand separation activity. While processive helicase activ-
ity certainly requires processive translocation, the reverse is not necessarily true—a 
protein that translocates along DNA processively may not have robust helicase 
activity; therefore, it is more appropriate to refer to such enzymes as translocases. 
Examples of such motors include the  E. coli  Rep and UvrD enzymes as well as 
 Bacillus stearothermophlius  PcrA  [  10–  13  ] , which are reviewed in Chap.   2     as well 
as dsDNA translocases reviewed in Chaps.   12     and   13    . Since helicases are identi fi ed 
and classi fi ed based on the presence of conserved signature motifs, it is not known 
whether a helicase would have bona  fi de strand separation activity or translocase 
activity solely based on amino acid patterns. In fact, it is now evident that there are 
some enzymes that are classi fi ed as helicases but function instead as molecular 
switches and remodel protein–DNA complexes without moving along nucleic acid, 
while others act on substrates that are not nucleic acids at all  [  14–  16  ] . Hence, the 
presence of these conserved helicase motifs only designates these enzymes as 

http://dx.doi.org/10.1007/978-1-4614-5037-5_2
http://dx.doi.org/10.1007/978-1-4614-5037-5_12
http://dx.doi.org/10.1007/978-1-4614-5037-5_13
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nucleic acid-stimulated NTPases, and their exact function(s) must be examined 
experimentally. 

 Processive DNA unwinding requires a helicase to undergo a series of repeated 
“steps” along the DNA lattice until the duplex is fully unwound  [  17,   18  ] . Each step 
involves a number of processes such as NTP binding, hydrolysis, phosphate release, 
base pair melting or capturing of the spontaneously melted bases, and translocation. 
The physical step size of a helicase is de fi ned as the mean distance change of the 
center of mass of the enzyme in between two repeated rounds of DNA unwinding 
or per NTP molecule hydrolyzed. This is a useful and informative parameter because 
it not only gives a helicase a physical characteristic but also provides a mechanistic 
constraint for its function. However, it is not always possible to measure the physi-
cal step size directly since high resolution techniques and a suitable helicase model 
system are both required. Using high precision single-molecule approaches, the 
kinesin motor has been shown to take discrete 8 nm steps along microtubules  [  19  ] . 
Similar optical trapping methods have revealed that the Hepatitis C virus (HCV) 
NS3 RNA helicase takes large steps of about 11 bp and that DNA unwinding occurs 
in smaller ~1 bp substeps  [  20  ] . Alternatively, DNA unwinding can also be expressed 
as a multistep process involving the cycling of a series of repeated rate-limiting 
steps. Since it is not known a priori which physical process is rate limiting in the 
unwinding mechanism (e.g., NTP binding, base pair melting, translocation), the 
kinetic step size refers to the average movement of the enzyme in between two suc-
cessive rate-limiting steps of the reaction. While they are conceptually similar, the 
kinetic step size could differ from the physical step size  [  21  ] . For example, a heli-
case can unwind DNA in discrete physical steps of 1 bp per step but may need to 
undergo a slow step after every X base pairs are unwound as a result of molecular 
rearrangement, phosphate release, etc. In this case, the observed kinetic step size 
will be X bp even though the actual physical step size is 1 bp. 

 Another important parameter is the stepping rate, which is de fi ned as the number 
of steps a helicase takes per second. Depending on the helicase system and the type 
of experiment, the stepping rate and step size could be measured for DNA unwind-
ing and/or translocation. The product of the step size and the stepping rate is the 
macroscopic rate of unwinding or translocation and has units of bp (or nt) per sec-
ond. In the extreme case, the  E. coli  TraI and RecBCD helicases can unwind dsDNA 
with high processivity and with rates of over 1,000 bp/s  [  22–  24  ] . In contrast, the  E. 
coli  Rep D 2B monomer only unwinds dsDNA with a rate of 226 ± 28 bp/s and lim-
ited processivity  [  10  ] . It is important to note that translocase and helicase activities 
are strongly sensitive to solution conditions (temperature, pH, salt concentration, 
salt type, NTP concentration, etc.), and one must keep this in mind when making 
quantitative comparisons between different studies. 

 Mechanistic models by which helicases unwind and translocate along DNA will 
be discussed in more detail in the subsequent chapters. Two limiting mechanisms 
have been suggested for DNA unwinding—active and passive  [  17,   25–  28  ] . A passive 
helicase simply translocates along ssDNA with a directional bias. When it encoun-
ters a ds/ssDNA junction, the enzyme is stopped and must wait for the duplex to open 
through transient thermal  fl uctuations. Exploiting this phenomenon, a passive helicase 
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will eventually advance into the partially open duplex using its translocase activity, 
capture the spontaneously open fork, and prevent the two ssDNA strands from rean-
nealing. In contrast, an active helicase directly interacts and destabilizes the DNA 
duplex and lowers the free energy of the fork. Therefore, the ssDNA translocation 
rate of a passive enzyme is predicted to be much faster than its unwinding rate since 
it has to wait for the DNA duplex to open transiently. In contrast the active unwinding 
model predicts this enzyme will have an unwinding rate similar to its rate of ssDNA 
translocation. The terms active and passive simply de fi ne the two extremes of a scale 
and there is an entire spectrum of possibilities in between. Under solution conditions 
similar to that of  E. coli  (pH 7.0, 3 mM Mg 2+ , 0.2 M K + , 8 mM ATP, 1 mM ADP, 
8 mM P 

i
 ),  D G 

ATP
  is ~−13 kcal mol −1  at 25 °C while  D G 

base pair
  is ~1–1.5 kcal mol −1 . 

Therefore, if the coupling of ATP hydrolysis to DNA unwinding is 100% ef fi cient, 
~9–12 bp can be melted per molecule of ATP hydrolyzed  [  17  ] .    Efforts have been 
made to quantify the “activeness” of a helicase based on its unwinding and transloca-
tion rates and to estimate NTP consumption during these processes  [  27–  29  ] . 

 There are several models with which the duplex strand separation is described. In 
the  E. coli  RecBCD enzyme, a “separation pin” in the RecC subunit was proposed to 
function as a molecular wedge  [  30  ] . This aromatic amino acid forms base stacking 
interactions with the DNA duplex, and base pair melting is achieved as a result of the 
RecB (a 3 ¢ –5 ¢  helicase) and RecD (a 5 ¢ –3 ¢  helicase) motors translocating along two 
strands of DNA. However, RecBCD is able to use its binding free energy to melt out 
5–6 bp of DNA upon binding to a DNA end, and the RecB monomer, devoid of the 
separation pin, is able to unwind short DNA duplexes  [  31,   32  ] . The RecB subunit 
also has an “arm” domain which forms contact with the duplex ahead of the ds/ss 
junction. Taken together, RecBCD may be able to directly interact with the duplex 
and destabilize the fork  [  33  ] . In the case of ring-shaped hexameric helicases (i.e., 
DnaB, T7), strand exclusion models have been proposed in which the hexameric ring 
encircles one strand of the DNA duplex via a single-stranded loading region  [  34–  36  ]  
(see also Chap.   5    ). Upon strand separation, the hexamer advances into the fork and 
the opposite strand is sterically excluded from the ring. Notably, various “pin” and 
“wedge” structures have been implicated in the dsDNA unwinding by virtually every 
non-hexameric helicase independent on where it lies of the passiveness continuum.  

   Brownian Ratchet vs. Powerstroke 

 Two distinct mechanisms utilized by helicases to ensure directional translocation 
have been considered: Brownian ratchet and powerstroke. A Brownian motor (ther-
mal ratchet) is driven by thermal  fl uctuations. Directional movement of this “ratchet” 
is achieved as a result of an anisotropic energy potential across the DNA lattice 
although the nature and the origin of this asymmetry is not well understood and is 
likely to vary in different enzymes. However, in such a model system, the helicase 
only needs to switch between two conformational states (i.e., high and low af fi nity 
for DNA) which could be triggered by NTP binding and hydrolysis, and the helicase 
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will travel along the path of the anisotropic potential akin to guided diffusion. This 
model requires simply one DNA binding site on the helicase, and predicts low trans-
location and unwinding processivity since NTP hydrolysis is loosely coupled to 
movement. 

 In contrast, a powerstroke motor or stepping motor requires at least two DNA 
binding sites on the helicase. The best example of this is a molecular “inch worm” 
mechanism described for several SF1 helicases  [  37  ]  in which translocation is driven 
by movements of the 1A and 2A subdomains. Nucleotide is bound in a cleft between 
these two RecA-like motifs and the state of the cofactor leads to a series of confor-
mational changes that move the two subdomains closer together. In such an inch 
worm mechanism, the leading domain is always in the front and similarly the trail-
ing domain always follows behind. Directionality is achieved in the initiation com-
plex as a result of binding orientation  [  38,   39  ] . In contract, in a hand-over-hand 
stepping model like in the kinesin family motors, movement is similar to walking 
where the leading domain becomes the trailing domain in the next cycle and vice 
versa  [  40  ] .  

   Structures of DNA Helicases 

 There are a number of high resolution structures of DNA helicases either in the apo 
form or bound to a DNA substrate with (or without) a nucleotide cofactor. A com-
mon structural feature is the motor core domain, which adopts two RecA-like folds 
(Fig.  1.3 ). Chapters   2     and   3     will discuss in detail the structural features as well as 
mechanisms of SF1 and SF2 helicases, respectively. The canonical motor core con-
sists of two globular subdomains 1A and 2A, and the nucleotide cofactor binds in a 
cleft in between these two regions. Although the motor core is conserved amongst 
helicases, their diversity stems from a number of factors such as oligomeric state, 
presence of accessory and regulatory domains, and DNA substrate speci fi city. For 
example, the XPD helicase, which is an SF2A b  enzyme, possesses two auxiliary 
domains in addition to the canonical helicase motor core: an Arch domain and an 
iron-sulfur cluster (FeS) domain. Both of these regions are necessary for unwinding 
activity and may be involved in stabilizing the interaction between XPD and the ds/
ssDNA junction  [  38,   41  ] . In  E. coli  Rep, an SF1A a  enzyme, the presence of a 2B 
subdomain has an auto-inhibitory effect which may play a regulatory role in its 
translocation and unwinding activities  [  10  ] . Rep monomers can translocate rapidly 
and processively along ssDNA in vitro but are unable to unwind even short DNA 
duplexes. Rep helicase activity can be stimulated by removing the 2B subdomain 
arti fi cially, thus forming the Rep D 2B monomer, or the wild-type enzyme can 
undergo dimerization to promote DNA unwinding. The presence of modular acces-
sory domains can provide an extra level of control and regulation of helicase and 
translocase activities in vivo, and in some systems these accessory domains can 
target the enzymes to speci fi c DNA structures, or they can be scaffolds for forming 
higher ordered complexes with mediator proteins. Helicases do indeed come in all 
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shapes and sizes. Some are monomeric while others function as homodimers or 
heterodimers. Other enzymes form ring-shaped hexamers (Fig.  1.3  and Chap.   4    ), 
and some are integral parts of complex transcription and replication machinery.  

 Helicases can modulate their activities not only through protein–protein interac-
tions but also through posttranslational modi fi cations (PTMs) such as phosphoryla-
tion, ubiquitylation, and sumoylation. Modi fi ed helicases can possess intrinsically 
different properties (i.e., unwinding and translocation activities), and PTMs can 
enable interactions with other protein partners, and target the helicase to certain 
sites for function. For example, the FANCJ helicase, upon phosphorylation on S990, 
enables interaction with the BRCA1 tumor suppressor protein  [  42,   43  ] . How this 
interaction in fl uences FANCJ unwinding, translocation, and its ability to disrupt 
holiday junctions and G-quadruplexes is still not well understood. Since many 
mammalian helicases are subject to PTMs, it has become increasingly important to 
understand the functional roles of these modi fi cations as an additional component 
to mechanistic studies of DNA helicases.  

  Fig. 1.3    Cartoon 
representations of DNA 
helicases from different 
superfamilies. Schematics of 
an SF1, SF2, and ringed-
shaped hexameric helicase are 
shown. For SF1 helicases, the 
subdomains are as indicated, 
and the 1A and 2A subdomains 
form a motor core and adopt a 
“RecA”-like fold. The same is 
true for HD1 and HD2 in SF2 
helicases. Nucleotide cofactor 
is bound in a cleft between 
these two subdomains. In a 
ring-shaped hexameric 
helicase, the hexamer encircles 
the DNA in the center pore and 
one strand of the nucleic acid 
is excluded from the helicase 
as it unwinds the duplex. 
Nucleotide cofactor is bound at 
the subunit interfaces. Because 
there are six potential 
nucleotide binding sites, these 
sites can have different 
nucleotide cofactor states (ATP 
bound, ADP, empty, etc.) 
depending on whether the 
helicases uses a random or 
ordered mechanism for ATP 
binding and hydrolysis       
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   Assays for Helicase Activity 

 When helicases were  fi rst identi fi ed, DNA unwinding activity was inferred by 
 coupling the strand separation reaction with nuclease digestion  [  44  ] . If a helicase 
unwinds dsDNA in the presence of NTP, then the newly generated ssDNA will be 
sensitive to nuclease degradation, and the cleavage products can be analyzed by scin-
tillation counting. A more direct and the most widely used approach is a strand dis-
placement experiment in which one strand of the DNA duplex is either radiolabeled 
with  32 P or  fl uorescently labeled with a  fl uorophore so that this strand can be detected 
when the duplex is unwound and the ssDNA is displaced into solution  [  45,   46  ] . Since 
the labeled reporter strand can hybridize with the other unlabeled unwound ssDNA 
product to form the original duplex, excess unlabeled ssDNA can be added to capture 
this other strand and thereby preventing reannealing. Strand displacement assays can 
be either discontinuous or continuous  [  21  ] . In a discontinuous assay, an initiation 
complex is formed between the helicase and duplex DNA substrate in the absence of 
nucleotide cofactor. DNA unwinding is then initiated with the addition of NTP and 
an unlabeled ssDNA trap. The reaction is quenched in a series of predetermined time 
intervals and the products from each time point can be separated by gel electropho-
resis and analyzed using autoradiography. This type of a gel-based assay is “all or 
none” because at any given time point only the fully unwound product and the origi-
nal duplex can be detected. Any partially unwound intermediates will “re-zip” and 
form the fully base-paired duplex when the reaction is quenched. However, as dis-
cussed later below, information regarding these transient intermediate species can be 
extracted from such an all or none experiment. In a continuous assay, DNA unwind-
ing is monitored in real time continuously. Each of these approaches has distinct 
advantages and limitations. A discontinuous assay allows one to analyze the reaction 
products at each time point and thus the extent of DNA unwinding can be directly 
measured. Also, the gel-based assay can resolve different types of products that are 
formed. This is especially important when a helicase acts on a complex multi-strand 
substrate (e.g., replication fork, holiday junction, four-way junction), since one can 
unambiguously de fi ne its substrate preference by separating and directly observing 
the unwinding products. However, due to the discontinuous nature of the experiment, 
the number of data points one can collect within a reasonable amount of time is lim-
ited. Therefore, it is dif fi cult to construct a detailed time course and to examine DNA 
unwinding as a function of different reaction conditions. 

 In contrast, in a continuous unwinding experiment, many data points can be 
obtained for a given time course, and different DNA substrates and solution  conditions 
can be examined readily. However, a continuous unwinding experiment typically 
requires a difference in spectroscopic signal coming from either the protein or the 
DNA molecule when the DNA is unwound; hence, the relationship between this 
signal change and unwound DNA products need to be determined and calibrated 
independently in order to determine the extent of DNA unwinding. While all gel-
based discontinuous assays are “all or none,” continuous unwinding assays can be 
either depending on how the DNA substrate is constructed and how DNA unwinding 



111 Overview: What Are Helicases?

is monitored. Analogous all or none experiments can be performed in a continuous 
assay in which a pair of  fl uorescent dyes can be placed across the DNA duplex on the 
two strands. These two  fl uorophores can undergo Forster Resonance Energy Transfer 
(FRET) in the duplex since they are in close proximity. Because FRET ef fi ciency is 
initially high, the donor  fl uorophore is quenched by the presence of the acceptor 
 fl uorophore as a result of non-radiative transfer of energy; however, when the two 
strands are unwound, separated, and displaced into solution, FRET ef fi ciency 
decreases and the quantum yield of the donor  fl uorophore increases. In the case of 
RAD3 family helicases (e.g., XPD, FANCJ, RTEL), which possess an innate FeS 
cluster, this domain quenches  fl uorescence as a function of distance and therefore 
can be used to monitor either DNA unwinding or ssDNA translocation. Variations to 
continuous ensemble unwinding experiments include coupling the unwinding reac-
tion with the binding of  fl uorescently labeled  E. coli  single-stranded binding protein 
(SSB), which undergoes a change in  fl uorescence intensity when it binds to ssDNA 
rapidly and with high af fi nity  [  47  ] . Alternatively,  fl uorescent dyes which intercalate 
between the nitrogenous bases can also be used to monitor DNA unwinding since 
they are either displaced upon strand separation or have different  fl uorescence prop-
erties when bound to ssDNA vs. dsDNA  [  48  ] . Since intercalating agents can have 
adverse effects on helicase activity, gel-based unwinding experiments should be car-
ried out as an important control experiment. Continuous and discontinuous assays 
have different strengths and limitations, and they complement each other in the type 
of information each provides. Fluorescence-based continuous methods give better 
estimates of kinetic parameters since many data points can be collected for a given 
time course while gel-based discontinuous methods give better insight into the extent 
of DNA unwinding and the types of products that are formed. 

 The average kinetic step size of a helicase can be estimated using either continu-
ous or discontinuous “all or none” strand displacement methods. As discussed 
above, in such an experiment, only the fully unwound DNA duplex is detected. 
Since helicase-catalyzed DNA unwinding is a multistep process in which the heli-
case undergoes a series of repeated steps along the DNA substrate until it is unwound 
and because only the fully unwound DNA product is monitored in an “all or none” 
experiment, a lag in product formation is observed in the beginning of the unwind-
ing time course. The duration of this lag phase is proportional to the number of steps 
the helicase must take to fully unwind the DNA and therefore it is sensitive to the 
duplex length. By repeating the unwinding experiment as a function of increasing 
duplex length, the longer DNA substrates will exhibit longer lag phases in the 
unwinding time courses and these lag kinetics can be globally analyzed to estimate 
the average kinetic step size for DNA unwinding  [  21,   49  ] . 

 With the recent advances and developments of instrumentation, there are now 
several “single-molecule” techniques with which a single DNA or a single helicase 
molecule can be observed. Several distinct single-molecule unwinding assays have been 
used to study many DNA helicases  [  50  ] . In total internal re fl ection  fl uorescence 
(TIRF) microscopy, DNA or helicase molecules are tethered onto a microscope slide 
surface and either moiety can be  fl uorescently labeled. By using low concentrations 
of materials as well as evanescent wave excitation, the unwinding or translocation 
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activities of individual helicase molecules can be observed by using FRET or 
protein-induced  fl uorescence enhancement (or quenching) as a metric of distance. 
Alternatively, conformation dynamics of helicase–DNA interactions or inter-
domain movements can also be examined. 

 Another single-molecule approach is the use of high precision optical trap(s), 
and there are several variations of instrumentation used in these experiments. One 
example is the use of dual optical traps in which a DNA substrate has two handles, 
typically polystyrene beads, that are each held in place by the laser traps  [  51  ] . The 
forces exerted on the beads as well as their relative positions to the center of each 
trap can be measured and detected with high precision and accuracy. The DNA 
substrate held by the “optical tweezer” can be pulled and stretched by moving the 
position of one of the traps. Typically, a force vs. ssDNA extension curve is experi-
mentally determined independently in order to convert the measured forces in an 
unwinding experiment to the number of bases unwound. If a DNA hairpin is held 
via the two handles on the optical traps, then as a helicase unwinds the hairpin sub-
strate, 2 nts are released per base pair unwound. Therefore, the extent of DNA 
unwinding is calculated from the calibration curve after the relationship between 
force and extension (position) is established. Under high forces (>12 pN), force vs. 
ssDNA extension can be modeled using a freely jointed chain model. Under very 
lower forces ( 2 pN), secondary structure in the ssDNA may form and the worm-like 
chain model would be a poor representation of force vs. extension  [  52  ] . Despite this 
ambiguous representation, the compactness of ssDNA at low applied forces pro-
vides a second regime where ssDNA products of the helicase-catalyzed unwinding 
can be distinguished from the duplex substrate  [  27  ] . 

 Alternatively, ssDNA translocation can be examined by using a duplex DNA sub-
strate with a nick, and ssDNA can be generated by “pulling” on one of the handles 
thereby ripping open a region of the duplex mechanically. The helicase then be able 
to bind to the newly generated ssDNA region and translocate along the tract until it 
reaches the duplex upon which DNA unwinding occurs and the force exerted on the 
polystyrene bead changes. At this point another region of ssDNA can be generated 
mechanically again to observe another round of translocation. Although ssDNA 
translocation is not monitored directly in such an experiment, translocation activity 
can be inferred by determining the length of the ssDNA region opened mechanically, 
and the time it takes before unwinding is detected. These types of experiments have 
been used to examine the translocation and unwinding activities of the bacteriophage 
T7 helicase and also the HCV NS3 RNA helicase. One advantage of these optical 
tweezer experiments is that forward and reverse motions, and also pausing events, 
can be detected  [  53–  55  ] . Since these events are stochastic in nature, it is not possible 
to detect them using traditional ensemble methods described above. In addition, 
DNA unwinding and ssDNA translocation can be examined in a single experiment 
under the same conditions  [  27  ] , which enables one to compare these two activities 
and determine whether the helicase functions as an active or passive motor. 

 Another type of optical trap experiment employs the use of a single optical trap. 
A long piece of DNA (e.g., bacteriophage  l ) is held by the trap on one end via a poly-
styrene bead. Instead of holding the DNA at another end,  fl ow is applied to the system 
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so that the DNA is stretched in the direction of  fl ow. A DNA intercalating dye (e.g., 
YOYO-1) is used to visualize the nucleic acid. When a helicase binds and unwinds the 
DNA, the dye is displaced and a loss of  fl uorescence signal is observed.  E. coli  RecBCD 
has been shown using such an experiment to pause at Chi regulatory DNA sequences 
(5 ¢ -GCTGGTGG-3 ¢ )  [  22,   24,   54  ] . Building upon this concept, a series of hundreds of 
trapped DNA molecules can be lined up and stretched, thereby forming a “DNA cur-
tain”  [  56,   57  ] . This method allows one to examine the activities of many more helicase 
molecules simultaneously, and RecBCD has been shown to disrupt RNA polymerase, 
lac repressor, and other protein–DNA complexes including nucleosomes  [  58  ] .  

   Helicases in Diseases 

 The genetic code is written as the sequences of the nitrogenous bases in DNA. This 
information is stored within duplex DNA, which is thermodynamically stable. In 
order to access the genetic information, dsDNA must  fi rst be unwound; hence, heli-
case activity is required during DNA replication, recombination, and repair. 
Mutations in human helicases such as BLM, WRN, and XPD can result in Bloom’s 
syndrome, Werner’s syndrome, and Xeroderma pigmentosum, respectively. These 
diseases are characterized by signs of premature aging as a result of genetic instabil-
ity. Defects in the FANCJ helicase is linked to Fanconi anemia, a chromosomal 
instability disorder which results in bone marrow failure and susceptibility to breast 
cancer, ovarian cancer, and acute myeloid leukemia. The molecular basis and mech-
anisms by which the malfunctions of these enzymes result in diseases remain 
unclear. This is because helicases are involved in an intricate network of DNA meta-
bolic enzymes and mediator proteins, and it is not known speci fi cally which interac-
tions are functionally important. In Chap.   6    , DNA helicases associated with cancer, 
aging, and other genetic instability disorders will be discussed in detail; potential 
drug targets and therapeutics will also be described.  

   Remaining Questions 

 Although the  fi eld of DNA helicases research has matured immensely over the last 
decade or so, a number of gaps in our understanding of structure functional relation-
ships, regulation, and integration of DNA helicases remain wide open. Recent 
advancements in instrumentation and method development have enabled research-
ers to monitor DNA unwinding at a single-molecule level with up to one base pair 
resolution. We are now poised to better address some fundamental questions of 
DNA helicases—how the NTP binding and hydrolysis are coupled to base pair 
melting and translocation, and how do helicases unwind and move along DNA? 
There are a number of detailed biochemical and structural studies using bacterial 
helicases as model systems in effort to address these questions. However, mechanistic 
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studies of mammalian helicases and our understanding of these enzymes are limited 
to this date. One research challenge is that these mammalian enzymes are typically 
more complex since they may possess multiple motor subunits or may be a part of 
complicated replication and recombination machinery. Furthermore, these helicases 
are often regulated by posttranslational modi fi cations (PTMs) or interaction with 
regulatory factors. As a result, it has been dif fi cult to reconstitute these systems for 
traditional bulk phase studies in vitro. One way to overcome this obstacle is to 
bypass this problem altogether. For example, using powerful single-molecule meth-
ods, it is possible to tether the entire cellular pool of a helicase of interest on a 
microscope slide. Enzymes possessing PTMs and the PTM type can be identi fi ed on 
the slide surface using  fl uorescence probes speci fi c for the PTM.    This enables all 
positions of modi fi ed and unmodi fi ed enzymes to be identi fi ed and then subsequent 
studies of helicase activity or translocase activity can be correlated to the PTMs. 
Powerful microscopy approaches have also been used to visualize movements of 
helicase subdomains. Continual effort is made to correlate these movements to 
DNA binding as well as nucleotide binding/hydrolysis. These types of experiments 
combined with classical mechanistic studies will provide a better understanding of 
how helicases harness chemical energy to do mechanical work, and how defects of 
helicase function are associated with genetic diseases.  
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  Abstract   Superfamily I is a large and diverse group of monomeric and dimeric 
helicases de fi ned by a set of conserved sequence motifs. Members of this class are 
involved in essential processes in both DNA and RNA metabolism in all organisms. 
In addition to conserved amino acid sequences, they also share a common structure 
containing two RecA-like motifs involved in ATP binding and hydrolysis and 
nucleic acid binding and unwinding. Unwinding is facilitated by a “pin” structure 
which serves to split the incoming duplex. This activity has been measured using 
both ensemble and single-molecule conditions. SF1 helicase activity is modulated 
through interactions with other proteins.      

   Introduction 

 Helicases are molecular motor proteins present in viruses, bacteria, and eukaryotes 
 [  1,   2  ] . They harness the chemical energy of ATP hydrolysis to break the energetically 
stable hydrogen bonding between the duplex DNA. By doing so, helicases allow 
access to the genetic information locked in the duplex DNA. Helicases participate 
in various aspects of nucleic acid metabolism such as DNA replication, recombina-
tion, repair, transcription, translation, and splicing of RNA transcripts  [  3–  13  ] . 
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 Mutations in helicase genes involved in DNA repair processes have been linked 
to numerous human diseases  [  14–  17  ]  in which genomic instability, immunode fi ciency, 
mental retardation, premature aging, and predisposition to cancer are common 
 features  [  14,   15,   18–  21  ] . Some of the diseases caused by defective helicases are 
xeroderma pigmentosum, Cockayne Syndrome, trichothiodystrophy, Werner’s syn-
drome, Bloom’s syndrome, and alpha-thalassemia mental retardation on the X chro-
mosome  [  22–  30  ] . A mutation in superfamily 1 (SF1) helicase Pif1 results in breast 
cancer predisposition  [  31  ] . Mutations in SetX helicase, involved in RNA splicing 
and termination, cause juvenile amyotrophic lateral sclerosis  [  32  ]  and ataxia-ocular 
apraxia 2  [  33  ] , while mutations in IGHMBP2 (Smubp2), involved in translation 
 [  34  ] , result in distal spinal muscular atrophy  [  35  ] . The diverse disease abnormalities 
caused by defective helicases suggest that multiple aspects of DNA and RNA 
metabolism are affected  [  18  ] . 

 In some aggressive cancers, the activity of helicases in DNA repair reduces the 
ef fi cacy of anticancer agents, because many of these agents are targeted to DNA. 
Studies have shown that the ef fi cacy of chemotherapeutic agents could be increased 
by administering drugs that target helicases along with the anticancer drugs  [  36  ] . 
Helicases encoded by herpes simplex virus  [  37–  39  ] , West Nile virus, dengue virus, 
and hepatitis C virus  [  40  ]  are targets for antiviral drug development  [  38,   41  ] . Some 
bacterial helicases such as Rep from  Legionella pneumophilia  are required for 
infection of mammalian cells  [  42  ] . The importance of helicases in the fundamental 
aspects of nucleic acid metabolism and the association of human, bacterial, and 
viral helicases in human diseases makes the study of helicases critical. This also 
makes it essential to understand the mechanisms by which helicases perform differ-
ent biochemical functions so that the relationship between mutations and speci fi c 
disease states can be understood at the molecular level.  

   Functions of Helicases 

 Unwinding of duplex or structured nucleic acids by helicases provides the ssNA inter-
mediates required for metabolism of DNA and RNA  [  43–  45  ] . In vivo, DNA unwind-
ing is coupled to the action of many proteins such as primases, ssDNA-binding 
proteins, polymerases, and other factors depending on the functions of a particular 
helicase. Many of the biological functions of various helicases are listed in Table  2.1 . 
Helicases are implicated in processes ranging from replication to translation  [  8, 
  10–  12,   46–  49  ]  and also in ATP-dependent chromatin remodeling  [  50,   51  ] . 
Replicative helicases deal with the process of nucleic acid replication (initiation, 
elongation, and termination). Helicases play an important role in DNA repair, as 
these are frequently the  fi rst proteins that encounter DNA damage  [  13,   19,   52–  54  ] . 
During DNA repair, the damaged area on the DNA has to be unwound before repair 
can proceed as most DNA repair processes require ssDNA. Helicases play roles in 
both initiation and branch migration during recombination  [  21,   25,   28,   55–  60  ] .  
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 Helicases alter DNA and RNA structures, remodel chromatin  [  24,   51,   61–  65  ] , 
and modulate access to the DNA template by transcriptional machinery. RNA 
 polymerases that are involved in the elongation of RNA transcripts have been 
 considered as helicases that unwind the dsDNA to expose the ssDNA strand that 
serves as the template for RNA synthesis  [  2  ] . Helicases thus play a role in most 
transcriptional processes including activation (TFIIH), initiation (TFIIH, SNF2), 
maintenance (SW1), DNA repair (TFIIH, ERCC6/RAD26), and termination (Factor 2, 
Rho)  [  49,   66–  72  ] .  

   Properties of Helicases 

 Some of the fundamental properties exhibited by helicases are nucleic acid binding, 
ATP binding and hydrolysis, translocation, unwinding of duplex nucleic acids, and 
displacement of proteins bound to the nucleic acid substrate (Fig.  2.1 ), although not 
all helicases are able to perform all of these activities. Helicases unwind DNA with 
a unique directionality (either from 5 ¢  to 3 ¢  or from 3 ¢  to 5 ¢ ) relative to the strand of 
DNA that is bound by the enzyme. RecBCD exhibits bipolar enzyme activity, where 
RecB and RecD components of the complex unwind DNA in 3 ¢ –5 ¢  and 5 ¢ –3 ¢  directions, 
respectively  [  73  ] . Other bipolar helicases are  Bacillus anthracis  PcrA  [  74  ]  and 
 Sulfolobus acidocaldarius  HerA helicase  [  75  ] .  

 Most helicases require a short stretch of ssDNA as a loading strand in vitro, and 
they show a preference for binding to ssDNA over dsDNA. Many helicases 

   Table 2.1    Biological functions carried out by various helicases   

 Biological function  Helicase 

 Replicative helicases  PcrA1, RepA, UvrD, Dda, HSV UL5, HSV UL9, 
DnaB, PriA, T7gp4A and 4B, T4gp41, SV40, 
TAG, Polyoma TAG, BPV E1, MCM 4/6/7, 
Dna2, FFA-1, RecD, TraI, NS3, RecQL4 

 Repair helicases  UvrD, UvrAB, PcrA, Rad3, helicase E, XPD, 
XPB, Dna2, RecD2, BACH1, HDH II, RecQ, 
WRN, Rtel1, BLM, RuvB, Mph 1, CHD4 

 Recombination helicases  RecBCD, RecG, RecQ, RuvAB, PriA, UvrD, T4 
UvsW, HDH II, HDH IV, WRN, Tra I, Rho, 
PDH65, BLM, Srs2, Sgs1, Rtel1 

 Other functions of helicases 

 Transcription  SWI2, SNF2, TFIIH, Rho, Factor 2, TRCF, 
RecQL5, ERCC6/RAD26 

 Translation  HSV UL5, eIF4A, RHA, Ded1p, vasa 
 Chromatin remodeling  Rad54, ATRX, BLM, CHD4 
 Maintenance of telomeres  Pif1, Dna2, Rtel 1, WRN, BLM, FANC 
 Okazaki fragment maturation  Dna2, Pif1, WRN 

  References are cited within  [  19,   21,   24,   28,   55–  58,   61,   63–  65,   90–  92,   135,   150,   159,   163,   179,   191, 
  198–  226  ]   
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(Rep, UvrD, PcrA, Dda, and HSV-UL5) are generally considered to be ssDNA trans-
locases, while other helicases (eIF4A, RecG, and PriA) are dsDNA translocases  [  76, 
  77  ] . Some helicases need a replication fork-like structure on the substrate for  optimum 
unwinding, whereas other DNA helicases can initiate unwinding from blunt-ended 
duplex DNA, such as RecBCD, UvrD, Rep, and RecQ  [  77–  79  ] . While the ATPase 
activity of helicases is low in the absence of DNA, presence of ssDNA stimulates this 
activity  [  80  ] .  

   Superfamily 1 Helicases 

 Helicases are divided into six superfamilies (SF1–6) based on the sequence identity 
among the conserved helicase motifs  [  1,   43,   47,   81  ] . Superfamily 1 is one of the 
largest classes of helicases with members that participate in virtually all steps in 
DNA or RNA metabolism  [  82–  85  ] . SF1 includes three families (Rep/UrvD, Pif1/
RecD, and Upf1 like)  [  86  ]  and can be divided into groups based on the direction of 
translocation on ssDNA: 3 ¢ –5 ¢  for SF1A helicases and 5 ¢ –3 ¢  for SF1B helicases  [  43  ] . 
Some of the well-characterized SF1A helicases are PcrA, Rep, and UvrD T [  87–  92  ] . 

  Fig. 2.1    Biochemical properties of helicases: ( a ) ATP hydrolysis-dependent unwinding of duplex 
DNA by helicase ( blue triangle ). The movement of helicase along the DNA utilizing the energy 
from ATP hydrolysis separates the duplex nucleic acid into single strands. ( b ) An ssDNA translo-
case ( blue triangle ) moves with biased directionality along the DNA powered by ATP binding and 
hydrolysis. The directionality of translocation can be 3 ¢ –5 ¢  or 5 ¢ –3 ¢ . ( c ) A dsDNA translocase ( red 
hexagon ) moves along dsDNA. ( d ) Helicases can displace proteins ( magenta circles ) bound to the 
DNA strand as a result of their biased directional movement (adapted from ref.  [  45  ] )       
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Well-characterized members of SF1B include RecD and Dda  [  93,   94  ]  (He et al., in 
press). The biological functions, polarity, and active forms of some of the SF1 heli-
cases are listed (Table  2.2 ).   

   Helicase Motifs 

 A characteristic feature of helicases is the presence of highly conserved amino acid 
sequences termed the “helicase motifs”  [  46,   47,   95–  98  ] . Based on their sequence simi-
larity and organization, these motifs are useful in the grouping of helicases into differ-
ent families. SF1 and SF2 contain at least seven conserved amino acid motifs whose 
sequences, organization, and secondary structures are, in general, very similar  [  43, 
  46  ] . SF1 (Rep and PcrA) and SF2 (NS3) helicases differ primarily in motifs III and IV. 
In NS3, motif IV makes contacts with the DNA backbone and is not in the same rela-
tive position as motif IV of Rep and PcrA. While motif III of Rep contacts the bound 
ssDNA molecule, this motif in NS3 does not  [  99,   100  ] . The SF1A and SF1B helicases 
also show differences with motifs Ia and III being particularly characteristic for each 
class. These motifs are usually clustered in a core region of 200–700 amino acids, 
separated by stretches of low sequence but high length conservation  [  79  ] . In contrast, 
the N-terminal and C-terminal regions of helicases are characterized by a high degree 
of sequence and length variability. The divergent regions are responsible for individual 
protein functions, whereas the highly conserved motifs are involved in ATP binding 
and hydrolysis or binding and unwinding of nucleic acids. 

 Helicase motifs involved in ATP binding are located at the interface between two 
RecA-like domains  [  43,   46,   47,   95,   96,   101  ]  in the structures of SF1 and SF2 heli-
cases  [  48,   102–  104  ] . Figure  2.2  shows the conserved sequence of the motifs (Q, I, 
Ia, II, III, IV, V, and VI) of the SF1 helicase family and their location in PcrA. The 
biochemical functions of these motifs are described below.  

   Q Motif 

 The Q of the Q motif  [  101  ]  is conserved among all SF1 helicases  [  86  ] . This motif 
coordinates the adenine base and is less conserved among those helicase families 
which do not show speci fi city for ATP  [  86  ] . Mutagenesis suggests that the Q motif is 
required for viability and plays a role in orienting ATP for hydrolysis  [  101,   105  ] .  

   Motif I (Walker A) 

 The consensus sequence of this motif is AxxGxGKT  [  46  ] . It is present in many 
nucleotide-binding proteins and forms a phosphate-binding loop  [  106  ] . The 
 residues “GKT” are required for the interaction of the protein with Mg 2+  and 
ATP  [  107  ] . The conserved G in GKT helps to maintain the  fl exible loop confor-
mation  [  46  ] .  
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   Motif Ia 

 The consensus sequence for motif Ia is TxxAA. It has been suggested that this motif 
is involved in ssDNA binding  [  89  ]  and energy transduction from the ATP-binding 
site to the DNA-binding site  [  86  ] . For the SF1 helicases (UvrD, Rep, Pif1), motifs 
Ia and III have been proposed to play important roles in de fi ning translocation 
 polarity  [  94  ] .  

  Fig. 2.2    Schematic representation of the motifs of SF1 helicases: ( a ) The consensus sequences for 
the conserved helicase motifs of SF1 helicases and PcrA are shown. The N-terminus of the protein 
is on the  left  and C-terminus is on the  right  side. Labels below the boxes are the names assigned to 
the motifs (motifs Q, I, Ia, II–VI). The relative positions of motifs and spacing between motifs are 
arbitrary. The consensus amino acid sequences of PcrA are taken from refs.  [  46,   89  ] . ( b ) The crys-
tal structure of PcrA helicase (Protein Data Bank code 3PJR)  [  87,   89  ]  bound to DNA ( dark green ) 
illustrating the different conserved motifs. The helicase motifs are in the cleft formed between the 
two RecA-like domains ( grey ). The colors of different motifs in the structure are as follows: motif 
Q,  blue ; motif I,  orange ; motif Ia,  cyan ; motif II,  magenta ; motif III,  yellow ; motif IV,  red ; motif 
V,  green ; motif VI,  purple        
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   Motif II (Walker B)  [  108  ]  

 This motif, DExx, is involved in NTP hydrolysis  [  46,   76,   86  ] . The D and E residues 
coordinate the ATP-associated Mg 2+  and activate the attacking water molecule, 
respectively  [  109,   110  ] . Mutation of these residues reduces ATPase and helicase 
reactivity  [  111–  113  ] .  

   Motif III 

 The consensus sequence for motif III is GDxxQLPP  [  86  ] . It functions in DNA bind-
ing through base stacking and hydrogen bonding with the bases  [  76  ] . The close 
proximity of some residues in motifs III to that in motif II suggests that motif III 
transduces the energy of ATP hydrolysis to the DNA  [  88  ] . Motif III mutants of UL5, 
UvrD, and eIF-4A exhibited uncoupling of ATPase and helicase activities  [  79,   110, 
  114  ] . The highly conserved Q in motif III contacts the  g -phosphate of the bound 
nucleotide in PcrA  [  89  ] , UvrD, and UL5  [  113,   115  ] . These results imply a role for 
motif III in coupling ATP hydrolysis with the unwinding of duplex DNA.  

   Motif IV 

 The consensus sequence for this motif varies among the three families within SF1. 
Motif IV supplies a stacking platform (conserved Y) for the adenine base  [  88  ]  as 
well as direct contact with the  g -phosphate, suggesting that it may be involved 
directly in hydrolysis of the NTP  [  89  ] .  

   Motif V 

 This motif interacts with the sugar-phosphate backbone of the DNA. Motif V mutants of 
UL5 exhibited reduced af fi nity for ssDNA and reduced rates of ATP hydrolysis  [  116  ] .  

   Motif VI 

 The consensus sequence for this motif is VA(L/Y)TRA(K/R)  [  86  ] . It is proposed to 
be a part of the ATP-binding cleft and is involved in coupling the helicase and 
ATPase activities of the protein  [  88  ] . Several helicases exhibited nucleic acid bind-
ing defects when motif VI residues were altered  [  110  ] . Motif VI mutants of UvrD 
exhibited reduced ssDNA binding, ATP hydrolysis rate, and ligand-induced 
 conformational changes  [  117  ] . In motif VI mutants of UL5, an uncoupling of 
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ATPase and helicase activity was observed  [  113  ] . Studies on PcrA  [  89  ]  and Upf1p 
 [  112,   113,   117  ]  suggest that motif VI, by virtue of its close proximity to the NTP- 
and DNA-binding sites, mediates ligand-induced conformational changes, which 
are essential for the helicase to move along the nucleic acid substrate  [  88  ] . 

 The conserved motifs bind and hydrolyze ATP and transduce the resulting energy 
to cause conformational changes in the helicase. These motifs function together to 
drive directional movement along ssDNA or dsDNA. They participate in the com-
munication between nucleic acid and ATP-binding sites  [  118  ] . The ability to unwind 
dsDNA appears to be provided by additional protein domains which do not contain 
the helicase motifs  [  48  ] .   

   Helicase Structure 

 SF1 helicases constitute one of the best structurally characterized helicase families. 
The crystal structures have revealed that the helicase motifs are clustered together in 
two RecA-like domains, forming an ATP-binding pocket between them and a part of 
the nucleic acid-binding site. The nonconserved regions may contain speci fi c domains 
such as protein–protein interaction domains, cellular localization domains, and 
DNA-recognition domains speci fi c to individual helicases. Several helicase struc-
tures have been solved in the last decade contributing signi fi cantly to the overall 
understanding of the mechanism of SF1 helicases. Figure  2.3  shows the structures of 
two SF1A and two SF1B helicases  [  87–  89,   93,   94,   103  ]  (He et al., in press).  

   Structure of SF1A Helicases (PcrA and UvrD) 

 The  fi rst helicase structure to be solved was that of PcrA from  B. stearothermophilus  
 [  87,   89  ] . PcrA is composed of four domains (1A, 2A, 1B, and 2B) (Fig.  2.3a ), resem-
bling other SF1 helicases  [  119–  121  ] . The ATP-binding site is situated in a cleft between 
the RecA-like domains (1A and 2A). This cleft opens and closes in response to nucle-
otide binding and hydrolysis suggesting how translocation could occur  [  88,   89  ] . In 
UvrD (SF1A helicase), binding of an ATP analog, AMPPNP, in the cleft between 
domains 1A and 2A (Fig.  2.4 ) induces a 20° rotation between domain 2A and the 
remaining three domains (1A, 1B, and 2B). Upon AMPPNP binding, the duplex moves 
domains 1A/1B/2B towards 2A leading to untwisting of the duplex DNA as single-
stranded DNA is pulled through the active site  [  122  ] . The structural data for UvrD, as 
for PcrA, predict one nt translocated and one bp unwound per ATP hydrolyzed.   

   Structure of SF1B Helicases (RecD2 and Dda) 

 A crystal structure of  Deinococcus radiodurans  RecD2 helicase with ssDNA  [  93  ]  is 
shown in Fig.  2.3c . RecD2 comprises  fi ve domains: the N-terminal, 1A, 1B, 2A, and 
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2B domains. Domains 1A and 2A have the RecA-like fold seen in all SF1 and SF2 
helicases  [  48  ] . Domain 1B forms a rigid  b -hairpin that protrudes from the surface of 
domain 1A, and the 2B domain has an SH3 fold  [  93  ] . The ssDNA-binding site runs 
in a 5 ¢ –3 ¢  direction along a channel across the top of domains 2A and 1A. The DNA 
is also contacted by the 1B and 2B domains that form the sides of the channel. 

  Fig. 2.3    Crystal structures of SF1A (PcrA, UvrD) and SF1B (RecD2, Dda) helicases: ( a ) Ribbon 
diagram of PcrA helicase from  Bacillus stearothermophilus  (Protein Data Bank code 3PJR)  [  87, 
  89  ] . The RecA-like domains 1A and 2A are shown in  grey  and  green  colors, respectively. The 
structure shows the  red  1B domain and the pin ( purple ) separating the strands of duplex DNA. The 
2B domain is shown in  cyan . ( b ) Structure of  Escherichia coli  UvrD helicase (PDB code 2IS1 
 [  122  ] ). Domains are colored as in ( a ). ( c ) Structure of RecD2 helicase from  Deinococcus radio-
durans  (PDB code 3GPL  [  93  ] ). Domains 1A, 2A, and 2B are colored as in ( a ). The beta-hairpin 
(1B) is  red . The N-terminal domain is colored  orange . ( d ) Structure of bacteriophage T4 Dda 
helicase bound to ssDNA (PDB id: 3UPU) (He et al., in press). The domains are colored as in ( c ). 
Nucleic acid is colored  yellow  in all structures       
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 Although the location of the ssDNA-binding site is similar in SF1A and SF1B 
helicases  [  88,   89  ] , the contacts between the protein and the DNA and conformation 
of the DNA are different. PcrA interacts with the DNA through stacking of aromatic 
side chains with the DNA bases and there are relatively few contacts with the DNA 
backbone  [  89  ] . In contrast, the majority of protein–DNA contacts in RecD2 are via 
the phosphodiester backbone  [  93  ] . The bound ssDNA is in a con fi guration more 
similar to that found in a DNA duplex, with the bases stacked against one another, 
unlike the extended conformation observed in PcrA. Interestingly, the RecD2 mode 
of binding is more similar to that seen in SF2 enzymes such as NS3, Rad54, Vasa, 
and Hel308  [  104,   123–  125  ]  rather than SF1A helicases  [  126  ] . 

 Even though there is signi fi cant structural similarity between SF1A and SF1B 
enzymes, they translocate in opposite directions. Comparison of the structures of 
PcrA and RecD2 shows that both SF1A and SF1B helicases bind the ssDNA in the 
same orientation (2A domain on the 5 ¢  side of the DNA, 1A domain on the 3 ¢  side 
of the DNA)  [  89,   94  ] , and reveals how directionality is determined (Fig.  2.5a, b ) 
 [  89,   94,   127  ] . Opening and closing of the cleft between the 1A and 1B domains in 
the presence and absence of ATP appears to provide the means of translocation  [  89  ] . 
The RecA-like domains bind to DNA and upon binding to ATP, the more weakly 
bound domain shifts towards the more tightly bound domain. For PcrA (SF1A), 
domain 1A moves towards domain 2A upon ATP binding, resulting in translocation 
in the 3 ¢ –5 ¢  direction  [  94,   127  ] . For RecD2 (SF1B), ATP binding causes movement 
of domain 2A towards domain 1A, resulting in 5 ¢ –3 ¢  translocation  [  94  ] . The net 
forward movement occurs in one nt physical steps with each ATP hydrolyzed. The 
ef fi ciency of helicases may vary, with some ATP hydrolysis events being uncoupled 

  Fig. 2.4    Crystal structures of ( a ) UvrD–DNA and ( b ) UvrD–DNA–AMPPNP complexes  [  122  ] . 
The four domains (1A, 1B, 2A, and 2B) are colored  grey ,  red ,  green , and  cyan , respectively. The 
Pin region is shown in  purple . The 3 ¢ -ssDNA tail is bound across domains 1A and 2A. Domains 
1B and 2B interact with the DNA duplex. Binding of AMPPNP ( brown ) induces domains 2A and 
1A to rotate towards each other by 20°       
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from movement. Despite being in the same superfamily, SF1A and SF1B helicases 
exhibit signi fi cantly different mechanisms.   

   Duplex DNA Is Split by the Pin Region 

 In addition to the RecA-like 1A and 2A domains containing the conserved helicase 
motifs, all SF1 helicases contain accessory domains which can vary in structure. 
One common feature of these domains is the presence of a pin or wedge which func-
tions to split the incoming DNA. The pin was  fi rst discovered in the SF2 helicase 
Hel308 from  Archaeoglobus fulgidus   [  125  ] . A pin splitting the DNA was observed 
previously in RecC  [  103  ] , the Chi recognition protein of the RecBCD helicase com-
plex and in RuvA  [  128,   129  ] , which along with RuvB and RuvC catalyzes branch 
migration resulting in Holliday junction resolution. 

  Fig. 2.5    Comparison of the translocation mechanism of SF1A (PcrA) and SF1B (RecD2) heli-
cases: In both enzyme classes, a cycle of ATP binding and hydrolysis induces conformational 
changes that result in translocation of the protein along DNA, but in opposite directions.  Dark grey 
circles  represent domains that have a tight grip on the ssDNA, and  light grey circles  represent 
domains that have a weaker grip and can slide along the DNA. Conversion between tight and weak 
grip ( dark  and  light grey circles ) is indicated by  arrows . ( a ) The translocation mechanism of PcrA 
is shown in cartoon form demonstrating the change in af fi nity for ssDNA of domains 1A and 2A 
during translocation. Prior to ATP binding, ssDNA is bound to the enzyme spanning the 1A and 
2A domains. Binding of ATP induces closure of the cleft between 1A and 2A domains. At this 
point, the grip is tightest on the 2A domain, causing the DNA to slide across the 1A/1B domains. 
Upon ATP hydrolysis, bind to ssDNA in 1A becomes tighter, whereas binding of ssDNA in 2A 
becomes weaker, releasing ssDNA. The domains also move apart, due to domain 2A sliding for-
ward, causing the ssDNA to be pulled along the DNA-binding channel relative to the domain 2A. 
The result is translocation along the DNA in a 3 ¢ –5 ¢  direction (indicated by  black arrows ). ( b ) 
Translocation mechanism of RecD2 helicase. When ATP binds to the enzyme, the cleft closes 
between 1A and 2A motor domains, causing domains 2A and 2B to slide along the DNA backbone 
( black arrows ). The contacts between domain 1A and the DNA remain tight to anchor the DNA as 
domains 2A and 2B slide along it. When the conformational change is complete, the grip of domain 
1A on the DNA is loosened. Then, ATP hydrolysis takes place, allowing the cleft to relax to the 
open conformation. The DNA is pulled back by domains 2A and 2B, which now have a tighter grip 
on bound DNA than domain 1A. This causes the DNA to slide across the surface of domain 1A as 
it moves away from domains 2A and 2B. The result is translocation by one base in a 5 ¢ –3 ¢  direction 
( black arrows ) during a single round of ATP binding and hydrolysis (adapted from ref.  [  94  ] )       
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 The location of the pin varies to correspond with the direction of translocation. 
For SF1A helicases, the 2A domain leads during unwinding in the 3 ¢ –5 ¢  direction. 
In the structures of PcrA with DNA bound (Fig.  2.3a )  [  89  ]  a pin is visible, posi-
tioned at the junction of the duplex and ssDNA. For SF1B helicases, 1A is the lead-
ing RecA-like domain, and an insertion in this domain, domain 1B, serves as the pin 
(Fig.  2.3c, d )  [  93  ] . In each case, the pin is positioned appropriately to split the 
incoming duplex during translocation along the ssDNA. Based on the structure of 
RecD2 bound to DNA, a mutant lacking the pin was designed which was com-
pletely devoid of unwinding activity although it hydrolyzed ATP at the same rate as 
wt RecD2  [  93  ] . 

 A recent report demonstrates that the mere presence of the pin is not suf fi cient 
for helicase activity (He et al., in press). Speci fi c residues in the pin may be neces-
sary for helicase activity. For the SF1B helicase Dda, mutation of a single F 
residue in the pin which stacks with the ssDNA completely eliminates strand sep-
aration although translocation on ssDNA is unaffected. In the case of RecD2  [  93  ] , 
the pin is short and it appears to function only in splitting the incoming duplex. 
Dda contains a long  b -hairpin which is anchored at its tip by electrostatic interac-
tions to domain 2B, allowing it to function not only directly in splitting the dsDNA 
but also in coupling ATP hydrolysis to unwinding (He et al., in press). Like Dda, 
the hepatitis C virus NS3 helicase (SF2) contains an extended pin  [  100  ] , and 
mutation of conserved residues with this pin also uncouples ATP hydrolysis from 
unwinding  [  130  ] .   

   Ensemble Kinetics for Helicase-Catalyzed DNA Unwinding 
of dsDNA and Translocation on ssDNA 

 SF1 helicases unwind the DNA in a stepwise manner so that more steps are required 
to unwind longer duplexes. Unwinding of duplexes of varying length has led to 
several descriptors of the kinetic and physical constants associated with helicases. 
One of the most discussed values relates to the “step size.” The kinetic step size 
refers to the number of base pairs unwound prior to a rate-limiting kinetic step. This 
value can be determined by measuring unwinding of increasing length duplexes 
 [  131  ] . The kinetic step sizes for some SF1 helicases are shown in Table  2.3 . The 
physical step size refers to the number of base pairs that are unwound simultane-
ously. Single-molecule approaches have provided direct measures of the physical 
step size for a number of helicases (see below). The relationship between the kinetic 
step and the physical step size may be complex. A helicase might unwind one base 
pair at a time (physical step of one), but then proceed through a slow conformational 
change that occurs every three base pairs, resulting in a kinetic step size of three 
bps. The chemical step size refers to the number of base pairs unwound per ATP 
hydrolyzed. In the simplest case, all of these values are equal to one. However, there 
may be differences and care must be taken to distinguish between these values when 
comparing the activity of one helicase to another.  
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 Similar to the unwinding studies, translocation can be examined by measuring 
the time needed to reach the end of varying lengths of ssDNA. The lag phase for 
these measurements provides kinetic information that can give rise to kinetic step 
sizes, rates of translocation, and coupling ef fi ciencies when combined with ATP 
hydrolysis measurements. One assay that provided a breakthrough in helicase 
ATPase studies was the development of the phosphate-binding protein for measur-
ing phosphate release kinetics  [  91  ] . This assay has been instrumental in relating the 
rates and ef fi ciencies of ATPase activity to movement on ssDNA. However, it has 
not been generally applied, as yet, to understanding unwinding of dsDNA. 

 Helicases can be described as acting by an active or passive mechanism in refer-
ence to whether they actively separate the duplex or simply trap single-stranded 
intermediates that form as a result of thermal fraying  [  132,   133  ] . One suggestion for 
classifying active vs. passive helicases relies on comparing the ratio of the velocity 
for translocation on ssDNA to the velocity for unwinding of dsDNA  [  133  ] . If this 
ratio falls between 0.25 and 1, then a helicase can be considered as active. Most 
helicases likely fall between these extremes, and for some SF1 helicases, compari-
son of unwinding and translocation rates is complicated by oligomerization that 
occurs during unwinding  [  119,   134,   135  ] . However, bacteriophage T4 Dda has been 
shown to unwind duplex DNA and translocate on ssDNA at the same rate suggest-
ing that it functions by a completely active mechanism  [  136  ] .  

   Single-Molecule Methods Provide New Insights 
into SF1 Helicases 

 Breakthroughs in technology have resulted in corresponding breakthroughs in biol-
ogy, and this theme has held true in understanding helicase mechanisms. Single-
molecule Förster resonance energy transfer (smFRET) as well as laser tweezers or 
magnetic tweezers have been extensively applied to the study of helicases during 
the past decade  [  137,   138  ] . These techniques are particularly useful for visualizing 
kinetic events that are “hidden” within ensemble experiments. Recognition of the 
Chi sequence in DNA causes RecBCD to pause and reduce its translocation rate to 
approximately one-half the initial rate  [  139–  141  ]  resulting in a switch in motor 
usage with RecD being the lead motor prior to Chi and RecB after the Chi sites 
 [  142  ] . Magnetic tweezer analysis reported the average unwinding rate by RecBCD 
to be 900 bp/s  [  143  ]  and the processivity of the complex to be ~1. 

 The physical step size can be directly observed in some cases using smFRET or 
laser tweezers. Single-molecule studies of PcrA reported the unwinding step size 
to be one nt  [  144  ] , whereas a kinetic step size of four nts for translocation was 
estimated from ensemble experiments  [  145  ] . The larger kinetic step size deter-
mined from ensemble analysis could be an overestimation due to the presence of 
static disorder. In the case of Dda, single-molecule and ensemble experiments 
reported the unwinding rate to be ~250 bp/s and the rate varied little for forces 
ranging from 5 to 13 pN  [  136  ] . 
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 The mechanisms by which helicases catalyze protein displacement are begin-
ning to be explored  [  146  ] . Single-molecule studies revealed the repetitive move-
ments of Rep, PcrA, and UvrD helicases on the same stretch of DNA. The in vitro 
smFRET studies showed that the shuttling of the Rep monomer on ssDNA can 
prevent RecA  fi lament formation  [  147  ] , and that PcrA reeling in ssDNA can 
remove a preformed RecA  fi lament  [  144  ] . Two other SF1 helicases, yeast Srs2 
 [  148,   149  ]  and UvrD  [  150  ] , can displace Rad51 and RecA presynaptic  fi laments 
from ssDNA, respectively. Single-molecule studies offer insight into why many 
helicases display only limited unwinding processivity in vitro. For Rep, the reduced 
processivity in vitro is due to the relative instability of the functional complex 
 [  120  ] . The open and closed conformational states of Rep helicase undergoing ATP 
hydrolysis while bound to DNA were studied using smFRET  [  151  ] . The biological 
signi fi cance of having multiple conformations might be to regulate the helicase 
activity. Recent developments in three (or more)-color FRET  [  152,   153  ]  should 
enable one to obtain simultaneous information on more than one activity, for 
example, ATP cycling and movement on DNA.  

   Protein–Protein Interactions That Regulate Helicase Activity 

 Helicases translocate along nucleic acids while separating dsDNA into single 
strands. Translocase activity alone is, in some cases, insuf fi cient for helicase activ-
ity. In these cases, oligomerization and/or interactions with other proteins can regu-
late their translocase and helicase activities. Oligomerization can affect their 
NTPase, DNA-binding and -unwinding activities  [  45  ] . The monomeric forms of 
some SF1 enzymes, Rep  [  119,   120,   147,   154,   155  ] , UvrD  [  121,   134,   156  ] , and PcrA 
 [  89,   91,   127,   145  ] , are processive translocases  [  91,   92,   156,   157  ] , but do not display 
DNA unwinding activity in vitro  [  147  ] . On the other hand, the SF1 helicases Dda 
 [  158  ]  and TraI  [  159  ]  are able to function as monomeric helicases in vitro, b. But 
with the exception of the TraI, the SF1 helicases, when examined by themselves, 
generally unwind DNA with low processivity in vitro. 

 The nucleic acid unwinding processivity of some SF1 helicases can be increased 
signi fi cantly either through self-assembly or interactions with accessory proteins 
 [  119,   121,   134,   135,   160  ] . Rep helicase (SF1A) exists as a monomer in the absence 
of DNA  [  161  ] . However, Rep undergoes a DNA-induced dimerization upon binding 
either ss or dsDNA  [  132,   162  ] , and the dimer appears to be the active form of the 
Rep helicase  [  119,   132,   161,   163–  165  ] . Single turnover kinetic studies of UvrD-
catalyzed DNA unwinding suggested that dimers are the minimal oligomeric form 
needed for optimal helicase activity  [  121,   134,   135  ] . In the case of Pif1, binding of 
ssDNA induces protein dimerization  [  166  ] . Oligomerization provides the active 
helicase with multiple DNA- and NTP-binding sites that are necessary for optimal 
DNA unwinding activity. 

 Regulation of helicase activity through protein–protein interactions may occur 
by altering conformations of the helicase. Crystal structures of Rep bound to ssDNA 
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showed open and closed forms that differ in the 2B domain orientation  [  88  ]  
(Fig.  2.6 ). Deletion of the 2B domain in Rep was found to activate the helicase 
activity  [  154,   155  ] . Although, earlier smFRET studies have suggested the closed 
form of Rep to be an inhibited form  [  167  ] , later detailed studies revealed two dis-
tinct Rep-partial-duplex DNA conformations in the ATP g S and ADP states. Here 
the primary conformation is found to be similar to the closed form, and in the sec-
ondary conformation the duplex DNA and 2B domain are rotated relative to the rest 
of the protein  [  151  ] . The multiple conformations may provide a mechanism of regu-
lation of helicase activity whereby interactions between Rep and other proteins may 
determine the relative conformational states of domain 2B.  

 In addition to helicases interacting among themselves, they can interact with 
other helicases to modulate their activity. It has been reported that Pif1 helicase 
activity is essential in  top3  mutants in an Sgs1-dependent manner  [  168  ] . Pif1 has 
been suggested to strip Sgs1 from DNA, thereby downregulating the activity of 
Sgs1. Srs2 helicase has been reported to have a similar role in the disassembly of 
Rad51  fi laments  [  148,   149  ] . Interaction between Rep and DnaB has been suggested 
to promote fork progression along protein-bound DNA  [  169  ] . 

 Many SF1 enzymes are poor helicases in vitro; therefore, it is not surprising that 
their activities are enhanced through interactions with accessory proteins. Several 
helicases from prokaryotes and eukaryotes interact with other proteins to stimulate 
helicase activity  [  170–  174  ] . The phage  F x174 gene A protein increases the helicase 
processivity of Rep  [  175–  178  ] . PcrA is a nonprocessive helicase with dif fi culty 
unwinding even short lengths of duplex DNA  [  145  ] , but the presence of plasmid 
replication initiator protein, RepD, enables PcrA to separate duplexes with high 
processivity  [  160,   179,   180  ] . 

  Fig. 2.6    Crystal structure of  E. coli  Rep helicase (PDB code 1UAA  [  88  ] ) in the open and closed 
conformations. Rep consists of four domains 1A, 1B, 2A, and 2B which are colored  grey ,  red , 
 green,  and  cyan,  respectively. The open ( a ) and closed ( b ) conformations differ by rotations of 
around 130° of the 2B domain about a hinge region connecting it to the 2A domain  [  167  ] . The 
other domains are unchanged in both forms       
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 The RecBCD holoenzyme contains two motors RecB (SF1A) and RecD (SF1B) in 
addition to the Chi recognition protein RecC  [  142  ] . RecBCD is compared to the 
world’s fastest supercar  [  181  ] , since with the RecB and RecD helicase motors  [  73, 
  182  ] , RecBCD is capable of moving along DNA at over 1,000 base pairs per second 
 [  183  ] . RecBCD is able to switch which of the two motors takes the lead, thereby regu-
lating the translocation velocity of the complex  [  142  ]  following the recognition of 
recombination hotspots called Chi sites  [  184,   185  ] . RecB helicase is activated through 
an interaction with RecC. RecB is a poor helicase by itself  [  186  ] , but in complex with 
RecC is highly processive  [  139,   182,   183,   187  ] . Interaction with the accessory protein 
RecC is suggested to relieve an inhibitory function of the 2B subdomain of RecB 
 [  188  ] . Similarly, the inability of Rep monomers to function as helicases in vitro seems 
to be the result of an autoinhibitory effect of its subdomain 2B, and the deletion of this 
domain stimulates helicase activity of the Rep monomer  [  155  ] . 

 Increased helicase processivity has been linked to helicase–SSB interactions 
 [  173,   189  ] . Rep and UvrD advance movement of replisomes blocked by nucleopro-
tein complexes in vitro  [  190  ] . Here the binding of successive monomers of Rep or 
UvrD at a blocked fork could facilitate protein displacement. Okazaki fragment 
processing in eukaryotes can occur either by the FEN1-only pathway or the two-
nuclease pathway  [  191  ] . It has been reported that Dna2, Pif1, and RPA, the proteins 
of the two-nuclease pathway, stimulate FEN1 acting in the one-nuclease pathway 
 [  192  ] . Interactions with these proteins may change the conformation of FEN1 to 
optimally function on the substrate  [  192  ] . 

 Saccharomyces Rrm3 helicase (SF1B) promotes replication fork progression 
through telomeric and subtelomeric DNA. Rrm3 is telomere-associated in vivo, 
suggesting a direct role in telomere replication  [  193  ] . Rrm3 is also needed for the 
timely replication of the entire genome, possibly through its role in promoting fork 
progression through dif fi cult-to-replicate sites  [  194  ] . Rrm3 interacts with the cata-
lytic subunit of DNA polymerase epsilon as it moves through both Rrm3p-dependent 
and -independent sites  [  194  ] . 

 In addition to the stimulatory effects, some helicase-accessory protein interac-
tions reduce the helicase activity. Through structural, biochemical, and functional 
studies, it was shown that the Srs2 helicase interacts with SUMO-PCNA thereby 
suppressing the Rad52-dependent recombinational repair pathway  [  195  ] . Also, Pif1 
helicase negatively regulates telomere lengths by catalytically inhibiting telomerase 
activity  [  196–  198  ] .  

   Conclusion 

 The overall view from these studies is that SF1 helicases have multiple DNA-
binding sites and that the entire enzyme does not move as a single unit, but instead 
different domains of the enzyme move at different times during the translocation–
unwinding cycle as a function of ATP binding and hydrolysis. The description of 
this movement as an “inchworm” appears to hold true. Although the structures and 
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helicase motifs are quite similar, the in vivo activities vary, which are likely achieved 
through structural differences outside of the 1A and 2A (RecA-like) domains. These 
variations can affect how the helicase interacts with the DNA substrate and how it 
interacts with other proteins which regulate its activity. 

 Despite the impressive progress made in understanding the kinetic and chemical 
mechanisms of helicases, there is much to be learned. The speci fi c mechanism(s) 
by which most helicases actively pry apart the duplex remain to be determined. 
The speci fi c step in the overall mechanism that limits the rate of the reaction is 
generally not known. Some data suggest that steps in the ATP hydrolysis cycle such 
as release of phosphate may limit the overall rate of DNA unwinding. The interac-
tions between protein and DNA with the loading strand (or translocase strand) 
have been de fi ned but interactions with the displaced strand largely remain a mys-
tery. The role of protein–protein interactions in helicase mechanisms and other 
regulatory mechanisms remains to be uncovered. Finally, the speci fi c mechanisms 
whereby helicases displace other proteins from DNA remain to be determined. 
There are certainly many unanswered questions that will require continued growth 
in the  fi eld.      
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  Abstract   Effective transcription, replication, and maintenance of the genome 
require a diverse set of molecular machines to perform the many chemical transac-
tions that constitute these processes. Many of these machines use single-stranded 
nucleic acids as templates, and their actions are often regulated by the participation 
of nucleic acids in multimeric structures and macromolecular assemblies that restrict 
access to chemical information. Superfamily II (SF2) DNA helicases and translo-
cases are a group of molecular machines that remodel nucleic acid lattices and 
enable essential cellular processes to use the information stored in the duplex DNA 
of the packaged genome. Characteristic accessory domains associated with the sub-
groups of the superfamily direct the activity of the common motor core and expand 
the repertoire of activities and substrates available to SF2 DNA helicases, translo-
cases, and large multiprotein complexes containing SF2 motors. In recent years, 
single-molecule studies have contributed extensively to the characterization of this 
ubiquitous and essential class of enzymes.  

    Chapter 3   
 Structure and Mechanisms 
of SF2 DNA Helicases       

         David   C.   Beyer*   ,    Mohamed   Karem   Ghoneim* , and      Maria   Spies      

    D.  C.   Beyer   •    M.   Spies (*)   
     Department of Biochemistry ,  University of Iowa Carver College of Medicine ,
  Iowa City ,  IA ,  USA      
e-mail: maria-spies@uiowa.edu

  M.  K.   Ghoneim  
     Center for Biophysics and Computational Biology ,  University of Illinois 
Urbana-Champaign ,   Urbana ,  IL ,  USA              

* These authors contributed equally to this work.



48 D.C. Beyer et al.

        Superfamily II Helicases and Translocases 

 Helicases are a subset of nucleic acid (NA) translocases, enzymes that convert the 
energy of ATP hydrolysis into directional motion along polar NA substrates  [  1–  6  ] . 
Superfamily II (SF2) helicases and translocases make up the largest and most  structurally 
diverse group of these motor proteins  [  1  ] . Much like SF1 enzymes (see Chap.   2    ), SF2 
proteins are so grouped owing to a common set of “helicase signature motifs”  [  4–  8  ] . 
Further structural and functional studies have shown, however, that the two conserved 
domains containing the signature motifs form a general-purpose motor core, the pri-
mary biochemical function of which being the transduction of energy produced through 
ATP binding and hydrolysis into directional motion along a NA lattice  [  1,   9  ] . This 
motor core consists of two RecA-like folds termed helicase domain 1 (HD1) and heli-
case domain 2 (HD2); HD1 and HD2 correspond to RecA-like folds 1A and 2A in SF1 
motors  [  1,   10  ] . Changing af fi nities of the two motor domains for DNA during the 
ATPase cycle bias the energy landscape and enables directional translocation. Helicase 
activity itself results from the actions of accessory domains unique to each enzyme that 
couple the biochemical activity of NA strand separation to the translocating action of 
the motor core  [  4–  6  ] . Interestingly, SF2 enzymes exhibit a range of modular accessory 
domain architectures that expand the repertoire of the superfamily to include such 
diverse activities as replication fork reversal, chromatin remodeling, and even peptide 
export, all coupled to the action of the conserved motor core  [  11–  13  ] . Recent sequence 
analysis of SF2 proteins identi fi ed six major families involved in DNA metabolism, 
each named after their archetypal member (RecG, RIG-I, RecQ, Rad3, Ski2, and Swi/
Snf); these families within SF2 are the foci of this chapter  [  1  ] . 

 Figure  3.1a  shows the relative composition of SF2, grouped by substrate 
speci fi city  [  1,   4–  6  ] . RNA helicases make up a clear majority of SF2 proteins when 
sorted this way, with the DEAD-box family of these enzymes being particularly 
numerous.  Bona  fi de  DNA helicases make up the next largest group, followed by 
ss- and dsDNA-speci fi c translocases. Singleton et al. proposed a system for classi-
fying helicases with respect to translocation direction, or polarity  [  5  ] . The orienta-
tion of the SF2 motor core to its NA substrate within the context of this system is 
shown in Fig.  3.1b : motors that operate in the 3 ¢ –5 ¢  and 5 ¢ –3 ¢  directions are classi fi ed 
as SF2A and SF2B, respectively. Although SF1 and SF2 bind NA lattices in the 
same relative orientation, that is, with HD1 oriented towards the 5 ¢  end of the trans-
location strand, SF2 enzymes interact primarily with the phosphodiester backbone 
of their NA substrates while SF1 helicases intercalate the nucleobases in speci fi c 
pockets of the motor core enabling a “Mexican wave”-like translocation (see Chap. 
  2    )  [  4–  6,   8,   14,   15  ] . The motor domain orientation and interaction of SF2 motors 
with the phosphodiester backbone is re fl ected in the B-form conformation of the 
NA lattice in  fi rst three panels of Fig.  3.1b . Many DEAD-box helicases are hypoth-
esized to dismantle secondary structures present at sites essential to RNA quality 
control  [  16  ] . This highly local helicase function requires relatively limited proces-
sivity; structural and functional studies have shown that these enzymes make more 
extensive contacts with the heterocyclic bases of their NA substrates, a situation that 
would necessarily hinder the progress of an SF2 motor core optimized for back-
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bone-mediated translocation  [  4–  6,   8,   16  ] . A diagram representing DNA binding by 
this group is shown in the last panel of Fig.  3.1b .   

   The SF2 Motor Core 

 Translocation of SF2 motor cores along NA lattices is accomplished by the con-
certed action of the HD1 and HD2 moieties  [  2,   4–  6,   8  ] . Current data suggest this 
action mirrors the “inchworm” model of translocation proposed for other helicase 
superfamilies (Chaps.   1     and   2    )  [  2,   4–  6,   9,   16  ] . Containing 11 conserved motifs 

  Fig. 3.1    Superfamily II, 
a varied class of NA 
motor proteins. ( a ) 
Shows the major groups 
of SF2 grouped by 
substrate speci fi city. 
RNA helicases make up 
the largest portion, with 
DNA helicases and 
translocases making up 
(roughly) the other half. 
( b ) Displays the binding 
modes of SF2A and 
SF2B enzymes as 
described by Singleton 
et al.  [  5  ] . The  lower 
panels  show the 
orientation of the 
helicase domains in SF2 
dsDNA translocases and 
DEAD-box proteins       
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(Q, I, Ia, Ib, II, III, IV, IVa, V, Va, and VI), the SF2 helicase domains are dia-
grammed in Fig.  3.2a   [  1  ] . A subset of the P-loop NTPases, SF2 enzymes use the 
sterically optimized Walker A and B motifs to hydrolyze NTPs  [  2  ] . The SF2 DNA 
translocases and processive helicases possess a Q motif that confers speci fi city 
for ATP  [  17  ] . Helicase motifs I and II, containing the Walker A and B boxes, are 
among the most conserved motifs across the superfamily  [  1  ] . Motif VI is also 
involved in the coordination and hydrolysis of NTPs  [  2,   18,   19  ] . Located at the 
interface between the RecA-like folds, motifs I and II—along with motifs Q, III, 
Va, and VI—compose a pocket formed when the helicase domains are brought 
into close proximity upon ATP binding  [  2,   5,   6,   14  ] . This process is depicted in 
Fig.  3.2b . The subsequent hydrolysis of ATP to ADP and inorganic phosphate 
collapses this pocket and allows the separation of the helicase domains. Motifs III 
and Va contact both DNA-binding and NTP hydrolysis moieties within HD1 and 
HD2 (respectively) and are believed to play an essential role in transmitting the 
energy of ATP hydrolysis into motor function  [  2,   18,   19  ] .  

 Motifs Ia, Ib, IV, IVa, and V make extensive contacts with the phosphodiester 
backbone of the DNA lattice  [  4,   14  ] . The tuned af fi nities of these motifs for NA 
substrates are believed to be the antecedents of helicase polarity  [  5,   6  ] . Furthermore, 
the inchworm model of translocation predicts that these af fi nities are dynamic 
through the course of the ATP hydrolysis cycle; however, the details of how this 
variation is tied to speci fi c conformational transitions of the helicase domains 
remain poorly understood, mainly due to the dearth of structural information from 
SF2 enzymes  [  2,   9,   16  ] .  

  Fig. 3.2    The SF2 
motor: its structure and 
behavior during ATP 
binding and hydrolysis. 
( a ) Shows the 
orientation of the 
helicase signature motifs 
within the motor core 
and their relationship to 
the NA lattice when 
bound to ATP. ( b ) 
Shows the relative 
positions of HD1 and 
HD2 through the course 
of the ATP hydrolysis 
cycle       
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  Fig. 3.3    Structures of several representative SF2 motors. The high-resolution crystal structures 
(from indicated PDB entries) of several SF2 motors are shown alongside diagrammatic representa-
tions. Substrate nucleic acids are shown in  violet  in the crystal structures and  red / blue  in the dia-
grams. Motifs in the crystal structures are color coded as follows:  green —ATP binding;  dark 
blue —DNA binding;  orange —involved in the communication between ATP- and DNA-binding 
sites. HD1 and HD2 are  white  and are aligned the same as on the cartoon. In the diagrams, the 
auxiliary domains are in  light blue  (pin/wedge structures are shown in  yellow )
 ATP  adenosine triphosphate;  SF1  superfamily I;  NTP  nucleoside triphosphate;  FRET  Förster reso-
nance energy transfer;  GC  guanine-cytosine;  TIRFM  total internal re fl ection  fl uorescence micros-
copy;  OB  oligonucleotide binding fold;  bp  base pair       
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   Accessory Domains Dictate Biological Function 

 The helicase domains of SF2 motors often contain long insertions that are believed 
to function in coupling ATP hydrolysis and translocation activities to accessory 
biochemical function  [  1  ] . These regions act in concert with accessory domains sep-
arate from the motor core to enable the in vivo functions of SF2 proteins. An exam-
ple of this phenomenon is the presence of a protruding region of b-hairpin secondary 
structure between motifs Va and VI in the Ski2-like helicase Hel308  [  20  ] . Structural 
data for this enzyme indicate that this structure may function as a “pin” that  separates 
substrate NA strands and thus plays a crucial role in coupling translocation to 
 helicase activity. Similarly, accessory NA-binding domains facilitate Hel308’s 
unwinding of duplex DNA  [  20  ] . Figure  3.3  shows the domain orientation of several 
SF2 proteins for which structural data are available. These examples—Hel308 and 
 members of the Rad3, RecG, and Swi/Snf families—show explicitly the degree to 
which domains outside of the motor core in fl uence the nucleoprotein interactions 
within the SF2 core and beyond to yield the intermediates required for essential 
processes in NA metabolism including DNA cross-link repair, replication fork res-
cue, and chromatin remodeling.   

   RecG Family Helicases: Bacterial First Responders 

 Packed tightly inside the bacterial envelope, even the simplest DNA lattices form 
highly heterogeneous manifolds. Replete with stable nucleoprotein complexes and 
persistent NA structures, even these relatively simple genomes can prove resistant 
to the ef fi cient progress of the replisome. In the case of a replication fork stall 
caused by a dif fi cult element of the lattice or a collision with another DNA-
translocating machine or otherwise tightly bound protein, there exist robust mecha-
nisms for the origin-independent rescue of replication. Regression of the replication 
fork from the site of replisome dissociation is often the  fi rst step in these processes 
 [  21,   22  ] . Stalled replication fork regression is performed in prokaryotes by SF2 
helicases of the RecG family  [  23  ] . Belonging to SF2A, RecG proteins translocate 
along dsDNA in the 3 ¢ –5 ¢  direction while primarily contacting the DNA along the 
phosphodiester backbone of the template for the nascent lagging strand (see Fig.  3.3 ) 
 [  4  ] . Topologically, these proteins consist of an accessory “wedge” domain at the 
N-terminus linked to the conserved SF2 motor core, with this assembly capped by 
a short accessory domain at the C-terminus  [  1  ] .  

   Structural and Mechanistic Insights from  Thermotoga maritima  

 A crystal structure of RecG from  Thermotoga maritima  represents the only published 
structural information for this helicase family  [  4  ] . Solved in a complex with ADP and 
a three-way DNA junction, this structure provides valuable insight into the detailed 
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mechanism of SF2 motor-coupled replication fork reversal. It is hypothesized from 
the structural data that RecG translocation is facilitated by protein–DNA contacts at 
the branch point of the parent strands  [  24  ] . The contacts at the parent strand branch 
point occur in a dsDNA-binding conduit separating the motor core and the wedge 
domain, a substantial gap bridged by a 41-residue a-helical linker  [  4  ] . Several resi-
dues of the C-terminal accessory domain form a pin structure that inserts prominently 
into this channel. The pin structure makes contact with the DNA backbone and is 
linked to motif VI of the motor core by a network of  hydrogen bonds. Alteration of 
this network as a consequence of the ATP hydrolysis cycle is believed to drive RecG 
translocation. Directional movement of the motor core along the dsDNA lattice 
brings the nascent strands of the stalled fork structure into contact with the wedge 
domain; it is in this way that translocation is coupled to helicase activity. The wedge 
domain is believed to separate the nascent DNA strands from the parental compo-
nents of the stalled fork during translocation by steric exclusion of the nascent strands 
from a set of diverging ssDNA channels. Interestingly, the wedge domain’s contacts 
with the liberated DNA strands facilitate the simultaneous reannealing of the fork’s 
parental strands in its wake and the formation of a “nascent strand duplex” at its prow. 
Thus, the concerted action of the accessory domains during dsDNA translocation 
forms the Holliday junction structures typical of RecG processing of stalled replica-
tion forks  [  4,   20  ] .  

   The In Vivo Role of RecG 

 A variety of in vitro studies have observed a strong preference among RecG pro-
teins to bind dsDNA substrates possessing 3 ¢  ssDNA branches (as shown in Fig.  3.3 ) 
 [  25–  27  ] . This class of substrates includes Holliday junctions, D-loops, and 
R-loops—the usual suspects for recombination-mediated repair processes. The 
af fi nities of RecG proteins for these structures and the fork-like junctions that result 
from replisome collapse place the RecG family at the interface of DNA replication, 
recombination, and repair. dsDNA translocation is coupled to helicase activity 
through the accessory domains to yield a Holliday junction from the stalled fork 
 [  28  ] . The formation of these junctions may permit origin-independent replication 
fork restoration by the bacterial recombination machinery  [  29,   30  ] . Conversely, 
these Holliday junctions may also be substrates for direct resolution pathways  [  23  ] . 
Though it is clear that RecG proteins act as  fi rst responders at stalled forks, at this 
time the precise methods by which these structures are ultimately resolved are 
poorly understood  [  27,   28  ] . 

 Although RecG is an exclusively bacterial helicase, regression of stalled replica-
tion forks into a “chicken foot” structure is important in all organisms  [  21  ] . Evidence 
of fork regression activity exists for human BLM and FANCM helicases  [  31,   32  ] . 
Much like RecG, FANCM is an SF2A dsDNA translocase that uses speci fi c acces-
sory domains to perform branch migration on a variety of three- and four-way DNA 
junctions  [  31  ] .  
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   RIG-I Translocases: Guides of Branched DNAs 
in Archaea and Eukarya 

 SF2 translocases often perform the initial steps in processing branched DNA struc-
tures  [  30  ] . Three- and four-way junction structures are frequent intermediates of 
DNA damage repair. If not processed in a timely manner, these structures can cause 
genome instability  [  33  ] . In most cases, the intermediates produced by SF2 
 translocases are subsequently modi fi ed via biochemical activities unrelated to NA 
translocation. The RIG-I family translocases have been linked to the resolution of 
many of the three- and four-way branched DNA structures observed in Archaea and 
Eukarya including D-loops, R-loops, Holliday junctions, and aberrant fork struc-
tures  [  30,   34  ] . Named for a human RNA translocase implicated in viral recognition, 
the RIG-I SF2 enzymes exhibit a wide range of biochemical activities united by 
common domain architecture  [  1  ] . Archaeal members of the RIG-I family possess 
terminal accessory domains that cleave the branched intermediates produced by the 
coupled action of the motor core and helicase domains  [  31  ] . These enzymes physi-
cally link the primary and secondary responses to stalled replication forks and other 
events yielding branched DNAs in vivo. In eukaryotes, the downstream processing 
of three- and four-way DNA junctions frequently occurs within macromolecular 
assemblies recruited by RIG-I proteins  [  29,   33,   35,   36  ] . A discrete set of mutations 
to the terminal accessory regions of eukaryotic RIG-I translocases abolishes their 
nuclease activity  [  31  ] . Interestingly, these same mutations facilitate the participa-
tion of eukaryotic RIG-I translocases in a range of macromolecular assemblies. 
Severing the physical link between branch point migration and downstream pro-
cessing establishes a modular paradigm in eukaryotes where RIG-I translocases 
tune their recruitment of protein partners to their substrates, allowing them to 
 facilitate a variety of DNA transactions essential for genome maintenance and con-
comitant regulation of the cell cycle  [  30,   31,   33  ] .  

   Hef: An Archaeal Model for RIG-I Action 

 Isolated from  Pyrococcus furiosus ,  h elicase-associated  e ndonuclease for  f ork-struc-
tured DNA (Hef) is the only available structural model for RIG-I DNA translocases 
 [  37  ] . Though Hef functions quite differently from its eukaryotic brethren, RIG-I 
translocases share a highly conserved domain architecture that permits a certain 
degree of generalization  [  1,   31  ] . The helicase activity that drives branch point migra-
tion by RIG-I enzymes is believed to be coupled to the action of the SF2 core by an 
Mph1-like accessory domain present at the N-terminus, though the detailed mecha-
nism of this coupling is unknown  [  36,   37  ] . RIG-I proteins are SF2A enzymes that 
perform dsDNA translocation  [  1,   5  ] . A “family-speci fi c” accessory domain bisects 
the RecA-like folds of the motor core. Containing a network of positively charged 
residues, this accessory domain shares marked characteristics with the DNA-binding 
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“thumb” domains of A-family DNA polymerases  [  1,   31  ] . The details of how this 
domain aligns branched DNA substrates are unclear from the available  apo -struc-
ture, but this region is believed to recruit Hef to speci fi c DNA junctions. Hef’s 
C-terminal ERCC4 and helix-turn-helix domains are responsible for the cleavage of 
forked DNAs in a manner similar to nuclease ERCC4 (MUS81)  [  31,   36,   37  ] . In 
vitro observations suggest that RIG-I helicase activity stimulates nuclease action, 
suggesting that the activities act in concert in vivo. Human RIG-I DNA translocases 
retain these nuclease domains, but the deletion of a single lysine in the ERCC4 
domain abrogates their nuclease activity  [  31  ] .  

   Human RIG-I Translocase FANCM 

 The terminal helix-turn-helix motif of Fanconi Anemia Complementation Group M 
protein (FANCM) facilitates its interaction with the Fanconi Anemia core complex 
(see Chap.   9    )  [  1,   31,   33  ] . FA-associated protein FAAP24 possesses inactive ERCC4 
and helix-turn-helix domains that dimerize with identical domains in FANCM and 
link the RIG-I translocase to the FA core complex. The dimerization of these pro-
teins is believed to activate FANCM’s branch point migration activity and recruit 
the FA core to branch point sites made labile by RIG-I helicase activity. Branched 
DNA structures that stimulate FANCM helicase activity often indicate the necessity 
for initiating repair processes, many of which are regulated by the FA core  [  30,   31  ] . 
Recruitment of the core by FANCM has been further linked to the S-phase DNA 
damage checkpoint. FANCM’s af fi nity for a variety of three- and four-way junc-
tions makes it an excellent indicator of the repair status of the genome. The partici-
pation of the human FANCM in a number of FA complexes allows it to tune the 
cellular response to branched DNA structures and guide their processing in a way 
that responsively maintains genomic stability and ensures the proper progress of the 
cell cycle  [  29,   31  ] .  

   The RecQ Family 

 Originally identi fi ed almost 30 years ago, RecQ translocases have since been 
identi fi ed in all three kingdoms of life and are among the best-studied SF2 proteins 
(see Chap.   8    )  [  38,   39  ] . In vivo, RecQ helicases participate in replication fork rescue, 
telomere maintenance, homologous recombination, and DNA damage checkpoint 
signaling (see Chaps.   6    ,   8     and   9    )  [  40  ] . There are  fi ve human RecQ helicases, and 
mutations in three of their genes are associated with cancer predisposition and/or 
premature aging as expressed in Bloom syndrome, Werner syndrome, and Rothmun-
Thomson syndrome  [  32,   41,   42  ] . In contrast, bacteria and lower eukaryotes have a 
single RecQ family member. RecQ helicases unwind DNA with a 3 ¢ –5 ¢  polarity and 

http://dx.doi.org/10.1007/978-1-4614-5037-5_9
http://dx.doi.org/10.1007/978-1-4614-5037-5_8
http://dx.doi.org/10.1007/978-1-4614-5037-5_6
http://dx.doi.org/10.1007/978-1-4614-5037-5
http://dx.doi.org/10.1007/978-1-4614-5037-5


56 D.C. Beyer et al.

are capable of unwinding or remodeling a variety of DNA structures in vitro. These 
structures include forked duplexes, D-loops, triple helices, four-way junctions, and 
G-quadruplex DNA. The activities of RecQ family members are often tuned by 
integration into macromolecular complexes catalyzing multiple enzymatic activities 
(discussed in detail in Chap.   8    ). 

 In addition to a common SF2A motor core, RecQ helicases contain several 
 characteristic accessory domains. Immediately downstream of the RecA-like regions, 
these enzymes carry a highly conserved RecQ-C-terminal (RQC) domain  [  39,   43–  45  ] . 
This region contains a zinc-binding domain and a winged-helix (WH) domain and is 
present in all RecQ helicases, save for RecQ4. Mutagenesis studies on some members 
of this helicase family have shown that the zinc-binding domain is likely involved in 
maintaining the structural stability of the protein  [  46,   47  ] . The WH domain is  important 
for dsDNA recognition and may also be involved in protein–protein interactions  [  39  ] . 
At their C-termini, RecQ helicases possess a relatively varied accessory region termed 
the helicase-and-RNaseD-like-C-terminal (HRDC) domain. This region has been 
implicated in substrate recognition. These modular accessory domains (RQC and 
HRDC) position the SF2 core and tune its action to give rise to the varied substrate 
speci fi cities and enzymatic activities of the RecQ family.  

   BLM: A Human Model for RecQ Action 

 Among human RecQ helicases, BLM (Bloom Syndrome protein) is probably the 
most extensively studied. Not surprisingly, it is discussed extensively in several 
chapters of this book (Chaps.   6    ,   8     and   9    ). Bloom Syndrome is the disease caused by 
a BLM de fi ciency  [  32  ] . This disease is associated with chromosomal abnormalities 
and defective response to replication stress, both due to extraordinarily high levels 
of homologous recombination (HR). 

 BLM’s ability to regulate HR results primarily from the augmentation of basic 
SF2A translocation activity by its accessory domains. The RQC’s zinc-binding region 
has been shown to stabilize BLM and facilitate DNA binding  [  32  ] . Similarly, the WH 
region of the RQC confers BLM’s ability to bind G-quadruplex DNA  [  39  ] . While not 
essential for forked-duplex unwinding or ATP hydrolysis, the HRDC domain plays 
an important role in Holliday junction unwinding and, more importantly, double 
Holliday junction dissolution, an activity exclusive to BLM among human RecQ 
helicases. Sato et al. recently demonstrated that isolated HRDC alone could not bind 
substrate DNA  [  48  ] . Both RQC and HDRC domains together are necessary for inter-
action with telomere-associated protein TRF2, a factor that stimulates the BLM-
mediated unwinding of telomeres. BLM’s unique N-terminal regions are likely 
involved in macromolecular interactions of still unknown signi fi cance. Full-length 
BLM was found to form hexameric ring structures, while the isolated BLM helicase 
core was found to be active in monomeric form even under conditions that strongly 
favor oligomerization  [  49  ] . When studied in isolation, the helicase core domain 
showed low processivity, a moderate unwinding rate, and, surprisingly, an ability to 
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“measure” the length of the duplex it unwound (see single-molecule section below) 
 [  50  ] . Although numerous biochemical studies of BLM exist, the mechanochemistry 
and detailed coupling mechanisms between ATP hydrolysis, translocation, and other 
activities of BLM remain unresolved. What is clear, however, is that the protein’s 
accessory domains dictate its substrate speci fi city and biochemical activity.  

   Rad3 Family Helicases 

 The Rad3 family (also known as XPD-like) is the only family of SF2 helicases 
shown thus far to translocate on ssDNA in the 5 ¢ –3 ¢  direction. It is named after yeast 
Rad3, the  fi rst identi fi ed member of this family  [  51  ] . Members of the Rad3 family 
are found in all domains of life and are involved in several genome maintenance 
pathways  [  52–  54  ] . There are typically two Rad3 helicases in bacteria, one in archaea 
and yeast, and four have been identi fi ed in humans (XPD, FANCJ, RTEL, and 
CHLR1)  [  55  ] . A distinct structural feature of this family is the presence of a large 
insertion in HD1’s Walker A motif split into two accessory domains, the iron-sulfur 
(FeS) cluster-containing domain and the arch domain  [  52,   56,   57  ] . Because of the 
important, but still debated, roles Rad3 helicases play in genome maintenance, 
many members of this family are discussed in detail in later chapters (Chaps.   6    ,   9     
and   10    ). Here, we will use XPD, a model Rad3 helicase, to discuss how the struc-
tural features of Rad3 enzymes enable 5 ¢ –3 ¢  translocation on crowded lattices and 
concomitant duplex unwinding.  

   XPD: A Model SF2B Enzyme 

 In humans, XPD (Xeroderma pigmentosum complementation group D) helicase is 
one of the most important subunits of TFIIH (Transcription Factor II-H complex), an 
essential element of the nucleotide excision repair (NER) machinery  [  58–  60  ] . Four 
published crystal structures of XPD helicases from three different archaeal organ-
isms make up the body of Rad3 structural data  [  60–  63  ] . Three structures are without 
DNA or ATP and share a common topology. The most recent structure was obtained 
from a complex of XPD and a short DNA fragment  [  60  ] . XPD contains two modular 
domains incorporated into the motor core, an FeS-cluster containing domain and an 
arch domain  [  57  ] . The 4Fe-4S cluster is coordinated to four cysteine residues, three 
of which are important for the integrity of the cluster, folding of the FeS domain, and 
XPD activity  [  64  ] . Situated on the other side of the Walker A box, the arch domain 
is composed of two sets of alpha-helices arrayed with 60° between them, their rela-
tive orientation giving rise to an arch-like structure (Fig.  3.3 ). All published models 
predict that ssDNA passes  fi rst through the groove between the HD2 and arch 
domains, moving then through a hole encircled by the arch, FeS-cluster, and HD1 
domains. Two recent studies identi fi ed the polarity of the translocation strand as 
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bound by XPD and provided insights into how the enzyme achieves its directionality 
on the NA lattice  [  60,   65  ] . These studies also identi fi ed the FeS-cluster domain as a 
wedge structure involved in duplex separation. 

 In isolation, XPD functions quite poorly as a helicase; on the other hand, in dis-
tributive processes like transcription and NER, this could be an asset.  Ferroplasma 
acidarmanus  XPD can unwind forked DNA as a monomer when assisted by RPA2, 
one of the cognate ssDNA-binding proteins. RPA2 stimulates DNA unwinding by 
XPD through a novel mechanism by providing a helix-destabilizing function  [  66  ] . 
Honda et al. demonstrated that XPD moves along ssDNA coated with RPA2 without 
displacing or stepping over it  [  67,   68  ] . Taken together, these data suggest a model 
whereby XPD helicase recognizes forked DNA substrates decorated with RPA2 
(common structures in transcription and NER) and uses its FeS-containing domain 
to orient itself at the fork. RPA2 then melts the duplex ahead of the helicase,  allowing 
XPD to advance forward and to trap the newly open bases. Retaining contact with 
the translocation strand, RPA2 then plays an additional supporting role by stabiliz-
ing the product(s) of helicase activity. 

 As yet, the other human Rad3 helicases (FANCJ, RTEL, CHLR1) and their 
homologs have proved resistant to high-resolution structural studies. However, based 
on amino acid sequence alignment, all of these helicases should have an SF2B motor 
core similar to that of XPD, an FeS-containing domain, and an arch domain. 
Additional domains integrated into or found at the termini of the motor core are 
involved in the interactions of each family member with its speci fi c protein partners 
in the cell  [  53,   54  ] . Forthcoming structural data may elucidate how these domains 
work together to render the biological functions carried out by these enzymes.  

   The Hel308 Helicases of the Ski2 Family 

 Though named for an RNA-speci fi c enzyme, the Ski2 family of SF2 helicases con-
tains the Hel308 subfamily  [  1  ] . Exhibiting primary domain architecture nearly 
superimposable with both the RecQ and DEAH/RHA families, the Hel308 heli-
cases have been identi fi ed in many archaeal and eukaryotic organisms. Implicated 
in several DNA repair pathways, these enzymes are believed to act primarily through 
processes involving recombinase nucleoprotein  fi laments at sites of DNA damage 
 [  33,   69,   70  ] . In metazoans, Hel308 enzymes are believed to function in the Fanconi 
Anemia (FA) pathway of recombination-mediated repair and in the regulation of 
RAD51 foci generated during meiosis  [  33  ] .  

   Structural Lessons from Archaeal Hel308 Helicases 

 Both high-resolution structures available for the Hel308 subfamily are archaeal in 
origin, derived from crystallized complexes of  Sulfolobus solfataricus  and  Archaeo-
globus fulgidus  helicases with partially unwound DNA structures  [  69,   70  ] . 
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The crystallographic data suggest that Hel308 helicases bind speci fi cally to fork-like 
structures possessing a 3 ¢  overhang, a speci fi city enforced by their accessory 
domains. In addition to the conserved SF2A motor core, the Hel308 helicases 
possess three C-terminal accessory domains (as shown in Fig.  3.3 )  [  1  ] . A b-hairpin 
motif inserted between motifs V and VI of HD2 is believed to act as a pin structure, 
coupling helicase activity to 3 ¢ –5 ¢  ssDNA translocation by direct insertion into the 
duplex interface  [  1,   69,   70  ] . Interactions with the “ratchet” accessory domain are 
believed to facilitate strand separation by the pin structure. This domain is situated 
directly opposite the motor core-duplex interface and may stabilize released ssDNA, 
easing strand separation. Nearest to the motor core, the winged helix (WH) domain 
is also observed in the RecQ-like and DEAH/RHA translocases, and the folded 
orientation of the WH domain relative to the motor core is conserved across the 
Ski2, RecQ, and DEAH/RHA families  [  1  ] . The WH domain makes extensive ori-
enting contacts with branched structures and may function as a “hinge,” allowing 
Hel308 helicases to bind and then close tightly around substrate DNA  [  69,   70  ] . 
Capping the Hel308 helicases at the C-terminal is a helix-loop-helix (HLH) domain 
that exhibits typical DNA-binding activity and a strong af fi nity for ssDNA. The 
HLH domain is believed to function in vivo as a “brake,” grasping the freed translo-
cation strand and limiting the processivity of Hel308 helicases on branched 
substrates  [  70  ] . Taken together, the actions of accessory domains appear to orient 
Hel308 helicases to speci fi c branched substrates and to couple their translocation 
along these substrates to self-limiting helicase activity.  

   The Role of Hel308 Helicases In Vivo 

 The in vivo role of Hel308 helicases has been extensively investigated  [  33  ] . Studies 
of  Caenorhabditis elegans  show that its Hel308 helicase, HELQ, is recruited to 
replication forks in response to crosslinking DNA damage. Real-time studies of 
U2OS cultures under crosslinking conditions support this result in human cells and 
agree with worm-based results placing Hel308 helicases in the FA repair pathway. 
Further genetic studies in  Drosophila  have shown Hel308 enzymes to play an essen-
tial role in the modulation of meiotic recombination. Interestingly, biochemical 
studies have shown Hel308 helicases to speci fi cally disrupt dsDNA-RAD51 
 fi laments, implicating these enzymes along with Rad54 translocase as postsynaptic 
regulators of recombination, a  fi nding further supported by genetic results in  C. 
elegans . Furthermore, Hel308 helicases have been shown in vitro to displace DNA-
binding proteins via direct, though helicase-activity independent, interactions. 
Surprisingly, the in vitro ability of HELQ to remove RAD51 was observed to be 
ATPase independent. Taken together, the genetic and biochemical data suggest that 
Hel308 helicases act to assist the recombination-mediated repair of DNA damage 
encountered during replication and meiosis by resolving post-synaptic Rad51 com-
plexes. The detailed pathway of RAD51 locus regulation, a pathway proceeding 
through Hel308 enzymes that provides resistance to cross-linking DNA damage and 
ensures proper levels of meiotic recombination, however remains unclear  [  29,   33  ] . 
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Future work will resolve the relationship between the observed architecture of 
Hel308 enzymes, their observed in vitro activities, and the growing body of genetic 
studies placing these enzymes in essential genome maintenance pathways.  

   SF2 Chromatin Remodelers 

 Eukaryotic chromosomal DNA is packaged into a condensed structure known as 
chromatin  [  71,   72  ] . The basic unit of chromatin is the nucleosome, which consists 
of 146 bp of dsDNA wrapped around a histone protein octamer  [  73,   74  ] . Highly 
condensed chromatin packs and organizes dsDNA within the nucleus. On the other 
hand, however, nucleosomes restrict access to the templating information required 
by the molecular machines tasked with DNA replication, repair, recombination, and 
transcription  [  72,   75  ] . Chromatin remodeling complexes are multisubunit enzymes 
that use the energy of ATP hydrolysis to reposition, destabilize, eject, or restructure 
nucleosomes, thereby rendering nucleosomal DNA accessible. The importance of 
chromatin remodelers can be illustrated by their absolute requirement for embry-
onic development and their governing role in cell cycle progression  [  76  ] . 

 The essential unit of chromatin remodeling is a single nucleosome bound by a 
single remodeler driven by an SF2 motor  [  77,   78  ] . While a uni fi ed model of chromo-
some immobilization remains elusive (see Chap.   13    ), many recent models support 
the notion that the remodeler binds to the nucleosome particle via accessory moieties, 
and then the motor core binds DNA at a location inside the nucleosome  [  75  ] . The 
translocase domain, tightly anchored to the nucleosome core, then induces direc-
tional DNA translocation, generating a remodeling strain within the nucleosome par-
ticle. This process may occur by sequential or concerted action of two domains: a 
DND (DNA-binding domain) that pushes DNA into the nucleosome, creating small 
DNA loop, and a Tr (translocation) domain that pumps the DNA loop outward. 

 There are four families of chromatin remodelers: Swi/Snf, ISWI, CHD, and 
INO80  [  72,   75,   79  ] . Remodelers in all these families possess a Swi2/Snf2 family 
ATPase core (or subunit), a version of the SF2 motor core containing DExx and 
HELICc domains. What differentiates these families from each other is the presence 
of accessory domains incorporated into, or adjacent to, the SF2 translocase core. 
The Swi/Snf, ISWI, and CHD families each have a short insertion within the SF2 
motor, while remodelers of INO80 family have a long insertion. These insertions 
form the accessory domains that regulate the enzymatic activity of the complex, 
facilitate interactions with transcription factors or other chromatin-associated 
enzymes, or target the complex to DNA and histones.  

   The Swi/Snf Family 

 Swi/Snf (Switching defective/Sucrose nonfermenting) chromatin remodelers 
are multiprotein complexes composed of 8–14 subunits  [  80  ] . Many of the 
activities carried out by this family serve to enable genome maintenance and 
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transcription machines’ access to genetic information. Different Swi/Snf remod-
elers slide, unwrap, and eject nucleosomes at many loci and mediate dimer 
exchange and/or dimer swapping  [  75  ] . The Swi/Snf family can be subdivided 
into two groups, and both play distinct roles in DNA repair  [  77,   79  ] . Powered by 
ATP hydrolysis, Swi/Snf protein complexes carry out directional translocation 
on dsDNA  [  81  ] . This activity destroys histone–DNA contacts, and, according to 
the loop capture model, creates a transient DNA loop that propagates around the 
nucleosome and resolves when it reaches the other side of the nucleosome, a 
process that leads to nucleosome repositioning. It is not yet known whether the 
loop is large (>100 bp) or small (1–12 bp), but it is clear that during remodeling 
the contacts between histones and DNA are broken and reformed along the 
length of the nucleosome.  

   The ISWI and CHD Families 

 ISWI (Imitation Switch) family remodeling complexes are typically smaller than 
Swi/Snf assemblies, containing two to four subunits. Some members of this family 
optimize the spacing between nucleosomes to promote chromatin assembly and the 
repression of transcription, while other members randomize nucleosome spacing 
 [  82  ] . Much like ISWI proteins, the CHD (Chromodomain, Helicase, DNA binding) 
family participates in chromatin organization. Some members of this family slide or 
eject nucleosomes to promote transcription, while others have repressive roles. 
CHD remodelers may consist of a helicase subunit in lower eukaryotes but are large 
complexes in vertebrates  [  75,   83  ] .  

   INO80 Remodeling Factors 

 Finally, the INO80 (Inositol-requiring 80) family complexes contain more than 
ten subunits, often with a long insertion present in the middle of the SF2 helicase 
domain  [  84  ] . Functionally, this family is diverse; INO80 enzymes perform a vari-
ety of transactions involved in transcriptional activation and DNA repair. SWR1 
proteins are often classi fi ed as INO80 remodelers, but their functions are different 
from most INO80 family members in that they are able to remodel the nucleosome 
 [  72,   75  ] . 

 Despite the diverse set of activities attributed to the four families of chromatin 
remodelers, they all contain an SF2 helicase motor essential for the remodeling 
activity. The varied accessory domains that interact with nucleosome, directing SF2 
motor action and carrying additional enzymatic activities, bring about the diverse 
functions of this family.  
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   Insights into SF2 Biochemistry from Single-Molecule Studies 

 In recent years, the emergence of single-molecule (SM) techniques has contributed 
powerfully to the study of SF2  [  9,   16,   85,   86  ] . The ability to address the behaviors 
of individual molecular motors provides unprecedented insights into their function 
 [  87  ] . This holds particularly true in the cases where the same enzyme may perform 
different functions in different contexts.    For example, human RecQ family helicase 
BLM participates in the macromolecular RTR complex to dissolve double Holliday 
junctions (see Chap.   8    ). Proper function of the RTR complex depends on the integ-
rity of BLM HRDC domain and thereby on its oligomerization. BLM  helicase has 
several additional roles in controlling and promoting recombination which may 
have different oligomeric forms or binding partners  [  88  ] . 

   Single-Molecule Studies of RecQ Helicases 

 In the absence of a uni fi ed mechanism for DNA unwinding, the accurate assignment 
of activities to a distinct physiologically relevant form of a helicase is of paramount 
importance. A single-molecule FRET study on BLM helicase showed that this 
enzyme undertakes repetitive unwinding attempts on forked DNA substrates  [  50  ] . 
This behavior was observed for wild-type BLM and a mutant that lacks an oligomer-
ization domain. In addition, unwinding time was found to be protein concentration 
independent, which suggested that repetitive low-processivity unwinding events on 
the same DNA molecule can be attributed to a single BLM monomer. Reannealing 
time was found to be ATP dependent, a behavior that was interpreted as strand switch-
ing by the helicase motor and translocation on the opposite (complementary) arm of 
the fork in the 3 ¢ –5 ¢  direction allowing the strands to reanneal. From the FRET change 
histogram analysis, Yodh and colleagues concluded that BLM unwinds a well-de fi ned 
length of DNA, leading to the interpretation that BLM helicase is able to “measure” 
the number of base-pairs unwound, and once it reaches a speci fi c length, it rapidly 
reverses unwinding by switching the strand. Another interesting  fi nding of this 
SM-FRET study was that the repetitive unwinding pattern persisted in the presence 
of human replication factor A (RPA) with only a limited increase in unwinding pro-
cessivity per cycle and no effect on reannealing time. This was unexpected since RPA 
is known to enhance the processivity of BLM helicase on long duplex regions  [  89  ] . 
Furthermore, RPA signi fi cantly increased the waiting time before repeating unwind-
ing for catalytic core BLM (lacking the RPA-binding domain). These results indi-
cated that RPA facilitates BLM transfer back to the tracking strand and reinitiation of 
unwinding via direct physical interaction between the two proteins. 

 Another important feature of the helicase mechanism that can be de fi nitively 
addressed in the single-molecule experiments is whether the enzyme is an active or 
a passive helicase  [  7,   8,   90  ] . This again is particularly important for helicases whose 
motor cores translocate along the phosphodiester backbone of ssDNA or dsDNA 
and therefore may be prone to slipping and back stepping  [  91  ] . 
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  Escherichia coli  RecQ was one of the model helicases that were compared in a 
magnetic tweezer study targeted at establishing a physical reference value/parame-
ter to judge whether a speci fi c helicase unwinds dsDNA in an active or passive 
manner  [  92  ] . The theoretical approach adopted to  fi nd this reference parameter was 
based on comparing translocation velocity ( V  

trans
 ) on ssDNA vs. unwinding rate ( V  

un
 ) 

of dsDNA using DNA substrates of different GC contents, and with different ten-
sion forces. An active helicase destabilizes the fork, resulting in similar unwinding 
and translocation rates. In contrast, a passive helicase is slowed down by the pres-
ence of the dsDNA fork, which leads to a much slower unwinding rate compared to 
the translocation rate. Furthermore, because a passive helicase advances by trapping 
the spontaneously melted base pairs, its unwinding rate is expected to be sensitive 
to dsDNA sequence and tension applied to the two ssDNA tails of a fork. Manosas 
and colleagues proposed that for a helicase taking 1 bp steps and no slippage or back 
steps, the value of  V  

un
 / V  

trans
  = 0.25 can be a good reference to judge whether a  helicase 

is passive (<0.25) or active (>0.25). Surprisingly, RecQ was found to have  V  
un

 / V  
trans

  
values ranging from 0.9 to 0.7 under all GC ratios and tension forces tested in this 
study, suggesting that RecQ is an extremely active helicase (compared to the passive 
T4 gp41 helicase, which has values of 0.1 or less, and showed strong GC content 
and tension force dependence). It is important to note that all experiments on RecQ 
were done under monomeric conditions (picomolar concentration range), support-
ing previous studies suggesting that RecQ can unwind dsDNA as a monomer. 

 In a different FRET-based single-molecule study, the Dou and Xi groups noticed 
a lag in the initiation of unwinding by RecQ for longer ssDNA tails of an overhang 
DNA structure at a low ATP concentration  [  93  ] . At a high ATP concentration, the 
unwinding initiation rate was similar for longer and shorter tails of overhang DNA 
structures. The authors suggested that this behavior is an indicator of mutual inhibi-
tion by RecQ molecules. To prove that this is indeed the case, Pan and colleagues 
carried out experiments at low and high enzyme concentrations and observed that 
delayed initiation disappeared at low helicase concentration in the presence of a 
long tail overhang structure. They proposed that the mutual inhibition is due to a 
forced closure of the cleft between RecA-like domains HD1 and HD2 of a leading 
monomer by a trailing monomer before binding of ATP. Notably, preincubation of 
RecQ and DNA with a non-hydrolysable ATP analog before initiating the unwind-
ing reaction prevented the unnatural closure of the cleft and alleviated the mutual 
inhibition effect by higher concentrations of RecQ. This phenomenon was observed 
in a stopped- fl ow experiment conducted under single-turnover conditions.   

   Single-Molecule Studies of Rad3 Helicases 

 Due to the lack of structural information from Rad3 helicases, SM studies have been 
particularly useful in addressing the mechanisms of their activity  [  67  ] . The  fi rst SM 
study of XPD helicase combined the well-known SM-TIRFM technique with dis-
tance-dependent quenching of  fl uorescent dyes by the iron-sulfur cluster observed in 
all members of the Rad3 helicase family  [  94  ] . The ability to follow helicase movement 
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by monitoring the FeS-mediated  fl uorescence quenching allowed Honda and col-
leagues to address an intriguing question: what happens when a translocating helicase 
encounters a roadblock  [  68  ] . The main  fi nding of this multiparameter SM study was 
that distinct ssDNA binding proteins had a differential effect on the translocation 
activity of XPD helicase. RPA1 (a homodimeric ssDNA-binding protein) competed 
with XPD for ssDNA access, while RPA2 (an ssDNA-binding  protein containing a 
single OB fold) targeted XPD to the RPA2-ssDNA complex. In a pseudo-tricolor 
experiment, Honda and colleagues directly observed that XPD was able to share the 
lattice with RPA2 and to bypass this ssDNA-binding protein without displacing it 
from ssDNA. RPA2 was found, however, to signi fi cantly slow down XPD transloca-
tion. The authors proposed that the ability of XPD to translocate on protein-coated 
ssDNA depends on the high  fl exibility of the relative position of the arch domain with 
respect to iron-sulfur domain, which may permit an opening motion to accommodate 
the protein–DNA complex into the hole made by the arch and iron-sulfur domains and 
HD1 (Fig.  3.3 ). Whether this is indeed the case remains to be determined and will 
likely require further development of novel SM techniques. 

 A recent atomic force microscopy (AFM) study by the Tainer and Barton groups 
showed that XPD helicase may cooperate with other proteins that are ef fi cient in 
DNA charge transfer (CT) in order to localize to the vicinity of damage in DNA  [  95  ] . 
XPD helicase was found to redistribute on kilobase DNA substrates in the vicinity of 
a lesion which prevents CT, while a CT interaction-de fi cient mutant of XPD did not 
have this redistribution ability. The authors proposed that the ability of redox sensi-
tive proteins like XPD to redistribute in the vicinity of lesions might be a good strategy 
to reduce the search process required to  fi nd lesions across the genome.  

   Insights into SF2 Chromatin Remodeling Activities 

 Single-molecule analyses have been particularly useful in discriminating between 
a number of models proposed to explain the activities of the Swi/Snf family of 
DNA translocases and nucleosome remodeling motors. One member of this family, 
Rad54 (see Chap.   9    ), is an important player in homologous recombination and in 
the recombination-mediated repair of broken chromosomes  [  96,   97  ] . The enzyme 
remodels DNA structures (including nucleosomes), assists Rad51-mediated strand 
invasion into nucleosome bound DNA, and facilitates disassembly of Rad51 nucle-
oprotein  fi laments from dsDNA. The  fi rst indirect indication that hRad54 (human 
Rad54) moves on dsDNA came from the observation that it generates supercoils on 
closed circular DNA  [  98  ] . It was a much later SM study, however, which unam-
biguously revealed the motion of Rad54 molecules, decorated with  fl uorescently 
labeled antibodies, on lambda dsDNA (approximately 50 kb long) stretched by 
hydrodynamic  fl ow  [  99  ] . Rad54 was observed to bind DNA randomly and with no 
particular preference for substrate orientation. The observed velocity of transloca-
tion (~300 bp/s) was much faster than the movements usually detected during 
remodeling processes and was ATP dependent. Translocation rates were varied 
widely, with a tenfold difference between the slowest and fastest molecules. Rad54 
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processivity was remarkably high (~11 kb) and, unexpectedly, it was independent 
of ATP concentration, a behavior opposite to that observed in many other DNA 
motor  proteins. A number of peculiar features of the Rad54 translocation were 
observed. These included pausing, direction reversal, and velocity change. The 
small sample size, however, prevented  fi rm conclusions. In summation, the authors 
 proposed that there is a change in the molecular species undertaking the transloca-
tion after pausing or direction reversal, which could re fl ect a multimeric Rad54 
complex with a different monomer being used after the translocation restart since 
there was no observed correlation between velocity before and after a pause or 
directional reversal. Another interesting observation reported in this study was that 
at least half of the molecules exhibited a “lag” phase before starting translocation. 
Furthermore, the duration of this lag was reduced with increasing ATP concentra-
tion. This behavior may originate from a rate-limiting ATP-induced structural tran-
sition necessary for starting translocation. 

 In a following study, the same group used a very similar experimental approach 
to monitor the activity of yeast Tid1, a Rad54 homolog, which interacts with the 
meiotic recombinase Dmc1  [  100  ] . Tid1 displayed more complex translocation 
behavior than Rad54 with most of the molecules showing the characteristic velocity 
change. In addition, the average translocation rate was two- to fourfold slower than 
Rad54; however, their processivities were similar. Similar to Rad54, Tid1 showed 
uncorrelated translocation rates before and after pauses and reversals, a  fi nding 
indicative of a multimeric active form of this motor protein. Finally, Tid1 showed a 
wide distribution of translocation rates with a tenfold difference between the fastest 
and the slowest molecules. 

 The observed ATP dependence of the lag phase can be at least in part explained 
by the observations from another single-molecule study. Lewis et al. investigated 
the conformational transitions of an archaeal Rad54 catalytic core (Rad54-cc)  [  101  ] . 
Previous crystallographic studies showed that, in the absence of ATP, the Rad54 
catalytic core adopts an open conformation with or without substrate DNA  [  102  ] . 
Ensemble FRET results showed that the catalytic core closes upon binding to DNA, 
while subsequent ATP binding did not change FRET  [  101  ] . Interestingly, a detect-
able conformational transition occurred after ATP hydrolysis but before ADP release 
(as inferred from FRET measurements in the presence of ATP, ADP, and an analog 
of the ATP hydrolysis transition state). In the same study, SM-FRET measurements 
performed on immobilized Rad54-cc showed that the protein is free to open and 
close in the presence of DNA. It was unclear, however, whether these conforma-
tional transitions corresponded to DNA molecule binding and dissociation. FRET 
histogram analysis revealed that the equilibrium between open and closed states 
was shifted towards a lower FRET state (open) in the absence of DNA, and towards 
a higher FRET state (closed) in the presence of DNA, though the FRET distribu-
tions in both cases were remarkably broad. Repeated SM-FRET measurements with 
freely diffusing protein molecules led to the same FRET distributions. Additionally, 
no discernible differences in conformational states were detected in the presence of 
DNA and in the presence and absence of ATP. Notably, the FRET-based study, 
which utilized truncated Rad54cc, did not produce any evidence of the multimeric 
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forms of active Rad54 complex, which contrasted with the observations made in the 
optical tweezer study of full length yeast Rad54  [  99  ] . This discrepancy may be due to 
the omission of modular auxiliary domains responsible for protein oligomerization 
in the second study. 

 Recently, a sub-second AFM study was performed on full-length human RAD54 
 [  103  ] . Based on volume measurements, the authors concluded that RAD54 func-
tions as a monomer. Diffusion of the protein molecules in the absence of DNA was 
found to be six orders of magnitude slower than theoretically expected for a mono-
mer, which could either indicate multimerization or surface interaction effects. 
Consistent with the SM-FRET studies, adding ATP or a non-hydrolyzable analog 
led to an increase in diffusion coef fi cient. RAD54 molecules were one order of 
magnitude faster in the presence of DNA than proteins alone on the imaging sur-
face. Surprisingly, adding ATP in the presence of DNA did not lead to any detect-
able enhancement of Rad54 mobility on the NA chain. 

 ACF is another member of Swi/Snf family that is involved in chromatin remodel-
ing and gene silencing (see Chap.   13    )  [  104  ] . It repositions nucleosomes to create 
evenly spaced assemblies. These evenly spaced assemblies are critical for higher 
order chromatin folding, a process associated with long-term transcriptional repres-
sion. Blosser et al. studied the dynamics of nucleosome remodeling by human ACF 
using SM-FRET  [  105  ] . The authors adopted a three-color assay in which the 
nucleosome was labeled with a FRET donor–acceptor pair, while ACF was labeled 
with another, orthogonal dye. This experimental strategy allowed the authors to 
monitor simultaneously the events of nucleosome remodeling by FRET and the 
binding events of ACF and to correlate the dynamics of both entities. It was found 
that the gradual translocation of nucleosomes by ACF is interrupted by well-de fi ned 
pauses. Surprisingly, several aspects of the remodeling process were found to be 
ATP-dependent: the binding of ACF, translocation of the nucleosome, and pauses. 
When the nucleosome was positioned at the end of DNA, the  fi rst pause occurred 
after 7 bp of translocation. Subsequent pauses were separated by 3–4 bp. The same 
behavior was observed when the nucleosome was positioned centrally, which means 
that this behavior may be a fundamental characteristic of remodeling by ACF. The 
authors suggested that the origin of these pauses is an ATP-dependent conforma-
tional transition of the enzyme that prepares the nucleosome for the next round of 
DNA translocation. Experiments with centrally positioned nucleosomes showed 
that ACF complex can translocate the histone octamer back and forth a total dis-
tance of more than 200 bp and switch directions more than 20 times. Statistical 
analysis of the  fl uorescence intensity and photobleaching behavior of the labeled 
ACF showed that when ACF binding events lead to bidirectional remodeling, there 
is always a dimer of ACF molecules. Conversely, binding events associated with 
unidirectional remodeling were observed to be due to ACF monomers. Interestingly, 
another study published at the same time used biochemical data and electron micros-
copy to show that ACF acts as a dimeric motor to separate nucleosomes  [  104  ] . 

 SM tools can directly observe (and often in real time) details of the chromatin 
remodeling process including the structure of the nucleosome after remodeling and 
the displacement range per remodeling event. Yeast Swi/Snf is a transcriptional 
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activator that uses the energy of ATP hydrolysis to regulate the accessibility of the 
genetic code by changing chromatin structure  [  106  ] . By unzipping single DNA 
molecules using an optical trapping setup, Shundrovsky et al. probed some of the 
 fi ner details of yeast Swi/Snf complex action  [  107  ] . Remodeling by Swi/Snf 
occurred in both directions on dsDNA. In addition, remodeled nucleosomes showed 
a continuous distribution of relocation sites around their original positions on DNA. 
The novel aspect of this SM approach is that it can directly detect the precise loca-
tions of the DNA-histone contacts, while the ordinary end-to-end stretching 
approach detects only the relative locations of the interactions. Unfortunately, the 
shapes of the response curves modeling the relationship of applied force to the num-
ber of unzipped DNA bases (or “disruption signature”) in the presence of 
nucleosomes were similar with and without Swi/Snf (i.e. any structural changes to 
the nucleosomes were not stable enough to be detected). This result was used as 
evidence that the nucleosome resumes its classical structure after remodeling under 
the selected experimental conditions and spatial resolution of the technique used in 
this study. This study, however, did not show in any way that nucleosome structure 
is unchanged during the remodeling process  [  71  ] . Applications of this method to 
other systems may lead to more informative results. 

 RSC, or Remodels the Structure of Chromatin, is about tenfold more abundant in 
the cell than Swi/Snf  [  108  ] . It has been implicated in transcriptional regulation, sister 
chromatid cohesion, chromosome stability, and DNA repair. Two SM studies of RSC 
(and Swi/Snf) were published in 2006, both showing very interesting aspects of the 
remodeling process  [  81,   109  ] . The two studies were complementary to each other: 
one of them done on bare DNA without nucleosomes  [  109  ] , while the other was done 
with nucleosomal DNA  [  81  ] . The experimental design of both studies was based on 
detecting changes in the length of single DNA molecules  fi xed at both ends. 

 In the former study  [  109  ] , RSC was found to induce transient DNA length short-
ening (which was con fi rmed by AFM). This was interpreted as translocation of RSC 
on DNA resulting in a loop generation. Both ATP concentration and tension force 
affected the size of the translocated loop. The extent of underwinding during loop 
formation differed between (−) and (+) supercoiled DNA (scDNA); this was 
explained as a consequence of either the difference in the size of the DNA loop 
formed on (+/−) scDNA or the difference in the number of generated negative super-
coils. The authors noted that loop formation was associated more closely with the 
underwinding of DNA, though a combination of both supercoiling processes is also 
possible. Notably, the generation of supercoils on a topologically closed DNA by a 
translocating SF2 motor has also been observed for hRad54. Based on the Worm-
like Chain (WLC) model, the authors estimated that RSC generates much less than 
one turn of loop per every 10.5 bp of (−) scDNA translocated. The amount of nega-
tive rotation generated was between −0.15 and −0.04 rotations per 10.5 bp translo-
cated, perhaps because the motion of RSC along DNA might be broken down into 
steps of ~12 bp in length. Interestingly, although the length of the translocated loop 
assumed a Gaussian distribution, the time taken to form the loop could be modeled 
by an exponential distribution. This difference in statistical behavior may re fl ect a 
change in RSC remodeling activity in response to tensile load during translocation. 
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The authors thus proposed a “thermal ratchet model” to describe RSC translocation. 
In this model, the RSC–DNA complex proceeds upon ATP binding into active trans-
location mode, with at least two contacts between DNA and RSC. Most of the loops 
formed due to translocation of DNA by RSC are removed in an ATP-dependent 
manner, probably due to translocation in the opposite direction. Sometimes, the 
loop collapses rapidly, either due to translocase disengagement or due to losing 
another contact that constrains the DNA. 

 Zhang et al. found that both RSC and yeast Swi/Snf switch translocation direction 
on DNA that has nucleosomes, but with a lower probability compared to their behav-
ior on bare DNA  [  81  ] . Loop formation on bare DNA occurs only at very low DNA 
tension (<1 pN), while on DNA with a nucleosome present it could be observed at 
much higher tensions (1–6 pN). The average loop size on bare DNA was signi fi cantly 
larger than the average loop size observed on nucleosomal DNA (~100 bp). Following 
the same trend, the translocation rate on nucleosomal DNA substrates was much 
slower than on bare DNA (12 bp/s). Another interesting observation in the experi-
ments done with nucleosomal DNA was the occurrence of a burst of loop formation 
and dissipation activity, a behavior that was not observed on bare DNA. 

 The differences between the studies of RSC were ultimately suggested to re fl ect 
a speci fi c recognition of the nucleosome by the remodeler and a strong coupling 
between nucleosome association and remodeler translocation. It is important to note 
that the SM approach used in both studies cannot directly discriminate between 
nucleosome mobilization due to loop formation and that achieved by another mobi-
lization mechanism; however, there were clear similarities observed between the 
translocation activities of Swi/Snf and RSC complexes that may represent general 
features of chromatin remodeling by Swi/Snf-like enzymes.  

   Concluding Remarks 

 Clearly, the emergence of SM methods has contributed extensively to the character-
ization of SF2 helicases and translocases. Without a doubt, the maturation of these 
techniques will provide many more useful  fi ndings. Future work with SF2 enzymes 
must place particular emphasis on building a more detailed mechanism of duplex 
separation and  fi lling the great need for high-resolution structural data. Progress in 
these areas will advance the larger goal of a deepened understanding of transloca-
tion and helicase activities in biological contexts and the regulation of these activi-
ties within the macromolecular complexes in which they so often play central roles. 
A deeper understanding of SF2 enzymes will no doubt shed light on many essential 
cellular processes and enrich the larger picture of NA metabolism.  
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  Abstract   Hexameric helicases are responsible for many biological processes, ranging 
from DNA replication in various life domains to DNA repair, transcriptional regulation 
and RNA metabolism, and encompass superfamilies 3–6 (SF3–6). 

 To harness the chemical energy from ATP hydrolysis for mechanical work, 
hexameric helicases have a conserved core engine, called ASCE, that belongs to a 
subdivision of the P-loop NTPases. Some of the ring helicases (SF4 and SF5) use a 
variant of ASCE known as RecA-like, while some (SF3 and SF6) use another 
variant known as AAA+ fold. The NTP-binding sites are located at the interface 
between monomers and include amino-acid residues coming from neighbouring 
subunits, providing a mean for small structural changes within the ATP-binding site 
to be ampli fi ed into large inter-subunit movement. 

 The ring structure has a central channel which encircles the nucleic acid. The 
topological link between the protein and the nucleic acid substrate increases the 
stability and processivity of the enzyme. This is probably the reason why within 
cellular systems the critical step of unwinding dsDNA ahead of the replication fork 
seems to be almost invariably carried out by a toroidal helicase, whether in bacteria, 
archaea or eukaryotes, as well as in some viruses. 

 Over the last few years, a large number of biochemical, biophysical and struc-
tural data have thrown new light onto the architecture and function of these remark-
able machines. Although the evidence is still limited to a couple of systems, 
biochemical and structural results suggest that motors based on RecA and AAA+ 
folds have converged on similar mechanisms to couple ATP-driven conformational 
changes to movement along nucleic acids.       
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   Overall Architecture

   Although helicases have been classi fi ed into six different superfamilies  [  1  ]  (SF1–6), 
a main distinction can be drawn between those working as monomers or dimers 
(belonging to superfamilies SF1 and SF2) and those forming toroidal rings (SF3–6). 
The ring-forming helicases are responsible for a huge variety of biological pro-
cesses, ranging from DNA replication in various life domains to DNA repair, tran-
scriptional regulation and RNA metabolism. In particular, within cellular systems, 
the critical step of unwinding dsDNA ahead of the replication fork seems to be 
almost invariably carried out by a toroidal helicase, whether in bacteria, archaea or 
eukaryotes, as well as some viruses (see also Chap.   5    ). 

 To harness the chemical energy from ATP hydrolysis for mechanical work, hexa-
meric helicases have a conserved core engine, known as ASCE, that belongs to a 
subdivision of the P-loop NTPases. Some of the ring helicases use a variant of the 
ASCE fold  fi rst visualised in the RecA recombinase, and therefore known as RecA-
like fold, while some use another variant known as AAA+ fold. SF1 (discussed in 
Chap.   2    ) and SF2 (discussed in Chap.   3    ) polypeptides typically contain tandem 
ASCE folds and bind the nucleotide at the interface between the two domains 
(Fig.  4.1 ), with the N-terminal half providing the Walker A and Walker B motif, and 
the C-terminal domain providing other elements that are critical for the mechanism 
of action. In contrast, oligomeric helicases contain only a single ASCE domain 
(either with a RecA or a AAA+ fold) per monomer, with the ATP site at the inter-
face between adjacent subunits, and rely on the interaction with neighbouring sub-
units to provide the full nucleotide-binding pocket. Whereas most of the interactions 
with the nucleotide are therefore provided by one subunit (such as the Walker A and 
B, acting in  cis ), some of the necessary amino-acid side chains come from the 
neighbouring monomer and are therefore said to act in  trans  (Fig.  4.1 ).  

 The ring structure provides a central channel where the nucleic acid substrate is 
supposed to thread. The size of the channel can be very variable, ranging from 13 Å 
 [  2,   3  ]  up to more than 50 Å  [  4–  6  ] . Larger channels can therefore accommodate not 
only single-stranded oligonucleotides, but also double-stranded ones. Whereas 
some dsDNA translocases clearly bind and walk along dsDNA, the situation is less 
clear for bona  fi de helicases, and in some cases there is some uncertainty as to the 
nature of the physiological substrate  [  7–  10  ] . 

 The toroidal architecture presents both advantages and disadvantages. The topo-
logical link between the protein and the nucleic acid substrate increases the stability 
of the complex and therefore the processivity of the helicase. This is probably the 
reason why helicases involved in cellular DNA replication, which must continu-
ously unwind long stretches of dsDNA ahead of the replication fork, are invariably 
ring helicases (see also Chap.   5    ). On the other hand the circular architecture creates 
a topological problem during loading, since the helicase ring needs to open up to 
correctly bind the substrate within the channel. This can be achieved in multiple 
ways, either through an intrinsic plasticity of the ring (with the presence of C-shaped, 
partially opened rings assemblies), or through a specialised loading machinery, such 
as DnaA/DnaC in bacteria, the Cdc6/Orc1 system in archaea and the pre-replicative 
complex (including the Orc1-6 complex, Cdt1, Cdc6, beside the Mcm2-7 helicase) 
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in eukaryotes. Although undoubtedly a complication, elaborated loading  mechanisms 
ensures that the critical step of processive DNA unwinding occurs in a carefully 
controlled way, and can be the target of multiple levels of regulation. 

 The ring can move along the nucleic acid either in the 3 ¢ →5 ¢  or in the 5 ¢ →3 ¢  
direction. Within the well-studied ring helicases, those belonging to the RecA-like 
group translocate in the 5 ¢ →3 ¢  direction, whereas the AAA+ enzymes have the 
opposite polarity (3 ¢ →5 ¢ ). Whether this is a general rule and re fl ects a conserved 
and distinct mechanism of action or it is simply due to the relatively small number 
of enzymes that have been fully characterised needs to be ascertained. 

 Hexameric helicases include both DNA and RNA helicases, as well as a variety of 
dsDNA translocases and DNA/RNA packaging motors. However, all eukaryotic RNA 
helicases studied to date belong to the SF1 and SF2 family, whereas toroidal RNA 
helicases are less common, and are only found in bacteria and viruses  [  11,   12  ] . 
Although the subject of the present book is limited to DNA helicases, we will include 
a discussion on the RNA helicase Rho, as it provides essential insights into the mecha-
nisms of action of hexameric helicases.  

   The Basic Units: RecA and AAA+ Folds 

 As helicases couple NTP (typically ATP) hydrolysis to movement along nucleic acid, 
they belong to the general division of P-loop NTPases, identi fi ed by the presence of a 
Walker A (the “P loop”) and Walker B motifs. More speci fi cally, the core of a helicase 

  Fig. 4.1    General architecture of helicases. On the  left  is a schematic representation of helicases 
belonging to the SF1 and SF2 family: the enzymes are typically monomeric (although may work 
as dimers) and fold into two structurally similar domains, each similar to a RecA monomer, with 
the ATP-binding site (depicted as a  red bar ) sandwiched between the domains, the Walker A and 
Walker B domains provided by the N-terminal half of the protein ( light green ), and additional 
elements necessary for hydrolysis (such as an arginine  fi nger R) provided by the C-terminal portion 
( dark green ). On the  right  is a schematic diagram of the architecture of hexameric helicases: six 
monomers (either RecA or AAA+ folds) assemble into a ring, with the ATP sandwiched between 
adjacent subunits. Each monomer thus contains both the Walker A and Walker B domain on one 
side, and the arginine  fi nger necessary for the activity on the opposite side. A central cavity in the 
middle binds the nucleic acid substrate, which is therefore “trapped” within the ring       
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motor is built around a ubiquitous fold known as ASCE ( A dditional  S trand  C atalytic 
 E ), belonging to the class of P-loop NTPases, but characterised by the insertion of an 
additional strand (strand 4) between the Walker A and Walker B motifs and by the 
presence of a catalytic glutamate  [  13  ] . The ASCE fold thus comprises an  a / b  core 
with  fi ve parallel  b -strands (51432 topology, with strands 1 and 3 carrying the Walker 
A and Walker B motif),  fl anked by  a -helices on both sides (Fig.  4.2 ). A characteristic 
of ASCE ATPases is that they are active only in tandem, with at least two domains 
assembling so as to form a fully functional ATP-Mg-binding site (Fig.  4.1 ).  

 The Walker A (or P-loop) is a glycine-rich loop interacting with the phosphate 
moiety of the ATP located at the end of strand 1, while the Walker B (at the end of 
strand 4) motif contains a conserved aspartate coordinating the divalent cation 
(Mg 2+ ). ASCE proteins are then characterised by a conserved glutamate, which is 
involved in catalysis by activating a water molecule acting as the nucleophile in the 
hydrolysis reaction. Other two conserved features are the presence of a polar residue 
at the end of strand 4, which could act as a sensor of the nucleotide state, and a 
conserved arginine residue (arginine  fi nger) that interacts with the nucleotide of the 
neighbouring subunit to couple ATP hydrolysis to inter-subunit conformational 
changes. Both the catalytic glutamate and the arginine  fi nger may come from differ-
ent topological positions. 

 Within the ASCE group various subdivisions can be identi fi ed, including the 
RecA-like ATPases and the AAA+ proteins  [  13–  15  ] . Some confusion in the nomen-
clature arises from the fact that “RecA fold” was historically used (and sometimes 
still is) to indicate the whole ASCE group, rather than the speci fi c subtype. Here we 
are following the classi fi cation suggested by Iyer et al.  [  14  ] . 

 RecA proteins and their close homologues are characterised by two extensions 
on both side of the ASCE middle  b -sheet: a helix-strand addition after strand 2, and 
a C-terminal  b -hairpin after strand 5 (Fig.  4.2 ), therefore generating a 7-stranded 
central  b -sheet. A conserved arginine residue is often found in the C-terminal 

  Fig. 4.2    A comparison between the RecA and the AAA+ folds. Both RecA and AAA+ belong to 
the ASCE subgroup of the P loop NTPases, and comprise a 5-stranded parallel  b -sheet,  fl anked by 
helices both in front and behind the plane of the sheet. The secondary structure elements that are 
common to the ASCE proteins are shown in  blue : the P loop containing the Walker A motif (WA) 
is shown in  red , the Walker B motif in  dark blue , the catalytic glutamate in  violet  (E), the arginine 
 fi nger (R) in  green  and the Sensor I (SI) and Sensor II (SII) in  orange . The AAA+ is characterised 
by a C-terminal  a -helical domains (in  orange )       
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 b -hairpin addition; in the RecA-like hexameric structures this arginine directly 
coordinates the  g -phosphate of the ATP bound to an adjacent subunit, thus acting 
as an arginine  fi nger. Beside RecA, one of the best studied proteins of this class is 
the F1 ATP synthase. This is a protein made up of six RecA-like domains, alternat-
ing three catalytically active subunits with three subunits lacking the ATP-binding 
site: the rotation of a helical shaft in the central pore controls the exact con fi guration 
of the three active sites which sequentially change from empty to ADP-bound to 
ATP-bound  [  16–  18  ] .  

  AAA+ ATPases  (ATPases Associated with various cellular Activities) are 
enzymes which utilise the energy released by ATP hydrolysis to do mechanical 
work, and can be found in a diverse range of processes such as protein transport, 
folding and degradation, membrane fusion, microtubule dynamics, transcription, 
DNA repair and recombination, as well as DNA replication. AAA+ proteins 
 generally assemble as higher order oligomers, with a strong preference for hexa-
meric rings  [  15,   19  ] . The monomers are characterised by a two-domain structure: 
the catalytic  a / b  ASCE domain has an additional helix before strand 1 (H0, Fig.  4.2 ) 
and contains a number of conserved motifs. The catalytic glutamate is part of the 
Walker B motif (hhhhDE) and the arginine  fi nger is located between helix H4 and 
strand 5. This domain is followed by a helical (or “lid”) domain, made up of 3 or 4 
helices and containing a sensor II motif, typically including another conserved argi-
nine. This residue also interacts with the ATP, and undergoes a conformational 
change upon the ATP→ADP transition, therefore “sensing” the nucleotide state. 
A conserved polar residue (known as “glutamate switch”) sequesters the catalytic 
glutamate in the absence of nucleic acid, ensuring that ATP hydrolysis is activated 
only in the presence of the correct substrate  [  20  ] . 

 AAA+ ATPases have been classi fi ed in various clades, based on various criteria 
(sequence or structural analysis) with different, and sometimes contrasting, results 
 [  15,   21,   22  ] . Following the structure-based analysis  [  15,   21  ] , a class has been 
identi fi ed that is characterised by the insertion of a  b -hairpin before sensor I (pre-
sensor I  b -hairpin, PS1BH, Fig.  4.2 ). All AAA+ helicases belong to the PS1BH 
superclade and in some cases the PS1BH has been shown to be critical for DNA 
binding and translocation  [  2,   23,   24  ] .  

   Hexameric Helicase Superfamilies: An Overview 

 Whereas superfamilies SF1 and SF2 are clearly distinct and comprise a large num-
ber of proteins (see Chaps.   2     and   3    , respectively), the situation for hexameric heli-
cases is rather more blurred. When the  fi rst classi fi cation of helicases was proposed 
 [  25  ] , three superfamilies were described, including the monomeric SF1 and SF2, 
and the hexameric SF3, consisting of a relatively small number of enzymes involved 
in replication of viral genomes, as well as two minor groups covering DnaB-like 
and Rho helicases. Subsequent bioinformatic, structural and biochemical studies 
have highlighted the relationship between various enzymes, so that a more recent 

http://dx.doi.org/10.1007/978-1-4614-5037-5_2
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analysis de fi ned three more superfamilies (SF4–6) bringing to 6 the total number of 
groups, with four (SF3–6, Fig.  4.3 ) consisting of hexameric enzymes  [  1  ] . Within the 
four hexameric superfamilies, two (SF4, SF5) are based on the RecA fold, and share 
a variety of structural features, including a similar location of the nucleic acid-
binding loops, and a similar orientation of the fold in the context of the hexamer. 
The other two instead (SF3 and SF6) belong to the AAA+ division, and in particular 
to the PS1BH superclade. Below is a brief overview of the salient features of each 
family. 

  Superfamily SF3  includes proteins found in the genome of small DNA and RNA 
viruses and are involved in various stages of the viral replication cycle, from origin 
recognition, to origin melting and unwinding, therefore incorporating in one poly-
peptide both the function of an initiator protein and replicative helicase, as well as 
having additional roles such as inactivation of cellular tumour suppressors. The 
polypeptide chain contains multiple domains, typically including an origin 

  Fig. 4.3    Topology diagrams for SF3–6 families of hexameric helicases. A schematic representa-
tion of the topology of representatives of superfamilies SF4 (gp4 helicase from bacteriophage T7), 
SF5 (transcription termination factor Rho), SF3 (E1 helicase from papilloma virus) and SF6 
(MCM helicase) are shown. SF4 and SF5 proteins share a RecA fold, whereas SF3 and SF6 share 
an AAA+ fold. The colour-code is the same as in Fig.  4.2 ; DNA-binding loops/regions are shown 
in  purple . RecA-like hexameric helicases bind DNA through loops located at the  top  (C-terminal 
edge) of the  b -sheet, whereas AAA+ helicases bind DNA via  b -hairpins emanating from the  bot-
tom  (N-terminal edge) of the  b -sheet, and probably (in the case of MCM) from the H2 insertion. 
With respect to the canonical AAA+ fold (Fig.  4.2 ) the SF3 helicases lack the C-terminal  a -helical 
domain, but have a helical bundle that is formed by both N-terminal and C-terminal elements. 
MCM helicases do possess a standard  a -helical domain, but a long helical insertion (in  red ) reori-
ents it in such a way that Sensor II becomes a  trans  rather than a  cis  residue       
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 DNA-binding domain and a C-terminal helicase domain. The best studied members 
of the group are the large T antigen (LTag) from the simian virus 40 (SV40) and the 
E1 protein from the papilloma virus, but the superfamily also includes other  members, 
such as the Rep helicases from adeno-associated virus (AAV), helicases from parvo-
virus Rep/NS1, polyoma virus large T antigen, etc. All the proteins that have been 
biochemically characterised have a 3 ¢ →5 ¢  polarity. 

 From a structural point of view, the SF3 helicase domain folds around an  a / b  
core that closely resembles that of AAA+ proteins (Fig.  4.3 ). However the 
classi fi cation of SF3 proteins is contentious: whereas the original report that 
identi fi ed the key similarities between AAA+ proteins such as MCM and the σ54-
dependent transcriptional activators did indeed include SF3 helicases  [  26  ] , other 
bioinformatic analysis do not include them within the AAA+ group, based on the 
lack of a “canonical” α domain  [  22  ] . However, despite the divergence of the domain, 
structure-based approaches identify a clear correlation between the topology of the 
 a / b  domain of SF3 helicases and the AAA+ fold, and especially the presence of the 
PS1BH insertion and the conserved position of the arginine  fi nger  [  15,   21  ] . 

 A number of crystal structures for this superfamilies have been reported, includ-
ing the SV40 LTag in the apo form and in the presence of various nucleotides  [  27  ] ; 
the papilloma virus E1 helicase in the presence of nucleotide and ssDNA  [  2  ]  and the 
AAV Rep40 helicase  [  28  ] . 

 The PS1BH insertions are located close to the central pore and in a number of 
cases have been shown to change orientation depending on the ATP state of the 
enzyme, thus linking ATP turnover to nucleic acid translocation. This is illustrated 
very clearly both in the symmetric structure of the SV40 LTag, where the  b -hairpins 
assume a different concerted orientation in the apo, ATP and ADP forms  [  27  ] , and 
even more in the crystal structure of the E1 helicase  [  2  ] , where each hairpin has a 
different vertical position depending on the exact nucleotide state, forming a spiral 
staircase that is likely to chaperone each DNA unit. 

  Superfamily SF4  comprises a variety of helicases from various systems, including 
proteins from bacteriophages (T7 gp4, SPP1 GP40) and bacteria (the replicative DnaB 
helicase), as well as eukaryotic mitochondrial helicases TWINKLE  [  29  ] . Some con-
fusion can arise from the fact that in Gram-negative bacteria the helicase is called 
DnaB and is loaded on the origin via the help of an AAA+ protein called DnaC, while 
in Gram-positive bacteria the DnaB-like helicase is actually named DnaC. 

 Often SF4 helicase domains are closely associated with a primase, either via a fusion 
event so that the primase and helicase are located in the same polypeptide  [  30  ] , or by a 
strong physical interaction with a primase domain, as seen in the bacterial systems  [  5,   31  ] . 

 Most of the biochemical and structural studies have focussed on the T7 helicase 
and the bacterial DnaB helicase. A number of crystal structures and electron micros-
copy reconstructions have been reported for the T7 helicase  [  30,   32–  34  ] , as well as 
a large amount of biochemical studies  [  35  ] . Similarly well studied are the bacterial 
DnaB-like helicases, both from the biochemical and structural point of view  [  5,   6, 
  36–  41  ] . The core of the enzymes is a RecA-like fold  [  42  ]  with the DNA-binding 
loops emerging from the C-terminal ends of the central  b -strands (Fig.  4.3 ). The 
proteins move along the DNA in the 5 ¢ →3 ¢  direction. 
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  Superfamily SF5  includes only the bacterial transcription termination factors 
Rho. This protein binds to a transcription terminator pause site, then translocates 
along the transcript and unwinds the DNA/RNA hybrid. Although the sequence of 
Rho proteins is rather divergent from other helicases, their basic fold closely resem-
bles members of the SF4 family. As SF4 members, Rho has a 5 ¢ →3 ¢  polarity, is built 
around a RecA-like fold, and binds DNA with loops that are structurally and topo-
logically equivalent. 

 The protein has been thoroughly dissected, making it one of the best studied 
hexameric helicases  [  11,   43–  47  ] . 

  Superfamily SF6  includes the archaeal and eukaryotic MCM proteins, as well as 
the RuvB proteins. MCM proteins are conserved between archaea and eukaryotes, 
with most archaea possessing a single copy forming homomeric rings, while eukary-
otes have at least six different paralogs (MCM2-7) assembling into a multimeric 
complex  [  48  ] . A growing body of evidence con fi rmed the role of MCM proteins as 
the replicative helicase in both archaea and eukaryotes  [  49,   50  ] . Whereas the 
archaeal proteins display helicase activity  [  50  ] , the activity of the MCM2-7 com-
plex requires the presence of additional factors (such as Cdc45 and GINS) and post-
translational modi fi cations  [  51  ] ; this is probably due to the more complex regulation 
of DNA replication in eukaryotes, where sophisticated cell-cycle control mecha-
nisms ensure the ordered succession of DNA synthesis and cell division and the 
coordination of a large number of origins. The bacterial RuvB proteins, also 
classi fi ed within the SF6 family, work as a dsDNA translocase and, together with 
RuvA and RuvC, process Holliday junctions  [  52  ] . The so-called eukaryotic homo-
logues of RuvB (variously cited as RvB1/2, RuvBL1/2, Tip49/48, Pontin/Reptin) 
lack a series of speci fi c features, most notably the PS1BH insertion, making it 
unlikely that these proteins are true orthologues of RuvB  [  21  ] . Although it has been 
suggested that they may belong to a novel hexameric helicase superfamily  [  53  ] , data 
regarding the helicase activity of the complex are rather contradictory  [  54,   55  ] . 

 SF6 helicases share a similar AAA+  a / b  core, and contain a PS1BH insertion. In 
RuvB the PS1BH interact with RuvA, rather than the nucleic acid substrate  [  56  ] . In 
the MCM proteins, in addition to the PS1BH, a second insertion emerges from helix 
H2, forming a long  b -hairpin capped by a short helix (H2i, Fig.  4.3 ). Mutagenesis 
studies of both the PS1BH  [  23  ]  and H2i  [  24  ]  have demonstrated their crucial role in 
DNA binding and helicase activity. 

 Structural information on SF6 proteins is still patchy and no crystal structure for 
a hexameric form is available. There are various crystal structures of the monomeric 
form of RuvB  [  56–  58  ] , but we need to rely on low resolution electron microscopy 
reconstructions to build a hexamer  [  59,   60  ] . Even more complex is the situation 
with MCM helicases: although two crystal structures are available for the AAA+ 
motor domain of archaeal proteins, one is from an inactive protein  [  61  ]  that lacks 
most of the functional elements (Walker A, Walker B, sensor I, arginine  fi nger); the 
other is of a functional protein, but the crystals diffracted to low resolution, thus 
allowing only an approximate polyalanine model to be built  [  62  ] . The crystal 
 structures show an unusual reorganisation of the  a -helical domain, which moves 
from the canonical AAA+ fold position (Fig.  4.2 ), in such a way that sensor II 
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becomes a  trans , rather than a  cis  residue (Fig.  4.3 ). A number of electron micros-
copy reconstructions, both of archaeal and eukaryotic MCM complexes, show a 
large degree of polymorphism  [  4,   63–  67  ]    .   

   The Quaternary Structure 

 Although the basic ATPase ASCE fold is shared between RecA and AAA+ pro-
teins, and the central  b -sheet and the conserved motifs can be overlapped, the rela-
tive orientation of the fold within the hexamer is very different within the two classes 
of hexameric helicases, placing the substrate-binding channels in distinct orienta-
tion with respect to the basic fold  [  68  ]  (Figs.  4.5  and  4.6 ).   

 More puzzling, a variety of stoichiometries and symmetries have been described 
for proteins belonging to the same superfamily, or even for the same protein. For 
example, the T7 helicase has been reported to form symmetric hexameric rings, dis-
torted hexameric rings, heptameric rings, trimers of dimers and helical assemblies 
 [  30,   32–  34,   69,   70  ] . The bacterial DnaB-like helicases have also been visualised as 
trimers, hexamers, distorted hexamers and dodecamers  [  5,   6,   38–  41  ] . An even more 
striking example is provided by the archaeal MCM helicases, where single hexam-
ers, single heptamers, double hexamers, double heptamers, open rings, as well as 
helical  fi bres have been observed by electron microscopy  [  4,   64–  67,   71  ] . 

 One obvious question is the functional relevance of the heptameric arrangements. 
For T7 helicase it has been shown that the heptameric ring is able to translocate 

  Fig. 4.4    The atomic structures of the crystallographic hexamers for representative member of the 
SF3–5 family. For the SF4 family we choose the hexameric crystal structure of the T7 helicase 
domain in an asymmetric con fi guration  [  33  ]  (PDB code: 1E0J); for the SF5 family, the structure of 
the Rho hexamers in the presence of ADP•BeF 

3
  and ssRNA  [  3  ]  (PDB code: 3ICE); for the E1 

helicase, the crystal structure of the hexamer in the presence of ADP and ssDNA  [  2  ]  (PDB code: 
2GXA). No crystallographic model is available for an SF6 helicase in hexameric form. The nucle-
otide bound to the catalytic site is shown in  red  as ball-and-stick representation. Where available 
(Rho and E1) the nucleic acid bound to the central channel is shown       

 



84 B. Medagli and S. Onesti

along dsDNA but does not possess helicase activity  [  70  ] ; in some cases the transi-
tion from hexameric to heptameric rings was nucleotide-dependent  [  65,   66,   70  ]  or 
depended on the exact construct/mutant used  [  30,   72  ] . Invariably, protein–DNA 
complexes display hexameric symmetry  [  2,   3,   59,   65  ]  strongly suggesting that the 
active helicase requires a hexameric assembly. 

 One possibility is that the heptameric rings may be in vitro artefacts. Alternatively, 
it has been suggested that the heptameric rings may represent intermediate states 
which have a role in loading or in dsDNA translocation  [  35,   48,   70,   73  ] . The most 
likely explanation however is that the existence heptameric rings is symptomatic of 
the ability of the subunit interface to assume diverse con fi gurations, going from 
“open” to fully “closed”, and may also re fl ect the ability of these proteins to assume 
an open-ring or lock-washer con fi guration  [  45,   74  ] . 

  Fig. 4.5    Crystal structures of the monomers of members of the SF3–6 family. For SF3–5 the 
choice of crystal structure is the same as in Fig.  4.4 . For the SF6 family we have built a hybrid 
model, with the overall framework based on the more accurate crystal structure of the  M. kandleri  
MCM AAA+ domain  [  61  ]  (PDB code: 38FT), and the functional elements (PS1BH, H2i) from the 
low resolution structure of the AAA+ domain from  S. sulfolobus   [  62  ]  (PDB code: 3F9V). All 
the monomers are rotated so that the ASCE core is in a similar orientation. The colour code is the 
same as in Fig.  4.2 , showing in  blue  the secondary structure elements that are shared within the 
ASCE fold, in  red  the Walker A, in  dark blue  the Walker B, in  green  the arginine  fi nger, in  orange  
sensor I and sensor II motifs. The nucleotide bound to the ATP site is shown as ball-and-stick 
representation, with the carbon atoms in  yellow ; the Mg atom is a  light green  sphere. The nucleic 
acid binding loops are shown in  purple . Both ssRNA (Rho) and ssDNA (E1) bind in a helical 
conformation. As expected from the very different positions of the DNA binding loops between 
RecA and AAA+ helicases, the nucleic acid binds in a very different location and the helical 
ssDNA/ssRNA axis (whose axis roughly coincides with the hexameric axis—shown by a  red 
arrow ) makes an angle of roughly 90° (see Fig.  4.6 ). Below each monomer is a representation of 
the hexamer, with a monomer highlighted, so as to visualise all the key element in their context. 
An approximate model of an MCM AAA+ hexamer has been built using the  M. kandleri  atomic 
coordinates of the AAA+, based on the hexameric arrangement of the N-terminal domain  [  75  ]  (not 
shown)       
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 More contentious is the presence of double-ring arrangements. Double  hexameric 
(and sometimes double heptameric) structures have been detected for a large num-
ber of hexameric helicases, including SV40 LTag, MCM helicases and DnaB-like 
helicases  [  7,   41,   64–  66,   75,   76  ] . In some cases, notably for some SF3 helicases such 
as LTag and Rep, the proposed mechanism of action involve the double-ring struc-
ture  [  7  ] ; in some systems, biochemical experiments trying to assess the physiologi-
cal role of the double hexamers provided contradictory results  [  72,   77–  79  ] . Here 
again, the evidence suggests that all these architectures are more likely to be involved 
in intermediate stages of the process (i.e. loading, DNA melting, etc.), whereas the 
active helicase is a single hexamer  [  2,   74  ] .  

   The ATP-Binding Site 

 The main characteristic of helicases (and in general molecular motors) is to have an 
ATP-binding site wedged between two adjacent subunits/domains (Fig.  4.1 ). This 
architecture provides a way to amplify relatively small conformational changes 

  Fig. 4.6    Relative orientation of the AAA+ and RecA hexameric ring. A monomer of the E1 heli-
case  [  2  ]  (PDB code: 2GXA) is shown in  green , and below is a monomer of the Rho helicase  [  3  ]  
(PDB code: 3ICE, in  blue ), oriented so as to match the ASCE fold. On the  right side  of the picture 
are shown the full hexameric structures, with the single monomers highlighted in  green  and  blue , 
respectively, and the nucleic acid substrate in  orange . The plane of the rings is rotated of almost 
90° (a the  black line with a arrow  shows the position of the pseudo-hexameric axes)       
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upon ATP binding and/or hydrolysis by changing the relative orientation of the 
subunits/domains. Binding of ATP and a divalent cation (Mg 2+ ) is achieved through 
a number of motifs that are conserved in most ASCE members (Walker A, Walker 
B, catalytic glutamate, arginine  fi nger), as well as through motifs that are peculiar 
to each class (Fig.  4.7 ).  

 The Walker A and Walker B are essential sequence motifs common to all the 
P-loop proteins: the Walker A motif (GxxxxGK[S/T]) is located between strand 1 
and helix H1 and is involved in positioning the triphosphate moiety of the NTP, 
while the Walker B motif (hhhhD) coordinates an Mg 2+  ion. In ASCE proteins, a 
glutamate contributes to catalysis by priming a water molecule for the nucleophilic 
attack on the  g -phosphate of the NTP. Despite the conserved role and three-dimen-
sional location, the catalytic glutamate does not necessarily come from the same 
secondary structure elements: in some families (most of the RecA-like proteins) it 
is located at the end of strand 2, whereas in others (such as the AAA+ proteins) it 
immediately follows the Walker B aspartate (hhhhD E ). In addition to Walker A and 
B, most ASCE proteins carry a polar residue at the tip of strand 4, which appears to 
be required for sensing the triphosphate of the bound nucleotide and trigger the 
hydrolysis. For analogy with the nomenclature of the AAA+ ATPase, we use the 
name “sensor I”. 

 A conserved arginine residue is often found adjacent to the ATP-binding site of 
the neighbouring subunit: in the hydrolysis-ready con fi guration it binds the ATP 
 g -phosphate, thus acting similarly to the arginine  fi ngers of GTPase-activating 
proteins  [  80  ]  and promoting inter-subunit cooperation upon hydrolysis. This 
ensures the crosstalk between subunit interfaces and ATP hydrolysis: the state of 

  Fig. 4.7    The nucleotide-binding site. The ATP-binding site is shown for a RecA-like helicase  [  3  ]  
(Rho; PDB code: 3ICE) and an AAA+ helicase  [  2  ]  (E1, PDB code: 2GXA). The site is located at 
the interface between two subunits, in  blue  and  cyan , respectively. For the sake of clarity, only the 
most important motifs are shown. The  blue  subunit provides most of the nucleotide contacts, with 
the Walker A motif shown in  red  (with the critical lysine side chain shown), the Walker B in  dark 
blue  (with the conserved aspartate) and catalytic glutamate (in  purple ). The arginine  fi nger (in 
 green ) is provided by the neighbouring subunit. The nucleotide bound to the ATP (ADP BeF 

3
  for 

Rho, and ADP for E1) site is shown as ball-and-stick representation, with the carbon atoms in  yel-
low ; the Mg atom is a  light green  sphere; in the crystal structure of E1 a chlorine ion (in  orange ) is 
supposed to take the place of the  g -phosphate       
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the ATP-binding site affects the interface, but at the same time the details of the 
interface (which may depend on the interaction with the nucleic acid substrates 
and the  fi ne tuning of the subunit interactions) affect the capacity of triggering 
ATP hydrolysis  [  2,   3  ] . 

 AAA+ proteins are further characterised by a second conserved positive charge 
located on the  a -helical domain, which is part of the sensor II motif, and interacts 
with the  g -phosphate of the adjacent ATP molecule  [  15  ] . Another general feature of 
AAA+ domains is the so-called glutamate switch: to ensure that ATP hydrolysis is 
activated only in the presence of the correct substrate (in the case of helicases, the 
nucleic acid), a polar residue (typically an asparagine) located at the end of strand 2 
makes a hydrogen bond with the catalytic glutamate in the absence of the substrate, 
keeping it in an “off” conformation  [  20  ] .  

   Mechanism of Action of Hexameric Helicases 

 Helicases are molecular engines that translocate along nucleic acid substrates using 
ATP (or, more generally, NTP) as a source of energy. They therefore need to trans-
form the chemical energy of ATP hydrolysis into mechanical work so as to move 
unidirectionally along the DNA or RNA. An interesting analogy has been proposed 
between multimeric helicases and combustion engines  [  9  ] , with each subunit acting 
as a single cylinder going through a continuous cycle of ATP binding (fuel injec-
tion), active site rearrangement (compression), hydrolysis (combustion) and prod-
uct release (exhaust). The main questions are therefore how is the coupling between 
hydrolysis and movement achieved and how the subunits are coordinated. 

 A variety of mechanism has been suggested (Fig.  4.8 ). At one end of the spec-
trum there is a stochastic mechanism, where each subunit acts independently and no 
coordination exists between subunits. Although this has been proposed for an AAA+ 
ATPase such as ClpX protein unfoldase  [  81  ] , there is no suggestion that it may 
apply to a helicase. Consistently, for most helicases ATP binding has been shown to 
be cooperative, and the presence of a small amount of inactive subunits to have a 
non-linear effect on the activity, con fi rming the presence of mechanisms of cross-
communication between subunits  [  70,   82–  84  ] .  

 At the other end of the spectrum there is a fully concerted mechanism, where all six 
subunits bind and hydrolyse ATP in a synchronous way (Fig.  4.8 ). A crystallographic 
analysis of the SV40 LTag in three distinct nucleotide states (apo, ATP, ADP) revealed 
highly symmetrical structures, where all six subunits displayed identical conformation 
and nucleotide state  [  27  ] . An interesting feature of this system is that the position of the 
PS1BH hairpins correlates with the nucleotide state, so that in the presence of ATP the 
hairpins are at the top of the channel, and in the empty state at the bottom. 

 However, a growing body of evidence suggests that most helicases work through 
a sequential mechanism. The prototype of such scheme is the F1 ATP synthase/
ATPase that shares a number of similarities (and a likely evolutionary link) with the 
SF4 helicases, and whose mode of action has been thoroughly dissected  [  17,   18  ] . 



88 B. Medagli and S. Onesti

  Fig. 4.8    A schematic diagram of the putative mechanisms for subunit coordination. Many mecha-
nisms have been proposed for sequence of catalytic events around the hexameric ring, from a 
purely stochastic mechanisms, where each subunits randomly  fi res, without any communication 
with the neighbours, to a fully concerted mechanism, where all subunits bind and hydrolyse ATP 
in synch. Both structural and biochemical data seem to rather support sequential mechanisms of 
hydrolysis, where a “wave” of ATP binding, active site rearrangement, ATP hydrolysis and product 
release goes around the ring in an ordered manner. These mechanisms share some similarity with 
the ATP synthesis cycle of the F1 ATPase. There are various ways of conceiving a sequential 
mechanism, from a twofold symmetric model (as suggested for the T7 helicase  [  33  ] ) to an asym-
metric one  [  2  ] . The six subunit of hexameric helicases are coloured as in Fig.  4.1 , while the non-
catalytic  b -subunit of F1-ATPase are shown in  grey . A  red bar  indicates the ATP bound at the 
interface between subunits, and a  green bar  indicated ADP       
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The exact F1 scheme is not easily applicable to homo-hexamers, as the synthase has 
only three catalytic subunits, and therefore retains only three ATP sites out of six 
(Fig.  4.8 ). A conceptually similar mechanism, although with six, rather than three 
active sites, was proposed based on the crystal structure of the helicase domain of 
the bacteriophage T7 gp4 protein in the presence of the ATP analogue AMP-PNP 
 [  33  ] . The symmetry of the hexameric ring was broken, with two half rings having 
opposite spiral con fi gurations. The six ATP sites showed three different 
con fi gurations, ranging from empty, to ATP-like to ADP+Pi-like. The three 
con fi gurations are then repeated by a crystallographic twofold axis, so that the 
sequence of sites around the hexameric ring would be empty/ATP/ADP+Pi/empty/
ATP/ADP+Pi (Fig.  4.8 , Sequential-symmetric). Remarkably, the ATP site 
con fi guration is correlated with the vertical position of the DNA-binding loops, so 
that the loops form two half spiral within the protein channel, providing a mecha-
nism for the sequential translocation of an ssDNA molecule with a spiral conforma-
tion. The reorientation of the loops is not achieved through a hinge-like movement, 
but rather by the relative rotation of one subunit with respect to the neighbouring 
one by about 15° along an axis parallel to the plane of the ring. 

 More recently the crystal structures of two helicases have been determined in the 
presence of single-stranded nucleic acid, providing a clear picture of the transloca-
tion mechanism. The structure of E1 helicase, in the presence of ADP and ssDNA 
 [  2  ] , shows a completely asymmetric arrangement, with different modes of nucleotide 
coordination along the ring, which appear to show a full cycle of hydrolysis around 
the ring. The interface between subunits and the detailed interactions made by each 
nucleotide vary along the ring: “ATP-like” sites are characterised by a well-ordered 
nucleotide with the exact positioning of all the motifs involved in catalysis (both  cis  
and  trans ) and a tight subunit–subunit interface; “ADP-like” sites are less compact, 
while “apo-like” sites are characterised by a larger gap, and are either empty or with 
a nucleotide completely “disengaged” from the neighbouring subunit. Similarly to 
what observed in the T7 helicase, the vertical position of the DNA-binding hairpins 
are highly correlated with the nucleotide states, with a highest position for the ATP 
states, and a lowest one for the empty state. The hairpins are therefore arranged as a 
spiral staircase: the ssDNA bound to the central channel assumes a right-handed heli-
cal conformation with the 5 ¢  end at the “top” that mirrors the hairpins’ helical arrange-
ment. This model strongly supports a sequential block scheme (Figs.  4.8  and  4.9 ) 
with a “coordinated escort” mechanism, so that the subunit that has just bound an 
ATP molecule moves up so as to grab a DNA phosphate; the sequential rearrange-
ment of the active site and the ATP hydrolysis is correlated with the downward move-
ment of the hairpin, which chaperones a DNA base towards the bottom of the ring; 
upon ADP and Pi release, the subunit is then free to bind a new ATP molecule, which 
brings the hairpin up again, ready to grab a new base and start a new cycle. In addi-
tion to the nucleotide state of the subunit, the position of the hairpin is also modu-
lated by the interaction with the hairpins of the adjacent monomers, further 
highlighting the cooperativity within the ring  [  2,   9  ] .  

 The crystal structure of the RNA helicase Rho, in a complex with ssRNA and 
ADP⋅BeF 

3
  shows a strikingly similar situation, with an analogous sequence of  ATP-like, 
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ADP-like and empty active sites, and a corresponding spiral staircase of the DNA-
binding loops  [  3  ] . Rho binds the nucleic acid with the same orientation, but the subunits 
“ fi re” in the opposite order, therefore explaining the opposite polarity (Rho walks in the 
5 ¢  →3 ¢  direction rather than in the 3 ¢  →5 ¢  direction as E1  [  85  ] ) (Fig.  4.9 ).  

   A General Mechanism? 

 The variety of biochemical and structural results obtained for different hexameric 
helicases raises the problem of how universal are the above results. The consider-
able similarity observed between the E1 and Rho appears highly signi fi cant for a 
number of reasons: Rho and E1 not only belong to different classes (SF5 vs. SF3), 
but are built around a different fold (RecA vs. AAA+, Fig.  4.3 ), with a very different 
architecture of the hexameric ring (Fig.  4.6 ), hydrolyse ATP with the assistance of 
an arginine  fi nger emanating from a different region of the fold, translocate along 
different classes of nucleic acids (ssRNA vs. ssDNA) and bind their substrates with 

  Fig. 4.9    Mechanism for directional translocation.  On the left  is a close up of the DNA-binding 
region of the E1 helicase  [  2  ]  (PDB code: 2GXA): the PS1BH loops are shown in different colours, 
with the ssDNA in  orange . The helicase moves along the DNA from the 3 ¢  to the 5 ¢  direction (i.e. 
the enzyme moves up, pushing the DNA towards the bottom). The nucleotide con fi guration found 
at the interface between the two subunits is schematically shown as “ATP”, “ADP” and “empty”. 
With the exception of the violet subunit, the other  fi ve loops form a spiral staircase that follow 
closely the pitch of the DNA helix, and is stabilised by a network of inter-loop interactions, sug-
gesting a “coordinated escort” mechanism. After reaching the bottom upon ADP+Pi release, the 
subunit rebinds ATP and moves up again, ready to catch another DNA base: the violet subunit, 
disengaged from DNA, is probably on its way “up” to restart the cycle. As in the E1 helicase crys-
tal two independent hexamers are present, with slightly different nucleotide con fi guration 
sequences, only the con fi guration of hexamer 1 is shown here.  On the right  is a schematic compari-
son between the crystal structures of E1 helicase bound to ssDNA, and Rho helicase bound to 
ssRNA  [  3  ]  (PDB code: 3ICE). Single-stranded nucleic acid is shown as a  black spiral , with the 5 ¢  
end coming up towards the viewer.  Orange bars  represent ATP molecules loosely bound,  red bars  
the ATP after the correct rearrangement for hydrolysis (ATP*),  green bars  represent the ADP+Pi 
after hydrolysis has occurred. The  white arrow  represents the translocation of the protein ring 
along the nucleic acid; the  circular black arrow  indicates the sequence of events during ATP 
hydrolysis (i.e. ATP, ATP*, ADP+Pi, empty)       
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loops emerging from different position within the ASCE fold (Fig.   4.6 ). Despite all 
these differences, the enzymes have converged towards an apparently similar mech-
anism of coupling ATP hydrolysis to nucleic acid translocation  [  2,   3  ]  (Fig.  4.9 ), 
which strongly suggests that it may be a general model for hexameric helicase 
function. 

 The fact that other crystal and electron microscopy structures show other 
con fi gurations and/or symmetries (from the perfect hexamers of SV40 LTag  [  27  ] , to 
the trimeric/hexameric structures of DnaB helicase  [  5,   6,   38–  41  ] , to the helical or 
twofold symmetric structures of T7 helicases  [  32,   33  ] ) can be explained in various 
ways. One argument is that the real functional state of the helicase is only achieved 
when bound to the nucleic acid substrate and to a nucleotide, whereas the more 
symmetric con fi gurations can represent intermediate/alternative states before load-
ing and/or activation of the enzymatic activity. The high sequence and structural 
similarity between E1 and LTag helicases suggest that the two proteins work with 
very similar mechanisms: it is therefore possible that upon binding an asymmetric 
substrate such as ssDNA the symmetric hexamer seen for LTag  [  27  ]  may change 
conformation to act as a helicase. 

 There are also technical considerations that can explain the variety of structural 
biology results: electron microscopy reconstructions only provide low resolution 
pictures, are often obtained by imposing rotational symmetry and can therefore 
“mask” the true architecture of a slightly asymmetric multimeric protein. Indeed, 
not only biochemical data had suggested that T7 helicase binds ssDNA at a single 
monomer, but a careful analysis of the EM projection without symmetry applied 
con fi rms a small but signi fi cant variation from hexameric symmetry in the presence 
of the substrate  [  86  ] . Crystallisation may also be biased towards more symmetric 
arrangements, which are easier to pack within a three-dimensional lattice: if a mix-
ture of symmetric and asymmetric states is present in solution, it is possible that the 
most symmetric are more prone to form well-ordered crystals, therefore shifting the 
equilibrium towards the most “regular” architecture. 

 However, there are a number of other considerations that need to be taken into 
account. Some biochemical results suggest that even in the presence of a sequential 
mechanism some system may have a higher degree of tolerance than other, compat-
ible with a certain degree of disruption in some active sites  [  70,   83,   84  ] . Slippage of 
a hexameric ring has also been observed for the T7 helicase in single-molecule 
experiments  [  82  ] , opening up the possibility that there may be competing processes 
at work, and bulk biochemical data may be not always suited to capture more com-
plex behaviours  [  87  ] . In some cases it is not easy to reconcile the structural results 
with the biochemical data. For example, a biochemical study using nucleotide ana-
logue interference mapping suggests that the Rho helicase contacts the RNA 2 ¢  OH 
every seventh nucleotide  [  88  ] , in contrast with the crystal structure  [  3  ]  where every 
nucleotide appears to be actively escorted through the central channel. Moreover, 
the action of hexameric helicases is tightly regulated by the presence of accessory 
factors  [  51,   89,   90  ]  and by the interaction of other proteins  [  31,   90–  92  ] , especially 
in the context of the replisome. 
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 A combination of detailed biochemical analysis, high resolution structural studies 
and single-molecule approaches on multiple systems are therefore still needed to thor-
oughly dissect the mechanisms of action of these complex machines and to establish 
the similarities and peculiarities of the various hexameric helicase families.      

   References 

    1.    Singleton MR, Dillingham MS, Wigley DB. Structure and mechanism of helicases and nucleic 
acid translocases. Annu Rev Biochem. 2007;76:23–50.  

    2.    Enemark EJ, Joshua-Tor L. Mechanism of DNA translocation in a replicative hexameric heli-
case. Nature. 2006;442:270–5.  

    3.    Thomsen ND, Berger JM. Running in reverse: the structural basis for translocation polarity in 
hexameric helicases. Cell. 2009;139:523–34.  

    4.    Pape T, Meka H, Chen S, Vicentini G, van Heel M, Onesti S. Hexameric ring structure of the 
full-length archaeal MCM protein complex. EMBO Rep. 2003;4:1079–83.  

    5.    Bailey S, Eliason WK, Steitz TA. Structure of hexameric DnaB helicase and its complex with 
a domain of DnaG primase. Science. 2007;318:459–63.  

    6.    Lo YH, Tsai KL, Sun YJ, Chen WT, Huang CY, Hsiao CD. The crystal structure of a replica-
tive hexameric helicase DnaC and its complex with single-stranded DNA. Nucleic Acids Res. 
2009;37:804–14.  

    7.    Li D, Zhao R, Lilyestrom W, Gai D, Zhang R, DeCaprio JA, et al. Structure of the replicative 
helicase of the oncoprotein SV40 large tumour antigen. Nature. 2003;423:512–8.  

    8.    Takahashi TS, Wigley DB, Walter JC. Pumps, paradoxes and ploughshares: mechanism of the 
MCM2-7 DNA helicase. Trends Biochem Sci. 2005;30:437–44.  

    9.    Enemark EJ, Joshua-Tor L. On helicases and other motor proteins. Curr Opin Struct Biol. 
2008;18:243–57.  

    10.    Fu YV, Yardimci H, Long DT, Ho TV, Guainazzi A, Bermudez VP, et al. Selective bypass of a 
lagging strand roadblock by the eukaryotic replicative DNA helicase. Cell. 2011;146:931–41.  

    11.    Rabhi M, Tuma R, Boudvillain M. RNA remodeling by hexameric RNA helicases. RNA Biol. 
2010;7:655–66.  

    12.    Jankowsky E. RNA helicases at work: binding and rearranging. Trends Biochem Sci. 
2011;36:19–29.  

    13.    Leipe DD, Koonin EV, Aravind L. Evolution and classi fi cation of P-loop kinases and related 
proteins. J Mol Biol. 2003;333:781–815.  

    14.    Iyer LM, Makarova KS, Koonin EV, Aravind L. Comparative genomics of the FtsK-HerA 
superfamily of pumping ATPases: implications for the origins of chromosome segregation, 
cell division and viral capsid packaging. Nucleic Acids Res. 2004;32:5260–79.  

    15.    Erzberger JP, Berger JM. Evolutionary relationships and structural mechanisms of AAA+ pro-
teins. Annu Rev Biophys Biomol Struct. 2006;35:93–114.  

    16.    Abrahams JP, Leslie AG, Lutter R, Walker JE. Structure at 2.8 Å resolution of F1-ATPase from 
bovine heart mitochondria. Nature. 1994;370:621–8.  

    17.    Boyer PD. The ATP synthase—a splendid molecular machine. Annu Rev Biochem. 1997;66:717–49.  
    18.    Leslie AG, Abrahams JP, Braig K, Lutter R, Menz RI, Orriss GL, et al. The structure of bovine 

mitochondrial F1-ATPase: an example of rotary catalysis. Biochem Soc Trans. 1999;27:37–42.  
    19.    Ogura T, Wilkinson AJ. AAA+ superfamily ATPases: common structure–diverse function. 

Genes Cells. 2001;6:575–97.  
    20.    Zhang X, Wigley DB. The ‘glutamate switch’ provides a link between ATPase activity and 

ligand binding in AAA+ proteins. Nat Struct Mol Biol. 2008;15:1223–7.  
    21.    Iyer LM, Leipe DD, Koonin EV, Aravind L. Evolutionary history and higher order classi fi cation 

of AAA+ ATPases. J Struct Biol. 2004;146:11–31.  



934 Structure and Mechanism of Hexameric Helicases

    22.    Ammelburg M, Frickey T, Lupas AN. Classi fi cation of AAA+ proteins. J Struct Biol. 
2006;156:2–11.  

    23.    McGeoch AT, Trakselis MA, Laskey RA, Bell SD. Organization of the archaeal MCM complex 
on DNA and implications for the helicase mechanism. Nat Struct Mol Biol. 2005;12:756–62.  

    24.    Jenkinson ER, Chong JP. Minichromosome maintenance helicase activity is controlled by N- 
and C-terminal motifs and requires the ATPase domain helix-2 insert. Proc Natl Acad Sci 
USA. 2006;103:7613–8.  

    25.    Gorbalenya AE, Koonin EV. Helicases: amino acid sequence comparisons and structure–func-
tion relationship. Curr Opin Struct Biol. 1993;3:419–29.  

    26.    Koonin EV. A common set of conserved motifs in a vast variety of putative nucleic acid-
dependent ATPases including MCM proteins involved in the initiation of eukaryotic DNA 
replication. Nucleic Acids Res. 1993;21:2541–7.  

    27.    Gai D, Zhao R, Li D, Finkielstein CV, Chen XS. Mechanisms of conformational change for a 
replicative hexameric helicase of SV40 large tumor antigen. Cell. 2004;119:47–60.  

    28.    James JA, Escalante CR, Yoon-Robarts M, Edwards TA, Linden RM, Aggarwal AK. Crystal 
structure of the SF3 helicase from adeno-associated virus type 2. Structure. 2003;11:1025–35.  

    29.    Moraes CT. A helicase is born. Nat Genet. 2001;28:200–1.  
    30.    Toth EA, Li Y, Sawaya MR, Cheng Y, Ellenberger T. The crystal structure of the bifunctional 

primase-helicase of bacteriophage T7. Mol Cell. 2003;12:1113–23.  
    31.    Corn JE, Berger JM. Regulation of bacterial priming and daughter strand synthesis through 

helicase-primase interactions. Nucleic Acids Res. 2006;34:4082–8.  
    32.    Sawaya MR, Guo S, Tabor S, Richardson CC, Ellenberger T. Crystal structure of the helicase 

domain from the replicative helicase-primase of bacteriophage T7. Cell. 1999;99:167–77.  
    33.    Singleton MR, Sawaya MR, Ellenberger T, Wigley DB. Crystal structure of T7 gene 4 ring 

helicase indicates a mechanism for sequential hydrolysis of nucleotides. Cell. 
2000;101:589–600.  

    34.    Egelman EH, Yu X, Wild R, Hingorani MM, Patel SS. Bacteriophage T7 helicase/primase 
proteins form rings around single-stranded DNA that suggest a general structure for hexameric 
helicases. Proc Natl Acad Sci USA 1995;92:3869–73.  

    35.    Donmez I, Patel SS. Mechanisms of a ring shaped helicase. Nucleic Acids Res. 
2006;34:4216–24.  

    36.    LeBowitz JH, McMacken R. The Escherichia coli dnaB replication protein is a DNA helicase. 
J Biol Chem. 1986;261:4738–48.  

    37.    Kaplan DL, O’Donnell M. DnaB drives DNA branch migration and dislodges proteins while 
encircling two DNA strands. Mol Cell. 2002;10:647–57.  

    38.    Yang S, Yu X, VanLoock MS, Jezewska MJ, Bujalowski W, Egelman EH. Flexibility of the 
rings: structural asymmetry in the DnaB hexameric helicase. J Mol Biol. 2002;321:839–49.  

    39.    San Martin MC, Stamford NP, Dammerova N, Dixon NE, Carazo JM. A structural model for 
the Escherichia coli DnaB helicase based on electron microscopy data. J Struct Biol. 
1995;114:167–76.  

    40.    Wang G, Klein MG, Tokonzaba E, Zhang Y, Holden LG, Chen XS. The structure of a DnaB-family 
replicative helicase and its interactions with primase. Nat Struct Mol Biol. 2008;15:94–100.  

    41.    Stelter M, Gutsche I, Kapp U, Bazin A, Bajic G, Goret G, et al. Architecture of a dodecameric 
bacterial replicative helicase. Structure. 2012;20:554–64.  

    42.    Leipe DD, Aravind L, Grishin NV, Koonin EV. The bacterial replicative helicase DnaB evolved 
from a RecA duplication. Genome Res. 2000;10:5–16.  

    43.    Yu X, Horiguchi T, Shigesada K, Egelman EH. Three-dimensional reconstruction of transcrip-
tion termination factor rho: orientation of the N-terminal domain and visualization of an RNA-
binding site. J Mol Biol. 2000;299:1279–87.  

    44.    Richardson JP. Loading Rho to terminate transcription. Cell. 2003;114:157–9.  
    45.    Skordalakes E, Berger JM. Structure of the Rho transcription terminator: mechanism of mRNA 

recognition and helicase loading. Cell. 2003;114:135–46.  
    46.    Skordalakes E, Berger JM. Structural insights into RNA-dependent ring closure and ATPase 

activation by the Rho termination factor. Cell. 2006;127:553–64.  



94 B. Medagli and S. Onesti

    47.    Boudvillain M, Walmacq C, Schwartz A, Jacquinot F. Simple enzymatic assays for the in vitro 
motor activity of transcription termination factor Rho from Escherichia coli. Methods Mol 
Biol. 2010;587:137–54.  

    48.    Costa A, Onesti S. Structural biology of MCM helicases. Crit Rev Biochem Mol Biol. 
2009;44:326–42.  

    49.    Boos D, Frigola J, Dif fl ey JF. Activation of the replicative DNA helicase: breaking up is hard 
to do. Curr Opin Cell Biol. 2012;24:423–30.  

    50.    Sakakibara N, Kelman LM, Kelman Z. Unwinding the structure and function of the archaeal 
MCM helicase. Mol Microbiol. 2009;72:286–96.  

    51.    Ilves I, Petojevic T, Pesavento JJ, Botchan MR. Activation of the MCM2-7 helicase by asso-
ciation with Cdc45 and GINS proteins. Mol Cell. 2010;37:247–58.  

    52.    West SC. Processing of recombination intermediates by the RuvABC proteins. Annu Rev 
Genet. 1997;31:213–44.  

    53.   Berger JM. SnapShot: nucleic acid helicases and translocases. Cell .  2008;134: 888–888.e1  
    54.    Jha S, Dutta A. RVB1/RVB2: running rings around molecular biology. Mol Cell. 2009;34:521–33.  
    55.    Grigoletto A, Lestienne P, Rosenbaum J. The multifaceted proteins Reptin and Pontin as major 

players in cancer. Biochim Biophys Acta. 2011;1815:147–57.  
    56.    Yamada K, Miyata T, Tsuchiya D, Oyama T, Fujiwara Y, Ohnishi T, et al. Crystal structure of 

the RuvA-RuvB complex: a structural basis for the Holliday junction migrating motor machin-
ery. Mol Cell. 2002;10:671–81.  

    57.    Yamada K, Kunishima N, Mayanagi K, Ohnishi T, Nishino T, Iwasaki H, et al. Crystal struc-
ture of the Holliday junction migration motor protein RuvB from Thermus thermophilus HB8. 
Proc Natl Acad Sci USA 2001;98:1442–7.  

    58.    Putnam CD, Clancy SB, Tsuruta H, Gonzalez S, Wetmur JG, Tainer JA. Structure and mecha-
nism of the RuvB Holliday junction branch migration motor. J Mol Biol. 2001;311:297–310.  

    59.    Miyata T, Yamada K, Iwasaki H, Shinagawa H, Morikawa K, Mayanagi K. Two different oli-
gomeric states of the RuvB branch migration motor protein as revealed by electron micros-
copy. J Struct Biol. 2000;13:83–9.  

    60.    Chen YJ, Yu X, Egelman EH. The hexameric ring structure of the Escherichia coli RuvB 
branch migration protein. J Mol Biol. 2002;319:587–91.  

    61.    Bae B, Chen YH, Costa A, Onesti S, Brunzelle JS, Lin Y, et al. Insights into the architecture of 
the replicative helicase from the structure of an archaeal MCM homolog. Structure. 
2009;17:211–22.  

    62.    Brewster AS, Wang G, Yu X, Greenleaf WB, Carazo JM, Tjajadi M, et al. Crystal structure of 
a near-full-length archaeal MCM: functional insights for an AAA+ hexameric helicase. Proc 
Natl Acad Sci USA 2008;105:20191–6.  

    63.    Yu X, VanLoock MS, Poplawski A, Kelman Z, Xiang T, Tye BK, et al. The Methanobacterium 
thermoautotrophicum MCM protein can form heptameric rings. EMBO Rep. 2002;3:792–7.  

    64.    Gómez-Llorente Y, Fletcher RJ, Chen XS, Carazo JM, San Martín C. Polymorphism and dou-
ble hexamer structure in the archaeal minichromosome maintenance (MCM) helicase from 
Methanobacterium thermoautotrophicum. J Biol Chem. 2005;280:40909–15.  

    65.    Costa A, Pape T, van Heel M, Brick P, Patwardhan A, Onesti S. Structural studies of the 
archaeal MCM complex in different functional states. J Struct Biol. 2006;156:210–9.  

    66.    Costa A, Pape T, van Heel M, Brick P, Patwardhan A, Onesti S. Structural basis of the 
Methanothermobacter thermautotrophicus MCM helicase activity. Nucleic Acids Res. 
2006;34:5829–38.  

    67.    Costa A, van Duinen G, Medagli B, Chong J, Sakakibara N, Kelman Z, et al. Cryo-electron 
microscopy reveals a novel DNA-binding site on the MCM helicase. EMBO J. 2008;27:2250–8.  

    68.    Wang J. Nucleotide-dependent domain motions within rings of the RecA/AAA(+) superfam-
ily. J Struct Biol. 2004;148:259–67.  

    69.    Yu X, Jezewska MJ, Bujalowski W, Egelman EH. The hexameric E. coli DnaB helicase can 
exist in different quaternary states. J Mol Biol. 1996;259:7–14.  



954 Structure and Mechanism of Hexameric Helicases

    70.    Crampton DJ, Ohi M, Qimron U, Walz T, Richardson CC. Oligomeric states of bacteriophage 
T7 gene 4 primase/helicase. J Mol Biol. 2006;360:667–77.  

    71.    Chen YJ, Yu X, Kasiviswanathan R, Shin JH, Kelman Z, Egelman EH. Structural polymor-
phism of Methanothermobacter thermautotrophicus MCM. J Mol Biol. 2005;346:389–94.  

    72.    Jenkinson ER, Costa A, Leech AP, Patwardhan A, Onesti S, Chong JP. Mutations in subdo-
main B of the minichromosome maintenance (MCM) helicase affect DNA binding and modu-
late conformational transitions. J Biol Chem. 2009;284:5654–61.  

    73.    Costa A, Onesti S. The MCM complex: (just) a replicative helicase? Biochem Soc Trans. 
2008;36:136–40.  

    74.    Costa A, Ilves I, Tamberg N, Petojevic T, Nogales E, Botchan MR, et al. The structural basis 
for MCM2-7 helicase activation by GINS and Cdc45. Nat Struct Mol Biol. 2011;18:471–7.  

    75.    Fletcher RJ, Bishop BE, Leon RP, Sclafani RA, Ogata CM, Chen XS. The structure and func-
tion of MCM from archaeal M. thermoautotrophicum. Nat Struct Biol. 2003;10:160–7.  

    76.    Remus D, Beuron F, Tolun G, Grif fi th JD, Morris EP, Dif fl ey JF. Concerted loading of Mcm2-7 
double hexamers around DNA during DNA replication origin licensing. Cell. 2009;139:719–30.  

    77.    Smelkova NV, Borowiec JA. Dimerization of simian virus 40 T-antigen hexamers activates 
T-antigen DNA helicase activity. J Virol. 1997;71:8766–73.  

    78.    Fletcher RJ, Shen J, Gómez-Llorente Y, Martín CS, Carazo JM, Chen XS. Double hexamer 
disruption and biochemical activities of Methanobacterium thermoautotrophicum MCM. J 
Biol Chem. 2005;280:42405–10.  

    79.    Shin JH, Heo GY, Kelman Z. The Methanothermobacter thermautotrophicus MCM helicase is 
active as a hexameric ring. J Biol Chem. 2009;284:540–6.  

    80.    Ahmadian MR, Stege P, Scheffzek K, Wittinghofer A. Con fi rmation of the arginine- fi nger hypoth-
esis for the GAP-stimulated GTP-hydrolysis reaction of Ras. Nat Struct Biol. 1997;4:686–9.  

    81.    Martin A, Baker TA, Sauer RT. Rebuilt AAA+ motors reveal operating principles for ATP-
fuelled machines. Nature. 2005;437:1115–20.  

    82.    Sun B, Johnson DS, Patel G, Smith BY, Pandey M, Patel SS, et al. ATP-induced helicase slip-
page reveals highly coordinated subunits. Nature. 2011;478:132–5.  

    83.    Crampton DJ, Guo S, Johnson DE, Richardson CC. The arginine  fi nger of bacteriophage T7 
gene 4 helicase: role in energy coupling. Proc Natl Acad Sci USA 2004;101:4373–8.  

    84.    Moreau MJ, McGeoch AT, Lowe AR, Itzhaki LS, Bell SD. ATPase site architecture and heli-
case mechanism of an archaeal MCM. Mol Cell. 2007;28:304–14.  

    85.    Lyubimov AY, Strycharska M, Berger JM. The nuts and bolts of ring-translocase structure and 
mechanism. Curr Opin Struct Biol. 2011;21:240–8.  

    86.    Yu X, Hingorani MM, Patel SS, Egelman EH. DNA is bound within the central hole to one or 
two of the six subunits of the T7 DNA helicase. Nat Struct Biol. 1996;3:740–3.  

    87.    Hopfner KP, Michaelis J. Mechanisms of nucleic acid translocases: lessons from structural 
biology and single-molecule biophysics.  Curr Opin Struct Biol. 2007;17:87–95.  

    88.    Schwartz A, Rabhi M, Jacquinot F, Margeat E, Rahmouni AR, Boudvillain M. A stepwise 
2 ¢ -hydroxyl activation mechanism for the bacterial transcription termination factor Rho heli-
case. Nat Struct Mol Biol. 2009;16:1309–16.  

    89.    Kang YH, Galal WC, Farina A, Tappin I, Hurwitz J. Properties of the human Cdc45/Mcm2-7/
GINS helicase complex and its action with DNA polymerase epsilon in rolling circle DNA 
synthesis. Proc Natl Acad Sci USA 2012;109:6042–7.  

    90.    Zhou B, Arnett DR, Yu X, Brewster A, Sowd GA, Xie CL, et al. Structural basis for the inter-
action of a hexameric replicative helicase with the regulatory subunit of human DNA poly-
merase alpha-primase. J Biol Chem. 2012;387(32):26854–66.  

    91.    Patel SS, Pandey M, Nandakumar D. Dynamic coupling between the motors of DNA replica-
tion: hexameric helicase, DNA polymerase, and primase. Curr Opin Chem Biol. 
2011;15:595–605.  

    92.    Manosas M, Spiering MM, Ding F, Croquette V, Benkovic SJ. Collaborative coupling between 
polymerase and helicase for leading-strand synthesis. Nucleic Acids Res. 2012;40(13):6187–98.      



97M. Spies (ed.), DNA Helicases and DNA Motor Proteins, Advances in Experimental 
Medicine and Biology, DOI 10.1007/978-1-4614-5037-5_5, 
© Springer Science+Business Media New York 2013

  Abstract   Helicases are fundamental components of all replication complexes since 
unwinding of the double-stranded template to generate single-stranded DNA is 
essential to direct DNA synthesis by polymerases. However, helicases are also 
required in many other steps of DNA replication. Replicative helicases not only 
unwind the template DNA but also play key roles in regulating priming of DNA 
synthesis and coordination of leading and lagging strand DNA polymerases. 
Accessory helicases also aid replicative helicases in unwinding of the template 
strands in the presence of proteins bound to the DNA, minimising the risks posed by 
nucleoprotein complexes to continued fork movement. Helicases also play critical 
roles in Okazaki fragment processing in eukaryotes and may also be needed to mini-
mise topological problems when replication forks converge. Thus fork movement, 
coordination of DNA synthesis, lagging strand maturation and termination of repli-
cation all depend on helicases. Moreover, if disaster strikes and a replication fork 
breaks down then reloading of the replication machinery is effected by helicases, at 
least in bacteria. This chapter describes how helicases function in these multiple 
steps at the fork and how DNA unwinding is coordinated with other catalytic pro-
cesses to ensure ef fi cient, high  fi delity duplication of the genetic material in all 
organisms.      

   Introduction 

 A need for enzymes that unwind double-stranded DNA into two single strands is 
perhaps most apparent during the process of DNA replication. A requirement to 
expose the bases within each strand for use as templates for DNA polymerases 
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means that the entire genome of every cell must be unwound during every cell cycle. 
One requirement of replicative helicases is therefore very high processivity, enabling 
a single replication initiation event to result in synthesis of many thousands, perhaps 
millions, of base pairs. The central role of replicative helicases in genome duplica-
tion is also re fl ected in their functioning as moving platforms for the association of 
other components of the replisome, facilitating coordination of the multiple cata-
lytic processes that must occur during both leading and lagging strand synthesis at 
the fork. However, recent years have uncovered many additional functions for other 
helicases at the replication fork. These additional functions are still emerging but 
include helicases that aid strand separation within the context of protein-bound 
DNA, processing of Okazaki fragments, convergence of replication forks and tar-
geting of stalled forks to facilitate the reinitiation of DNA replication. Multiple roles 
for different helicases also imply exquisite coordination of these catalytic activities 
at the replication fork, not only to ensure ef fi cient movement of the fork during 
genome duplication but also to avoid unscheduled unwinding of strands that could 
result in potentially catastrophic genome instability. However, whilst much is known 
about how replicative helicase activity in bacteria and their viruses is controlled, 
there is little information available concerning how other helicases at the fork are 
coordinated. 

 This chapter describes helicases at the replication fork that are critical for com-
pletion of genome duplication, illustrating the central role played by helicases in all 
aspects of replication.  

   Replicative Helicases 

 Replicative helicases are most commonly hexameric, homohexameric in prokary-
otes and heterohexameric in eukaryotes, forming a ring structure that encircles DNA 
(see Chap.   4    ) (Fig.  5.1 ). Nucleotide binding and hydrolysis occur at the interfaces 
between monomers and drives conformational changes within the subunits that 
results in movement of nucleic acid within the ring with respect to the subunits  [  1,   2  ] . 
The toroidal nature of replicative helicases has likely evolved to minimise the rate 
at which the helicase dissociates from the DNA, a key requirement during genome 
duplication given that the helicase has to translocate along many thousands of bases. 
However, it should be noted that the very high processivity required of a replicative 
helicase may not necessarily be conferred solely by a toroidal quaternary structure. 
The  Escherichia coli  replicative helicase, DnaB, can unwind  »  85 kbp in vitro within 
the context of the replisome  [  3–  5  ]  but in isolation DnaB has modest processivity 
 [  6  ] . Encirclement of the DNA strand might therefore be necessary but not suf fi cient 
to confer high processivity on replicative helicases. There might also be other 
advantages in replicative helicases having a hexameric ring structure. The disposi-
tion of DNA binding loops projecting into the central channel of replicative heli-
cases suggests that there might be very little rotation of the helicase around the 
DNA strand, potentially reducing supercoiling problems during replication  [  7  ] . 

http://dx.doi.org/10.1007/978-1-4614-5037-5_4
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Replicative helicases also act as platforms for assembly of other components of the 
replisome via multiple protein–protein interactions and having six subunits may 
facilitate organisation of the replisome. A clear example of this are the multiple 
primase molecules that interact with the bacterial replicative helicase DnaB in a 
cooperative manner to coordinate primer synthesis (see below).  

   Mechanisms of DNA Unwinding 

 The primary function of replicative helicases is to unwind duplex DNA to generate 
single-stranded templates for DNA polymerase. Chromosomal origins of replication 
require the assembly of two replication forks and hence two replicative polymerases 
must be loaded at each origin. Bacterial and bacteriophage replicative helicases are 
loaded onto ssDNA and translocate in the 5 ¢ –3 ¢  direction  [  8  ]  as does the human mito-
chondrial replicative helicase Twinkle  [  9  ] . The other DNA strand is excluded from 
the central cavity within the hexameric ring and so translocation 5 ¢ –3 ¢  along the 
ssDNA results in unwinding of the parental dsDNA via a “steric exclusion” mecha-
nism  [  10–  15  ]  (Fig.  5.2 ). However, whether this mechanism is active or passive is still 
the subject of debate and may also vary between different helicases (see Chap.   4    ).  

 Multiple different mechanisms have been suggested for unwinding by the eukary-
otic nuclear and archaeal replicative helicases (the heterohexameric MCM2-7 and 

  Fig. 5.1    Structure of the replicative helicase of papilloma virus (PDB ID: 2GXA). Six monomers, 
indicated by different colours, form a hexameric ring that encircles a single strand of DNA       
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homohexameric MCM complexes, respectively). The MCM complex differs 
 substantially at the structural level from bacterial and bacteriophage replicative heli-
cases  [  1  ] , a difference that is re fl ected in the 3 ¢ –5 ¢  polarity of translocation of MCM 
complexes  [  16,   17  ] , raising the possibility that steric exclusion is not necessarily a 
ubiquitous feature of replicative helicases. Moreover, the MCM complex belongs to a 
family of AAA+ hexameric helicases  [  18  ]  that includes some members that may 
translocate along dsDNA rather than ssDNA  [  19  ]  whilst the MCM complex itself 
interacts with dsDNA during initiation of replication  [  20,   21  ] . These suggestive 
 fi ndings led to models of MCM-catalysed unwinding that envisaged translocation 
along dsDNA rather than ssDNA  [  19  ] . However, an MCM sub-complex (a hexamer 
composed of only three of the six MCM subunits but which still forms a ring helicase) 
can unwind DNA by steric exclusion  [  22  ]  whilst selective inhibition of  Xenopus  rep-
lication fork movement using DNA strand-speci fi c blocks provides strong support for 
a steric exclusion mechanism of DNA unwinding by MCM2-7 within the context of 
the replisome  [  23  ] . It is likely therefore that most, if not all, hexameric helicases 
unwind DNA via steric exclusion. Variations on this general mechanism are emerg-
ing, though. The 5 ¢  ssDNA arm displaced by the archaeal  Sulfolobus solfataricus  
MCM complex wraps around a positively charged region on the outside of the MCM 
ring, an interaction that may facilitate DNA unwinding by prevention of reannealing 
of the ssDNA strands  [  24  ] . 

 Although most if not all types of replicative helicase translocate along ssDNA 
and unwind dsDNA at the replication fork via steric exclusion, it is still also possi-
ble that dsDNA translocation by these helicases could have functions in vivo. 
Bacterial, bacteriophage and eukaryotic replicative helicases can translocate along 
duplex regions upon encountering a ssDNA/dsDNA junction  [  14,   25,   26  ]  (Fig.  5.3 ). 
Such activity can displace proteins bound to duplex DNA and also drive branch 
migration of Holliday junctions in vitro  [  25  ]  implying that replicative helicases may 
have multiple functions inside a cell in addition to the well-characterised role at the 
replication fork. However, loading of replicative helicases onto DNA is a tightly 

  Fig. 5.2    Translocation 
5 ¢ –3 ¢  by bacterial and 
bacteriophage replicative 
helicases along the 
lagging strand template 
at a fork results in DNA 
unwinding since the 
second DNA strand is 
excluded from the 
hexameric ring       
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regulated process in all organisms as this is a key step in the initiation of DNA rep-
lication. Moreover, there may be mechanisms to speci fi cally inhibit translocation 
along dsDNA by replicative helicases. The helicase loader in  E. coli , DnaC (see 
below), inhibits DnaB translocation along dsDNA but not ssDNA, raising doubts 
about whether this dsDNA translocation can occur in vivo  [  27  ] . Although these ring 
helicases can therefore catalyse a variety of unwinding/displacement reactions 
in vitro, their function is likely restricted to the replication fork in vivo.   

   Helicase Loading onto DNA 

 Encirclement of DNA within a ring helicase creates a requirement for some mecha-
nism to load the ring onto the DNA and a remarkable variety of different mecha-
nisms have evolved to accomplish this task. Loading of a ring helicase onto DNA 
could occur by opening of a pre-assembled hexamer to allow entry of DNA fol-
lowed by ring closure. Alternatively, helicase monomers or other subassemblies 
could associate into a hexamer on the DNA. Both ring opening and ring assembly 
processes have been characterised and loading via either mechanism can occur with 
the assistance of accessory factors (assisted loading) or of accessory domains within 
subunits of the helicase (self-assisted loading)  [  28  ] . 

 Loading of bacterial replicative helicases occurs via the initiator protein DnaA, a 
DNA sequence-speci fi c binding protein that recognises the origin of replication 
 oriC   [  29–  31  ] . These initiators promote melting of dsDNA at  oriC  by ATP-dependent 
formation of DnaA oligomers that bind to and remodel the DNA backbone of one 
of the strands  [  32–  34  ] , aided by other factors that destabilise dsDNA such as nega-
tive supercoiling and nucleoid-associated proteins  [  35,   36  ] . Helicase loader proteins 
then facilitate the ATP-dependent loading of the replicative helicase onto the 
exposed ssDNA, either via ring opening or ring assembly mechanisms  [  28  ] , although 
helicase loaders may not be employed by some bacteria such as  Helicobacter pylori  
 [  37  ] . Loading of two DnaB hexamers, one on each exposed ssDNA, directs the 
assembly of other replisome components to form two replication forks that initiate 
bidirectional replication from  oriC   [  38,   39  ] . 

 Initiation of bacterial chromosomal replication occurs therefore upon loading 
of the replicative helicase onto ssDNA, with control of this process governed pri-
marily via regulation of DnaA activity (reviewed in ref.  [  31  ] ). In contrast, both 

  Fig. 5.3    Hexameric replicative helicases can accommodate more than one DNA strand within the 
central cavity. Such helicases can therefore translocate over dsDNA if an ssDNA/dsDNA junction 
is encountered whilst translocating along ssDNA       
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helicase loading and subsequent assembly of a competent replication fork are 
tightly regulated processes in eukaryotes. The MCM2-7 complex is loaded ini-
tially as a  catalytically inactive double hexamer around dsDNA via the concerted 
action of the origin recognition complex (ORC), Cdc6 and Cdt1 in an ATP-
dependent process during late M and G1 phases  [  20,   21,   40  ] . This initial loading 
step is regulated via inhibition by cyclin-dependent kinase-dependent and -inde-
pendent mechanisms to ensure loading occurs only at the end of mitosis and dur-
ing G1  [  41  ] . Upon entry into S-phase these inactive MCM2-7 complexes become 
activated via phosphorylation and also by recruitment of Cdc45 and the GINS 
tetramer to form the CMG helicase complex  [  17,   42  ] , an association that is also 
regulated by kinase activity  [  41,   43  ] . The two helicases then dissociate and trans-
locate away from the origin to form two independent replisomes  [  44  ] . This CMG 
complex is likely the functional form of the 3 ¢ –5 ¢  helicase that drives template 
DNA unwinding within the replisome progression complex (RPC)  [  45–  47  ]  since, 
although MCM2-7 by itself is an active helicase  [  48  ] , the CMG complex is a con-
siderably more robust helicase  [  46  ] . This activation depends at least in part on the 
ability of GINS and Cdc45, together with ATP binding, to promote closure of a 
gap in the MCM2-7 ring  [  49  ]  (Fig.  5.4 ). This gap in the ring may be critical in 
initial assembly of the MCM double hexamer onto dsDNA, allowing dsDNA to 
enter into the MCM ring, but bridging this gap by Cdc45 and GINS implies that 
closure facilitates unwinding  [  48,   49  ] . Conversion of the single large pore within 
MCM2-7 into two smaller pores within the CMG complex, together with the 
inability of the CMG complex to bind dsDNA  [  20,   21,   46  ] , is also consistent with 
a model in which dsDNA within MCM2-7 is destabilised upon association of 
Cdc45 and GINS, with the two single strands partitioned in the two different pores 
within CMG  [  49  ]  (Fig.  5.4b ). Such a model implies that there are two modes of 
unwinding via steric exclusion, one in which one of the DNA strands is com-
pletely excluded from the replicative helicase ring (bacteria and bacteriophage) 
and one in which both DNA strands remain within the helicase complex but are 
segregated into two different channels (eukaryotes and archaea).   

  Fig. 5.4    The MCM2-7 
complex forms a gapped 
ring structure ( a ) but the 
gap is closed upon 
interaction with Cdc45, 
GINS and ATP ( b ). This 
closed ring has two 
cavities that have each 
been proposed to 
accommodate a single 
DNA strand. The 
 numbers  in ( a ) indicate 
the identities of each 
MCM subunit       
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   Links Between Replicative Helicases and DNA Polymerases 

 Physical and functional coupling between DNA polymerases and replicative heli-
cases is critical for observed rates of DNA synthesis. At the  E. coli  replication fork 
the  t  subunit of the clamp loader complex interacts physically with both the 
 replicative helicase and DNA polymerase, facilitating rapid fork movement  [  50–  52  ] . 
In the absence of the  t -DnaB interaction the polymerase follows the helicase at the 
slow rate of unwinding displayed by the helicase alone  [  50  ] . Physical and functional 
interactions between DNA polymerase and the replicative helicase are a conserved 
feature in replisomes in bacteriophages  [  53–  57  ]  and in mitochondria  [  58  ] . Moreover, 
interaction of the helicase and polymerases at replication forks results not only in 
accelerated fork movement but also in enhanced processivity of DNA synthesis in 
bacteria, bacteriophages and mitochondria  [  58–  60  ] . 

 Interaction between the replicative helicase and DNA polymerase may also be a 
feature of eukaryotic forks within the nucleus, with the leading strand polymerase asso-
ciating with the GINS complex  [  61,   62  ] , although whether such physical interactions 
result in functional coupling remains unclear. Indeed, the 3 ¢ –5 ¢  polarity of the eukary-
otic replicative helicase means that the leading strand DNA polymerase and helicase 
translocate along the same DNA strand at the fork, in contrast to bacterial, bacterio-
phage and mitochondrial replication forks. It is unlikely therefore that any functional 
coupling between the replicative helicase and leading strand DNA polymerase at 
eukaryotic forks in the nucleus would occur by the same mechanism(s) operative at 
forks where the replicative helicase translocates along the lagging strand template. 

 Increasing numbers of protein–DNA contacts within a complex provide a simple 
explanation of enhanced processivities via coupling of replicative helicases and 
polymerases at forks. However, the basis of accelerated rates of replication fork 
movement is less clear. DNA synthesis has been shown to be the means by which 
the replicative helicase within the bacteriophage T7 replication fork is accelerated 
tenfold, probably by prevention of reannealing of ssDNA at the fork by DNA syn-
thesis  [  56  ] . Such a mechanism implies that the helicase undergoes slippage during 
unwinding resulting in backwards sliding of the helicase along ssDNA and subse-
quent reannealing of DNA at the fork if leading strand DNA synthesis is not ongo-
ing  [  56,   63  ] . However, whether such slippage occurs suf fi ciently frequently to 
account for polymerase-directed stimulation of fork movement is not clear. 

 Coupling of helicase and polymerase activities is also critical for lagging strand 
DNA synthesis. The lagging strand DNA polymerase in  E. coli  is, like the leading 
strand polymerase, connected to the replicative helicase via one of the three  t  sub-
units within the clamp loader  [  51,   64–  66  ] . This coupling of two DNA polymerases 
and helicase ensures coupling of leading and lagging strand synthesis at the fork, 
facilitating rapid, complete duplication of both parental strands and minimisation of 
the amount of ssDNA exposed at any one time. Coupling leading and lagging strand 
synthesis is a conserved feature of genome duplication, although different organisms 
display variations on this theme. For example, the two bacteriophage T4  polymerases 
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not only interact indirectly with the helicase via the gp59 helicase loader but are also 
covalently linked together at the fork via two cysteine residues  [  57  ] .  

   Links Between Replicative Helicases and Primases 

 Interaction between the replicative helicase and a specialised RNA polymerase, pri-
mase, is also critical for DNA synthesis since DNA polymerases cannot initiate 
polymerisation de novo. Synthesis of short RNA primers must occur at origins of 
replication to initiate leading strand synthesis and subsequently at moving forks to 
continually re-prime lagging strand DNA synthesis. Association of primase with 
DnaB in  E. coli  is also critical in the re-priming of leading strand synthesis down-
stream of polymerase-blocking lesions to allow fork movement to continue along a 
damaged template  [  67  ] . Helicase–primase interactions ensure primer synthesis 
occurs within the vicinity of the replisome, with bacterial and bacteriophage pri-
mases acting on the lagging strand template along which the replicative helicase also 
translocates. In contrast, eukaryotic/archaeal primases must operate on the strand 
opposite the replicative helicase since the MCM complex translocates along the lead-
ing strand template. Association of primase with helicase occurs via relatively unsta-
ble noncovalent interactions in  E. coli   [  68–  70  ] , via stable noncovalent interactions in 
 Bacillus stearothermophilus  and bacteriophage T4  [  71–  73  ]  and also by the presence 
of both helicase and primase domains within a single protein in bacteriophage T7 
 [  74  ] . The archaeal and eukaryotic primase complexes also form a relatively stable 
non-covalent interaction with GINS within the CMG replicative helicase complex 
 [  75,   76  ] . Thus, even though helicase and primase act on different template strands at 
the archaeal/eukaryotic fork, the helicase–primase interaction is conserved. 

 Multiple primases can associate with the replicative helicase regardless of whether 
these activities associate covalently or non-covalently  [  71,   77,   78  ] . Primase associ-
ates with the trailing face of the helicase ring in bacteria and bacteriophage to direct 
priming activity at the ssDNA emerging from the rear of the helicase  [  74,   79  ]  
(Fig.  5.5 ). The relative disposition of helicase and primase in archaea and eukaryotes 
is not clear but is likely to differ from that found in bacteria since priming occurs on 
the strand along which the replicative helicase does not translocate along.  

 Primase/replicative helicase interactions may also modulate the functions of both 
enzymes. Primase–helicase interactions can activate both the ATPase and unwind-
ing activities of the bacterial replicative helicase  [  71  ]  and also stimulate primase 
activity, the length of primers synthesised and primase initiation speci fi city  [  68,   80, 
  81  ] . How primase stimulates replicative helicase activity in bacteria and bacterio-
phage is unclear but binding of primase to DnaB might stabilise the DnaB hexamer, 
thus activating helicase function  [  79  ] . Activation of bacterial/phage primase activity 
may occur simply by increasing the local concentration of primase at the fork but 
interaction of multiple primases with the helicase may also increase cooperativity 
between primase monomers (reviewed in ref.  [  78  ] ). Localisation of primases to the 
replicative helicase may therefore ensure that primase-directed initiation of DNA 
synthesis occurs only at the replication fork, minimising the chance of  unprogrammed 



1055 Helicases at the Replication Fork

initiation of replication at other stretches of ssDNA within the genome  [  82  ] . The 
impact of the helicase–primase interaction on enzyme function is less clear in 
archaea and eukaryotes but, given the opposite polarities of replicative helicases at 
the fork in eukaryotes vs. bacteria, any modulation of eukaryotic/archaeal helicase 
and primase functions via this interaction may differ mechanistically to the bacte-
rial/phage systems.   

   Accessory Replicative Helicases 

 Hexameric replicative helicases drive strand separation at the replication fork and 
act as organising platforms for other catalytic functions within the replisome. 
However, the substrate for replicative helicases is protein-coated rather than naked 
DNA and nucleoprotein complexes, especially those associated with transcription, 
pose barriers to unwinding by helicases  [  83–  86  ] . Blockage of the replicative heli-
case results in stalling of the replication fork which can lead to incomplete genome 

  Fig. 5.5    Structure of 
the  Bacillus 
stearothermophilus  
DnaB hexameric ring 
( green ) in complex with 
three monomers of the 
helicase binding domain 
of DnaG ( red ,  blue  and 
 orange ) (PDB ID 
2R6C). ( a ) Side view of 
the DnaB–DnaG 
complex illustrating 
interaction of the 
primase domains with 
the N-terminus of DnaB. 
The 5 ¢ –3 ¢  polarity of 
translocation of DnaB is 
indicated. ( b ) View of 
the N-terminal face of 
the DnaB hexamer in 
complex with the 
helicase binding 
domains of three DnaG 
monomers       
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duplication or to genome rearrangements initiated by processing of the stalled fork 
 [  87,   88  ] . Adjacent origin  fi ring in eukaryotes, an option not available in bacteria, 
might be able to rescue forks stalled at nucleoprotein barriers  [  89,   90  ] . However, 
evidence is accumulating that nucleoprotein complexes present replicative barriers 
even in mammals  [  91–  93  ]  indicating that multiple origins cannot fully address the 
dangers of replicating protein-bound DNA. 

 Although protein–DNA complexes present barriers to unwinding by heli-
cases, multiple helicases can cooperate functionally to minimise the inhibitory 
effects of nucleoprotein complexes on DNA unwinding  [  94  ] . However, the 
necessity to tightly control the loading of replicative helicases onto DNA means 
that there is no  mechanism to load multiple replicative helicases at the fork in 
order to aid protein displacement. One solution to blockage of the replicative 
helicase would be to employ other types of helicase at the fork that could aid 
protein displacement  [  83,   95  ]  without acting as initiators of replisome assem-
bly, thus avoiding the problem of unprogrammed replication initiation. Such 
accessory replicative helicases have been identi fi ed. The  E. coli  3 ¢ –5 ¢  Superfamily 
1 helicase Rep can promote fork movement along protein-bound DNA in vitro 
and in vivo  [  96,   97  ] , an activity that depends on physical interaction with the 
replicative helicase DnaB  [  96,   98,   99  ] . The interaction of Rep and DnaB, 3 ¢ –5 ¢  
and 5 ¢ –3 ¢  helicases respectively, also results in cooperative unwinding of dsDNA 
in the absence of other replisome components  [  96  ] . This Rep accessory helicase 
activity is critical for the maintenance of genome stability  [  100,   101  ]  and for 
wild type rates of genome duplication  [  98,   102  ] . Interaction with hexameric 
DnaB creates the potential for up to six monomers of Rep to be located at the 
replisome, although the stoichiometry of the Rep–DnaB interaction is unknown. 
If more than one Rep monomer does associate with DnaB then this may provide 
functional cooperativity with the opportunity for multiple Rep monomers trans-
locating 3 ¢ –5 ¢  along the leading strand template to aid protein displacement 
ahead of the fork. Rep also has low processivity  [  103  ]  which would limit trans-
location by Rep ahead of the fork, ensuring that extensive unwinding of parental 
DNA does not occur ahead of the replisome. Two other  E. coli  helicases, UvrD 
and DinG, have also been implicated as accessory replicative helicases  [  97  ] . 
However, UvrD, a 3 ¢ –5 ¢  Superfamily 1 helicase homologous to Rep, is likely 
only to act as an accessory helicase in the absence of Rep by virtue of its high 
intracellular concentration  [  96  ] . DinG, a 5 ¢ –3 ¢  Superfamily 2 helicase, plays a 
critical role in fork movement through highly transcribed operons  [  97  ]  but phys-
ical association with ribosomes suggests an indirect role in removal of replica-
tive barriers  [  104  ] . 

  Saccharomyces cerevisiae  Rrm3, a 5 ¢ –3 ¢  Superfamily 1 helicase, also promotes 
fork movement through non-histone protein–DNA complexes  [  105,   106  ] , an 
activity that contributes to the maintenance of genome stability  [  107–  109  ] . Rrm3 
also localises to the replisome via an interaction with the leading strand DNA 
polymerase  [  110  ]  and/or PCNA  [  111  ]  although whether such colocalisation is 
critical for Rrm3 function is unknown. Accessory replicative helicases in bacteria 
and lower eukaryotes are therefore Superfamily 1 helicases that translocate along 
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ssDNA and localise to the replisome. Moreover, the primary and accessory repli-
cative helicases translocate along opposing template strands at the fork in both 
systems. Whether this disposition of helicases at the fork is a universal feature 
must await identi fi cation of accessory helicases in other organisms. However, 
translocation along opposing template strands might provide a mechanism for 
functional cooperativity between the two types of helicase during protein dis-
placement  [  96,   99  ] .  

   Okazaki Fragment Processing 

 Discontinuous lagging strand synthesis creates a requirement for RNA primer exci-
sion, gap  fi lling and ligation. This processing in bacteria is not thought to require 
helicase activity since the 5 ¢ –3 ¢  exonuclease activity of DNA polymerase I can 
ef fi ciently remove RNA from a downstream Okazaki fragment whilst simultaneously 
extending the 3 ¢  end of the upstream fragment, leaving a ligatable nick between the 
two strands (Fig.  5.6a ). However, UvrD helicase and other nucleotide excision repair 
proteins in  E. coli  can provide an alternative Okazaki fragment processing system if 
the normal DNA polymerase I-dependent pathway is absent  [  112  ] . This alternative 
pathway may involve UvrAB-dependent recognition of strand discontinuities between 
Okazaki fragments followed by directed loading of UvrD onto the template strand 
 [  112,   113  ] . The 3 ¢ –5 ¢  helicase activity of UvrD could then displace the 5 ¢  end of the 
downstream Okazaki fragment to promote removal of the RNA primer by unidenti fi ed 
nucleases and subsequent gap  fi lling by DNA polymerases (Fig.  5.6b ).  

 Okazaki fragment maturation in eukaryotes differs substantially from bacteria 
since there is no DNA polymerase with a 5 ¢ –3 ¢  exonuclease activity equivalent to 
that of bacterial DNA polymerase I. Eukaryotes employ two pathways to process 
Okazaki fragments. One pathway relies on coupled extension of the upstream DNA 
strand and displacement of the 5 ¢  end of the downstream Okazaki fragment by the 
lagging strand DNA polymerase  d  followed by targeting of the resultant short  fl aps 
by FEN1 nuclease resulting in a ligatable nick between the two Okazaki fragments 
 [  114  ]  (Fig.  5.7 ). However, if  fl aps longer than 25–30 nucleotides are generated then 
binding of the  fl ap by single-strand binding protein RPA inhibits FEN1 cleavage 
 [  115  ] . In such circumstances Dna2, a 5 ¢ –3 ¢  Superfamily 2 helicase that also pos-
sesses endonuclease activity, binds to the free 5 ¢  ssDNA end of the  fl ap and translo-
cates towards the base of the  fl ap  [  116–  118  ] . This translocation displaces RPA and 
is coupled to repeated RPA-stimulated cleavage of the ssDNA by Dna2 to leave a 
short 5–10 nucleotide  fl ap  [  119  ]  (Fig.  5.7 ). RPA cannot bind such short regions of 
ssDNA and so FEN1 cleavage can now occur to generate a nick that can be ligated. 
Ef fi cient Okazaki fragment processing requires therefore the combined activities of 
a  fl ap endonuclease and a helicase/endonuclease with coordination of this process-
ing likely depending on interactions between Dna2 and FEN1, Pol d  and RPA.  

 A second helicase is also implicated in eukaryotic Okazaki fragment processing. 
The lethality associated with absence of Dna2 in  S. cerevisiae  can be suppressed by 



108 P. McGlynn

deletion of another helicase  pif1   [  120  ] . This suppression implies that Pif1, a 5 ¢ –3 ¢  
Superfamily 1 helicase with homology to Rrm3  [  121,   122  ] , generates long  fl aps 
during Okazaki fragment processing by translocating 5 ¢ –3 ¢  from the ends of short 

  Fig. 5.6    Okazaki fragment processing in  Escherichia coli . ( a ) In wild type cells DNA polymerase 
I degrades the RNA primer (a  wavy line ) via a 5 ¢ –3 ¢  exonuclease activity and simultaneously 
extends the 3 ¢  end of the upstream lagging strand to generate a nicked duplex that can be sealed by 
DNA ligase. ( b ) In the absence of DNA polymerase I cells might survive by UvrAB-directed load-
ing of UvrD helicase at strand discontinuities between adjacent Okazaki fragments and subsequent 
unwinding of the 5 ¢  end of the downstream Okazaki fragment. Degradation of the  fl ap and DNA 
synthesis would then result in generation of a nicked duplex that could be sealed by DNA ligase       

 



1095 Helicases at the Replication Fork

 fl aps created by Pol d   [  123,   124  ]  (Fig.  5.7 ). Thus Dna2 may be required to counter 
the deleterious effects of Pif1 activity, a helicase that has multiple roles in both the 
nucleus and mitochondria (reviewed in ref.  [  122  ] ). However, Pif1 might also have a 
positive role in Okazaki fragment processing. This positive function is currently 
unclear but could be to unwind secondary structures within the 5 ¢   fl ap that might 
inhibit both Dna2 and FEN1  [  125  ] . The high speci fi c activity of Pif1 in unwinding 
G-quadruplex (G4) structures  [  126,   127  ] , four-stranded structures formed by 
Hoogsteen G–G base pairs, and the physical association and functional linkage 
between Pif1 and G4 sites in  S. cerevisiae   [  128  ]  support a potential role for Pif1 in 
resolving G4 structures during Okazaki fragment maturation. However, the exact 
context in which Pif1 might resolve G4 structures is still unknown.  

  Fig. 5.7    Okazaki fragment processing in eukaryotes. DNA synthesis and strand displacement by 
DNA polymerase  d  generate a short RNA/DNA  fl ap that can be cleaved by FEN1 endonuclease 
resulting in removal of the RNA primer and generation of a nicked duplex. However, Pif1 helicase 
may target some  fl aps created by DNA polymerase  d  to generate a longer ssRNA/DNA region that 
can be bound by the single-strand binding protein RPA. RPA inhibits cleavage by FEN1, necessi-
tating targeting of the  fl ap by Dna2. The helicase activity of Dna2 displaces RPA whilst the endo-
nucleolytic activity cleaves the ssDNA to leave a short  fl ap that can now be cleaved by FEN1       
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   Fork Convergence 

 All cells contain topoisomerases to relieve the positive supercoiling generated by 
parental DNA unwinding during replication. Converging forks present a particu-
lar topological challenge since as the length of DNA separating the two forks 
decreases, the probability of type II topoisomerases (that cleave both strands 
within a duplex) binding to this region decreases, inhibiting resolution of positive 
supercoils between the forks. One resolution mechanism could involve a type I 
topoisomerase (that cleaves single DNA strands) acting on ssDNA on the lagging 
strand template thus bypassing any need for targeting of the parental duplex sand-
wiched between two converging forks  [  129  ] . Alternatively, helicase-catalysed 
unwinding of the parental strands between converging forks followed by topoi-
somerase I-directed unlinking of the resultant single strands could allow fork con-
vergence to go to completion  [  130  ] . Biochemical and genetic evidence indicates 
that a type I topoisomerase in  E. coli , topoisomerase III, cooperates with a 3 ¢ –5 ¢  
Superfamily 2 helicase, RecQ, in resolving converging forks via this second reso-
lution mechanism  [  131,   132  ] . Although RecQ and topo III do not interact physi-
cally, both proteins interact with the acidic C terminus of SSB  [  133,   134  ]  and 
these interactions are critical for resolution of converging forks  [  131  ] . RecQ fam-
ily helicases are ubiquitous and play critical roles in genome maintenance in bac-
teria and eukaryotes (see Chap.   8    ). The functions of eukaryotic RecQ helicases 
are also linked to type I topoisomerases and single-stranded DNA binding pro-
teins (Chap.   8    ) whilst in hyperthermophiles a RecQ-like helicase domain and a 
type I topoisomerase domain are found within the same polypeptide  [  135  ] , indi-
cating a conserved linkage between these different enzyme activities. However, 
whether this helicase–topoisomerase combination promotes fork convergence in 
organisms other than bacteria is unclear.  

   Replisome Reloading 

 Although replisomes have high processivity, there are many potential barriers such 
as DNA lesions and nucleoprotein complexes encountered in vivo that can halt repli-
some progression  [  136  ] . If halted, replication must be restarted to complete chromo-
some duplication and avoid genome instability. Many halted replisomes might simply 
pause before continuing, thus avoiding any need to reload replication enzymes onto 
the chromosome. For example, DNA lesions can be bypassed by re-priming DNA 
synthesis downstream of the lesion regardless of whether the damage is in the lead-
ing or lagging strand template  [  67,   137–  139  ]  whilst protein–DNA barriers can be 
cleared by accessory replicative helicases to allow resumption of replication by the 
original replisome (see above). However, bypass of lesions on the leading strand 
template is not 100 % ef fi cient  [  67  ]  whilst nucleoprotein barriers such as arrays of 
stalled RNA polymerases on highly transcribed genes  [  140  ]  may present long-lived 
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barriers that outlast the functional lifetime of a blocked replisome  [  141,   142  ] . 
Mechanisms that reassemble replisomes back onto chromosomes but away from nor-
mal origins of replication are therefore required  [  143,   144  ] . This reloading can occur 
at stalled forks that have been processed by enzymes such as helicases and nucleases 
but can also occur at  D -loop recombination intermediates generated by strand 
exchange after processing of stalled forks  [  88  ]  (see also Chap.   9    ). 

 Mechanisms that facilitate fork restart away from normal origins exist in lower 
and higher eukaryotes  [  144,   145  ]  but the means by which replisome components in 
eukaryotes are reassembled onto DNA is not known. In certain contexts, eukaryotic 
replisomes might only partially disassemble upon blockage  [  146  ] . Multiple mecha-
nisms might therefore exist in eukaryotes to effect reloading of different subsets of 
replisome proteins depending upon the nature of the initial block. In contrast, fork 
restart mechanisms in bacteria result ultimately in reloading of the replicative heli-
case DnaB onto ssDNA  [  147,   148  ] , implying that bacterial replisomes do not par-
tially dissociate but require a complete rebuild. DnaB reloading is achieved by two 
mechanisms in  E. coli , each of which preferentially targets a different set of forked 
DNA substrates. PriA is a 3 ¢ –5 ¢  Superfamily 2 helicase  [  149,   150  ]  that preferen-
tially binds to forked DNA possessing a leading strand 3 ¢  OH less than six nucle-
otides from the branch point  [  151–  154  ]  with the orientation of binding directing 
PriA translocation along the lagging strand template  [  147,   155  ]  (Fig.  5.8a ). PriA 

  Fig. 5.8    ( a ) High af fi nity 
forked DNA substrates for 
PriA helicase in which the 3 ¢  
OH group of the leading strand 
is located near the branch 
point. PriA helicase 
translocates 3 ¢ –5 ¢  along the 
lagging strand template upon 
binding to such forks resulting 
in unwinding of any lagging 
strand DNA present near the 
branch point. Note that it is 
currently not known whether 
PriA maintains contact with 
the branch point whilst 
simultaneously translocating 
along the lagging strand 
template. ( b ) Forked substrates 
bound with high af fi nity by 
PriC       
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also interacts physically with the acidic C-terminus of SSB, an interaction that loca-
lises PriA to structures containing ssDNA such as forks and recombination interme-
diates and stimulates PriA helicase activity  [  156,   157  ] . Initial binding of PriA to 
DNA exposes a binding site on PriA for PriB, a dimeric ssDNA binding protein, 
allowing PriB binding both to PriA and to single-stranded lagging strand template 
 [  158–  162  ] . This ssDNA is already present at D-loop recombination intermediates 
and may be present at stalled forks but the helicase activity of PriA can also unwind 
any nascent lagging strand present to expose ssDNA for PriB binding  [  162  ]  
(Fig.  5.8 ai). The ssDNA within the PriA.PriB.DNA complex results in increased 
af fi nity of DnaT for PriB, resulting in a PriA.PriB.DnaT.DNA complex that facili-
tates loading of DnaB onto the single-stranded lagging strand template  [  148,   162  ] . 
Thus the speci fi city of PriA binding to branched DNA and unwinding of the lagging 
strand template acts as a regulatory switch to ensure that DnaB loading is restricted 
to recombination intermediates and forks and occurs only on the lagging rather than 
the leading strand template  [  162  ] .  

 PriC provides a second fork reloading system in  E. coli  and binds preferentially 
to branched DNA with more than 5 nucleotides of ssDNA exposed on the leading 
strand template at the fork, a speci fi city opposite to that of PriA  [  163  ]  (Fig.  5.8b ). 
PriC binding results in loading of DnaB onto single-stranded lagging strand tem-
plate without a need for PriB or DnaT  [  163  ]  but the mechanism by which PriC 
directs DnaB binding is unclear. Absence of a leading strand 3 ¢  OH at forks prefer-
entially bound by PriC inhibits continued elongation of the pre-existing leading 
strand. However, loading of DnaB and subsequent association of primase with the 
replicative helicase facilitate re-priming of both leading and lagging strand synthe-
sis to leave a gap in the leading strand to be repaired later  [  164  ]  (Fig.  5.9 ).  

 PriC is not a helicase, in contrast to PriA, and so cannot itself generate ssDNA 
on the lagging strand template for DnaB loading  [  165  ] . However, both genetic and 
biochemical data indicate functional interactions between PriC and PriA and also 
between PriC and Rep helicase activities implying that PriA and Rep might be able 
to unwind lagging strand duplex DNA to facilitate PriC-directed loading of DnaB 
 [  165–  168  ] . PriA might therefore be both a replication initiator in its own right and 
also an accessory factor for PriC-directed DnaB reloading  [  165  ] . However, 
identi fi cation of Rep as an accessory replicative helicase  [  96,   97  ]  complicates inter-
pretation of any Rep–PriC interaction. Genetic interactions between  rep  and  priC  
 [  169  ]  might re fl ect increased fork stalling in cells lacking Rep rather than Rep-

  Fig. 5.9    PriC-directed loading of DnaB onto forks without a leading strand 3 ¢  OH group near the 
branch point results in priming of both leading and lagging strand DNA synthesis upon association 
of DnaG with DnaB at the fork. For clarity only DnaB is illustrated       
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promoted DnaB loading whilst stimulation of Rep helicase by PriC in vitro  [  165, 
  168  ]  might be via non-speci fi c binding of ssDNA by PriC. 

 In what contexts do the complementary fork substrate speci fi cities of PriA and 
PriC act to reload DnaB? Processing of stalled forks in the absence of recombina-
tion could generate the preferred substrates for either PriA or PriC  [  143  ] . Fork pro-
cessing, possibly via fork regression, could also result in recombination to form a 
D-loop (reviewed in ref.  [  88  ] ). However, ef fi cient DnaB reloading onto a D-loop 
would require PriA rather than PriC due to the presence of a leading strand 3 ¢  OH 
near the branch point.    The severe recombination defects in  D  priA  but not  D  priC  
cells is consistent with targeting of D-loops by PriA but not PriC  [  170,   171  ] . The 
relative balance between multiple blocked fork processing pathways in wild type 
cells is unclear but the extreme viability and DNA repair defects observed in  D  priA  
but not  D  priC  cells  [  171–  173  ]  suggests PriA-dependent fork repair predominates. 
The high conservation of PriA but not PriC in bacteria  [  174  ]  (Gary Sharples, per-
sonal communication) also supports a dominant role for PriA. Alternatively, PriC 
might be engaged frequently in DnaB reloading in wild type  E. coli  but fork pro-
cessing, possibly via D-loop formation, might allow blocked forks in  D  priC  cells to 
be converted ultimately into substrates for PriA-directed restart whereas PriA sub-
strates cannot be converted into substrates for PriC in  D  priA  cells. Indeed, recombi-
nation and D-loop formation might provide a general means to restart replication 
when other fork processing pathways are defective. A helicase-defective PriA 
retains the ability to reload DnaB at D-loops because ssDNA is already available for 
DnaB reloading  [  175  ] . Cells possessing this helicase-defective PriA have a pheno-
type very similar to wild type cells  [  167,   170,   176  ] , consistent with PriA-directed 
loading of DnaB onto recombination intermediates providing an ef fi cient fork res-
cue pathway. However, regardless of the relative balance between PriA- and PriC-
directed restart, the inviability of  E. coli  lacking both enzymes highlights the critical 
importance of replisome reloading away from normal origins of replication  [  169  ] .      
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  Abstract   DNA helicases have essential roles in the maintenance of genomic 
 stability. They have achieved even greater prominence with the discovery that muta-
tions in human helicase genes are responsible for a variety of genetic disorders and 
are associated with tumorigenesis. A number of missense mutations in human heli-
case genes are linked to chromosomal instability diseases characterized by age-re-
lated disease or associated with cancer, providing incentive for the characterization 
of molecular defects underlying aberrant cellular phenotypes. In this chapter, we 
discuss some examples of clinically relevant missense mutations in various human 
DNA helicases, particularly those of the Iron-Sulfur cluster and RecQ families. 
Clinically relevant mutations in the XPD helicase can lead to Xeroderma pigmento-
sum, Cockayne’s syndrome, Trichothiodystrophy, or COFS syndrome. FANCJ 
mutations are associated with Fanconi anemia or breast cancer. Mutations of the 
Fe-S helicase ChlR1 (DDX11) are linked to Warsaw Breakage syndrome. Mutations 
in the RecQ helicases BLM and WRN are linked to the cancer-prone disorder 
Bloom’s syndrome and premature aging condition Werner syndrome, respectively. 
RECQL4 mutations can lead to Rothmund-Thomson syndrome, Baller-Gerold syn-
drome, or RAPADILINO. Mutations in the Twinkle mitochondrial helicase are 
responsible for several neuromuscular degenerative disorders. We will discuss some 
insights gained from biochemical and genetic studies of helicase variants, and high-
light some hot areas of helicase research based on recent developments.      
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   DNA Helicases: A Specialized Class of Molecular Motors 

 Helicases are molecular motors that couple nucleoside triphosphate (NTP) hydroly-
sis (typically ATP) to the unwinding of polynucleic acid structures  [  1,   2  ] . Helicases 
have multifaceted roles in virtually all aspects of nucleic acid metabolism, including 
replication, DNA repair, recombination, transcription, chromosome segregation, 
and telomere maintenance  [  2–  6  ] . ATP-dependent DNA or RNA unwinding enzymes 
exist; however, certain helicases can act upon both DNA and RNA  [  6  ] . Although 
DNA helicases are conventionally known to unwind B-form DNA double helical 
molecules, some are specialized such that they can catalytically disrupt alternate 
DNA structures (e.g., D-loop, Holliday junction (HJ), triplex, G-quadruplex), strip 
proteins bound to either single-stranded or double-stranded DNA, perform chroma-
tin remodeling, and/or anneal complementary single-strands  [  7–  10  ]  (Fig.  6.1 ).   

   Hereditary DNA Helicase Disorders 

 An increasing number of genetic diseases characterized by chromosomal instability 
are linked to mutations in DNA helicase genes. Many of these diseases are very rare, 
and inherited by autosomal homozygous recessive mutations. In certain cases, 

  Fig. 6.1    Depending on their specialty, DNA helicases use the energy of ATP hydrolysis to perform 
multiple functions. ( a ) A DNA helicase can disrupt noncovalent hydrogen bonds between comple-
mentary strands of the DNA double helix to form transient single-stranded DNA tracts. ( b ) A DNA 
helicase can strip proteins (e.g., Rad51) off DNA to regulate HR. ( c ) A DNA helicase can resolve 
alternate DNA structures (e.g., G-quadruplex) to enable smooth progression of the replication fork       
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mutations in human helicase genes are linked to premature aging or age-related 
diseases, whereas some helicase mutations have been associated with cancer. 
In addition to these, hereditary dominant mutations have been identi fi ed in the mito-
chondrial DNA helicase which lead to neuromuscular degenerative diseases. We 
will provide an overview on the clinical disorders associated with mutations in DNA 
helicase genes. 

   Iron-Sulfur Cluster DNA Helicase Diseases 

 A prominent family of DNA helicases with a linkage to human diseases that has 
acquired a great deal of interest is the so-called Iron-Sulfur (Fe-S) cluster helicases, 
named after a conserved metal binding domain in the helicase core  [  11,   12  ] . These 
helicases belong to the Superfamily 2 (SF2) grouping of DNA helicases which share 
sequence homology within the helicase core domain. Mutations in the Fe-S cluster 
helicase XPD, a key factor of the TFIIH complex implicated in transcription and 
nucleotide excision repair (NER), can give rise to multiple rare autosomal recessive 
clinical disorders: xeroderma pigmentosum (XP), XP combined with Cockayne’s 
syndrome (CS), Trichothiodystrophy (TTD), and Cerebro-oculo-facial-skeletal 
(COFS) syndrome (for a recent review, see ref.  [  13  ] ). Photosensitivity, neurological/
developmental abnormalities, and skin cancer can be used to distinguish between 
XP, TTD, and CS; however, related or overlapping clinical features can arise from 
 XPD  mutations. XPD unwinds duplex DNA with a 5 ¢ –3 ¢  directionality, and together 
with the SF2 XPB helicase (which lacks an Fe-S cluster) is required for NER and 
transcription  [  14  ] . Operating as components of the TFIIH complex, two DNA heli-
cases XPD and XPB with opposite translocation polarities are responsible for 
unwinding duplex DNA in the vicinity of the lesion to create a bubble containing 
the lesion, a prerequisite for proper removal of the damaged fragment  [  14  ] . In con-
trast to XPD where helicase activity is indispensable for NER, only XPB ATPase is 
necessary for the pathway to remove bulky lesions and UV photoproducts. XPB 
ATPase activity is also necessary for DNA opening for transcription to occur, but its 
helicase activity is important for promoter escape during transcription (for review, 
see ref.  [  15  ] ). 

 Homozygous recessive mutations in the  FANCJ  gene encoding the FANCJ Fe-S 
cluster DNA helicase (also called BACH1 or BRIP1), and at least 14 other genes, 
are responsible for Fanconi anemia (FA), a disorder characterized by congenital 
defects, progressive bone marrow failure, cancer accompanied by chromosomal 
instability, and hypersensitivity to agents that induce DNA interstrand cross-links 
(ICLs)  [  16,   17  ] . Notably,  FANCJ  mutations have also been associated with breast 
cancer  [  18  ] . Indeed, FANCJ was originally discovered by its association with the 
tumor suppressor protein BRCA1  [  19  ] . In addition to its role in ICL repair, FANCJ 
helps cells to maintain genomic stability by resolving G-quadruplex (G4) DNA 
structures  [  20,   21  ] , suggesting a more general role of the helicase in the response to 
replication stress. 
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 The latest Fe-S cluster helicase implicated in a genetic disease is ChlR1, also 
known as DDX11, which is linked to Warsaw Breakage syndrome (WABS), a 
unique disease with cellular features of both FA and the cohesinopathy Roberts 
syndrome  [  22  ] . The clinical features of the single WABS patient reported include 
severe microcephaly, pre- and postnatal growth retardation, and abnormal skin pig-
mentation. Cells from the WABS patient display defective sister chromatid cohe-
sion, a  fi nding that is consistent with studies of mutant versions of ChlR1 homologs 
in yeast  [  23  ]  and mouse  [  24  ]  which also showed cohesion defects. The Lahti lab 
showed that depletion of human ChlR1 by RNA interference resulted in abnormal 
sister chromatid cohesion and a prometaphase delay leading to mitotic failure  [  25  ] . 
ChlR1 has a role in heterochromatin organization  [  26  ] ; however, it is still unclear 
how the helicase is important for the cohesion process. Since cohesion is widely 
thought to be coupled to cellular DNA replication, it may be that ChlR1 is necessary 
for smooth replication fork progression through its catalytic activity and protein 
interactions, and that in its absence the cohesion proteins are not assembled prop-
erly; however, this may be an over simplistic assessment. Clearly further studies are 
necessary to understand the precise functions of ChlR1 required for chromosomal 
stability.  

   RecQ DNA Helicase Diseases 

 In addition to the Fe-S cluster DNA helicases, the SF2 RecQ DNA helicases are 
important for genomic stability and have been implicated in hereditary disorders. 
Homozygous recessive mutations in the  BLM  gene encoding a DNA helicase are 
responsible for Bloom’s syndrome  [  27  ] . BS patients are highly sensitive to sunlight, 
immunode fi cient, and display a broad spectrum of cancers early in life. The hall-
mark of BS is an elevated rate of sister chromatid exchange (SCE)  [  28  ] . BLM is 
believed to function in homologous recombination (HR) repair to maintain genomic 
stability. A model for the role of BLM in SCE suppression was proposed in which 
a BLM protein complex containing topoisomerase III a , RPA, RMI, and RMI2 dis-
solves double HJ structures which may form during recombination or the conver-
gence of replication forks  [  29,   30  ] . BLM helicase activity working in concert with 
topoisomerase cleavage/ligation is required for the double HJ dissolution reaction. 
In addition to this function, BLM is believed to have other roles (early and late) in 
homologous recombination (HR) repair of double strand breaks (DSBs)  [  31,   32  ]  
and helping cells to deal with replication stress  [  33  ] . 

 A second RecQ helicase disorder known as Werner syndrome (WS) is character-
ized by premature aging features and the early onset of age-related diseases such as 
cardiovascular disorders, diabetes mellitus (Type II), osteoporosis, and sarcoma and 
mesenchymal tumors. WS is characterized by genomic instability, sensitivity to 
DNA damaging agents, elevated recombination, and replication defects. The  WRN  
gene encodes an RecQ 3 ¢ –5 ¢  DNA helicase and 3 ¢ –5 ¢  exonuclease that is proposed 
to play a role in regulation of recombination events, primarily HR  [  3,   34  ] . It may be 
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that WRN has a specialized function when the replication fork encounters a blocking 
lesion or alternate DNA structure. WRN interacts with a number of nuclear proteins, 
and these interactions are believed to facilitate genomic stability in various capaci-
ties including telomere maintenance, replication, and DNA repair  [  34,   35  ] . 

 Mutations in a third RecQ family member,  RECQL4 , can lead to three distinct 
genetic disorders, namely Rothmund-Thomson syndrome (RTS), Baller-Gerold 
syndrome (BGS), and RAPADILINO (radial hypoplasia/aplasia, patellae hypopla-
sia/aplasia, cleft or highly arched palate, diarrhea, dislocated joints, little size (height 
at least 2 S.D. smaller than the average height) and limb malformation, nose slender, 
and normal intelligence) syndrome  [  36  ] . RTS patients are stunted in growth, and 
characterized by photosensitivity with poikiloderma, early graying and hair loss, 
juvenile cataracts, and osteogenic sarcomas. BGS is characterized by radial aplasia/
hypoplasia and craniosynostosis, but not the poikiloderma typical of RTS patients 
 [  37  ] . Recent work form the Bohr lab has provided evidence that RECQL4 has pleio-
tropic roles in cellular DNA metabolism that include DSB repair  [  38  ]  and telomere 
maintenance  [  39  ] . RECQL4 can be found in mitochondria where it helps to pre-
serve the mitochondrial genome  [  40  ]  and recruit p53  [  41  ] . 

 In addition to WRN, BLM, and RECQL4, two other human RecQ helicases, 
RECQL1 (RECQ1) and RECQL5 (RECQ5), are not yet linked to a disease; but it 
seems likely that these helicases will also play a role in cancer predisposition or a 
hereditary disorder characterized by chromosomal instability     [  42  ] . Indeed, stud-
ies of primary  fi broblasts from RECQ1-knockout mice  [  43  ]  and human cells 
depleted of RECQ1 by RNA interference  [  44  ]  show chromosomal instability. 
Recent evidence has implicated distinct roles of RECQ1 (and RECQL4) in DNA 
replication initiation  [  45  ] . RECQ5 was found to be associated with RNA poly-
merase and may help to maintain genomic stability during transcription  [  46,   47  ] . 
RECQ5 also participates in DNA decatenation through its cooperation with 
Topoisomerase II alpha  [  48  ] .  

   Twinkle Mitochondrial DNA Helicase 

 Aside from the Fe-S and RecQ DNA helicases, mutation of the Twinkle mitochon-
drial DNA helicase co-segregates with a number of diseases with mitochondrial 
defects including adult-onset progressive external ophthalmoplegia, hepatocerebral 
syndrome with mtDNA depletion syndrome, and infantile-onset spinocerebellar 
ataxia  [  49  ] . Twinkle is required for replication of human mitochondrial DNA, and 
mutations in the C10orf2 gene encoding Twinkle helicase can lead to mitochondrial 
deletions in post-mitotic tissues. Work from several laboratories demonstrated that 
Twinkle is an oligomeric helicase that unwinds double-stranded DNA molecules 
 [  50–  52  ] , and can also catalyze strand annealing  [  51  ] , a function that is also observed 
for a number of the RecQ helicases  [  42  ] . It is yet unclear what the biological 
signi fi cance of helicase-catalyzed strand annealing truly is, but may play a role 
when replication forks are stalled or during DSB repair.   
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   Hereditary Missense Mutations in DNA Helicase Disorders 

 Structural and biochemical analyses of puri fi ed recombinant DNA helicase proteins 
has sparked tremendous interest in understanding the molecular pathology behind 
disease-causing mutations in this specialized class of molecular motor ATPases. 
Disease-causing missense mutations result in single amino acid substitutions have 
been identi fi ed in DNA helicase disorders, which may be insightful for understand-
ing biochemical mechanism and cellular function. In the following section, we will 
discuss some basic lessons from the spectrum of clinically relevant missense muta-
tions in human DNA helicase genes, highlighting some unique aspects and potential 
areas of investigation.  

   Disease-Causing Missense Mutations in Iron-Sulfur 
Cluster DNA Helicases 

   XPD Missense Mutations 

 Missense mutations in the  XPD  gene are linked to four hereditary diseases: XP, XP 
combined with CS, TTD, and COFS syndrome with some cases of partially overlap-
ping clinical features  [  13  ]  (Fig.  6.2 ).  XPD  mutations responsible for XP are located 
mainly in the helicase core domain, and either signi fi cantly reduce or completely inac-
tivate helicase function. The XP-causing  XPD  mutations do not affect basal transcrip-
tion  [  53  ] , consistent with a requirement of XPD ATPase/helicase activity for NER, but 
not transcription. As components of the TFIIH complex, XPD helicase operating in 
conjunction with the opposite polarity XPB helicase unwinds double-stranded DNA in 
the vicinity of the helix distorting lesion to create a bubble that can be acted upon by 
structure-speci fi c nucleases to remove a short (~30 nt) single-stranded fragment con-
taining the damage. Repair synthesis and ligation complete the steps of NER.  

  XPD  mutations responsible for XP/CS also reside within or near the conserved 
helicase motifs as well (Fig.  6.2 ). However, XPD missense mutations causing XP/
CS are believed to interfere with XPD protein interactions within the TFIIH com-
plex. Unlike the  XPD  mutations implicated in XP or XP/CS which are only found 
in or very near the helicase core domain,  XPD  mutations responsible for TTD can 
also be found in the C-terminal region of the protein (Fig.  6.2 ). The C-terminus of 
XPD is important for interaction with other proteins (e.g., p44 subunit of TFIIH), 
which can be critical for optimal XPD helicase activity and/or stability of the TFIIH 
complex (for review, see ref.  [  54  ] ). Such mutations in  XPD  reduce DNA repair 
activity and basal transcription  [  55  ] . Several  XPD  missense mutations linked to 
TTD that have been examined inhibit basal transcription, suggesting a molecular 
defect distinct from that of XP. 

 The heterozygous  XPD  mutations identi fi ed in a COFS syndrome patient were a 
 R616W  null mutation previously observed in an XP patient and a unique  D681N  
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mutation residing on the C-terminal side of motif VI  [  56  ]  (Fig.  6.2 ). The aspartic 
acid (D681) is highly conserved in all known  XPD  genes. UV survival assays per-
formed with COFS syndrome patient cells showed UV sensitivity comparable to 
that of cells from an XP-A patient with severe XP. It is unclear how the  XPD-D681N  
mutation can result in distinct clinical phenotypes of COFS syndrome vs. XP. The 
wide spectrum of  XPD  missense mutations resulting in heterogeneity in clinical 
phenotype prompt continued interest to characterize the molecular and cellular 
defects of XPD variants to acquire a better understanding of the relevant diseases.  

   FANCJ Missense Mutations 

 The great majority of  FANCJ  missense mutations genetically linked to FA or associ-
ated with breast cancer reside in the N-terminal portion of the protein where the 
helicase core domain is located (Fig.  6.3 ), suggesting that ATP-dependent DNA 
unwinding by FANCJ is required for its function in the FA pathway of DNA repair 
and its involvement as a tumor suppressor. The requirement of FANCJ helicase 

  Fig. 6.2    Clinically relevant missense mutations in XPD helicase responsible for Xeroderma pig-
mentosum, Xeroderma pigmentosum combined with Cockayne syndrome, Trichothiodystrophy, 
and COFS Syndrome. See text for details. For discussion of  XPD  mutations and genetic heteroge-
neity, see ref.  [  13  ] .  XPD-D681N  mutation is associated with XP and COFS syndrome       
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activity for proper operation of the FA pathway is consistent with genetic comple-
mentation studies in human cells which show that cross-link resistance is dependent 
on catalytically active FANCJ protein  [  57  ] .  

 A FANCJ missense mutation linked to FA of particular interest is an alanine-to-
proline substitution in the Fe-S domain at residue 349 immediately adjacent to a 
highly conserved cysteine that is important for binding an iron atom  [  58  ]  (Fig.  6.4 ). 
Inheritance of the paternal  FANCJ-A349P  missense allele and a maternal truncating 
 R798X  allele resulted in phenotypic abnormalities, including intrauterine growth 
failure and death as a stillborn fetus with a gestational age of 22 weeks  [  58  ] . 
Biochemical analysis of puri fi ed recombinant FANCJ-A349P protein demonstrated 
that it was defective in coupling ATP-dependent DNA translocase activity to 
unwinding duplex DNA or displacing proteins bound to DNA  [  59  ]  (Fig.  6.4 ). From 
a genetic standpoint, expression of the  FANCJ-A349P  mutant allele failed to rescue 
sensitivity of FANCJ null cells to a DNA cross-linking agent or the G-quadruplex 
(G4) binding drug telomestatin, indicating that it was unable to perform its role in 
ICL repair or resolution of G4 DNA  [  59  ] . In addition, expression of the  FANCJ-
A349P  allele in a wild-type background exerted a dominant negative effect on resis-
tance to DNA cross-linkers or telomestatin. Thus, the ability of FANCJ to couple 
ATP hydrolysis and DNA translocase activity to higher order functions such as 
unwinding structured nucleic acids or stripping protein from DNA is essential for its 
biological roles.  

 There is one FANCJ missense mutation, Q944E, identi fi ed in a breast cancer 
patient that is positioned outside the helicase core domain (Fig.  6.3 ). The Q944E 
mutation resides in the BRCA1 binding domain located in the C-terminal region of 
FANCJ (Fig.  6.2 ). Given the relatively close linear proximity of residue Q944 to 
S990, the site for FANCJ phosphorylation required for the physical interaction 
between FANCJ and BRCA1  [  60  ] , it will be of interest to determine if the BRCA1 

  Fig. 6.3    Clinically relevant missense mutations in FANCJ helicase responsible for Fanconi 
Anemia complementation group J and associated with breast cancer. See text for details. For a 
comprehensive listing of  FANCJ  mutations, see The Rockefeller University-Fanconi anemia muta-
tion database   www.rockefeller.edu/fanconi/mutate    ; also see ref.  [  18  ]        
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binding to FANCJ is affected by the Q944E mutation. Such a FANCJ missense 
mutation may in fl uence the molecular mechanism employed for DNA repair, as it 
was recently shown that disruption of the FANCJ-BRCA1 interaction blocks DNA 
repair by homologous recombination and promotes pol h -dependent bypass  [  61  ] .  

   DDX11 (ChlR1) Single Amino Acid Deletion Mutation 

 Mutations in the ChlR1 helicase (also named DDX11) are genetically linked to the 
chromosomal instability disorder WABS  [  22  ] . The WABS patient is characterized 
by a compound heterozygous  K897del  mutation in trans with a maternally inherited 
splice site mutation in an intron that leads to a truncated protein, leading to 

  Fig. 6.4    An FA complementation group J patient mutation (A349P) in the conserved Fe-S domain 
uncouples DNA ATPase and translocase activities from strand separation (helicase) activity. ( a ) 
FANCJ protein with the conserved helicase core domain, key protein interaction domains, and the 
Fe-S cluster. The conserved helicase motifs are indicated by  yellow boxes , and the protein interac-
tion domains for MLH1 and BRCA1 are shown by  aqua green  and  blue boxes , respectively. The 
expanded Fe-S domain shows the locations for conserved cysteine residues in  orange , and the 
A349P missense mutation of a FANCJ patient in  bold . ( b ) The puri fi ed recombinant FANCJ-
A349P protein fails to couple ATPase and single-stranded DNA translocase activity to unwinding 
duplex DNA. See text and ref.  [  59  ]  for details       
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 nonsense-mediated decay of the maternal allele and monoallelic expression of the 
 K897del -containing paternal allele. The  K897del  mutation results in a single amino 
acid deletion of a lysine residue that resides ten amino acids from the C-terminus of 
the protein. The endogenous hChlR1-K897del protein was poorly detected by 
immunoblot analysis of lysates from  fi broblasts or lymphoblasts of the affected 
individual  [  22  ] . Cells from the patient exhibit chromosomal instability character-
ized by sister cohesion defects, chromosomal breakage, and sensitivity to the DNA 
cross-linking agent mitomycin and topoisomerase inhibitor camptothecin. Based on 
the cellular phenotypes, it was suggested that WABS is a unique disease with cel-
lular features of both FA and the cohesinopathy Roberts syndrome. 

 Biochemical analysis of the puri fi ed recombinant ChlR1 protein demonstrated 
that it possesses a DNA-dependent ATPase activity and a 5 ¢ –3 ¢  helicase activity  [  62, 
  63  ] . The puri fi ed recombinant hChlR1-K897del protein was dramatically inhibited 
for DNA binding and DNA-dependent ATPase activity compared to the wild-type 
recombinant ChlR1 protein  [  64  ] , suggesting an important role of the extreme 
C-terminus of the protein for its stable interaction with nucleic acid. Further cellular 
and biochemical studies are likely to yield insight to the proposed role of the ChlR1 
helicase to allow smooth replication fork progression necessary for proper sister 
chromatid cohesion during mitosis  [  62  ] . The strong preference of ChlR1 to unwind 
G4 DNA may be important for stability at particular genomic loci  [  64  ] . Greater 
insight to the disease will likely be gained from more biochemical and genetic stud-
ies, including the identi fi cation and characterization of other mutant  ChlR1  alleles.   

   Disease-Causing Missense Mutations in RecQ DNA Helicases 

   BLM Missense Mutations 

 Inspection of the clinical spectrum of Bloom’s syndrome patient missense muta-
tions reveals that the ones identi fi ed to date reside in the helicase core domain or the 
adjacent RecQ C-terminal region (RQC)  [  65  ]  (Fig.  6.5 ). This mutational pattern 
strongly suggests that BLM helicase activity is required for suppression of the BS 
disease phenotype, a result that is consistent with the observation that expression of 
an engineered Walker A box (motif I) catalytically inactive BLM protein failed to 
complement the genomic instability of BS cells; moreover, the helicase-dead BLM 
protein exerted a dominant negative effect on cell viability in a wild-type back-
ground  [  66  ] . In fact, all of the BS patient-derived helicase domain mutant proteins 
that have been biochemically characterized show defects in ATP or DNA binding, 
which result in low or no detectable helicase activity  [  66–  69  ] .  

 The conserved RQC region in BLM, found in many RecQ helicases, consists of 
a Zn 2+  binding domain and a winged helix domain. Two of the cysteine residues 
(C1036 and C1055) residing in the RQC region and responsible for binding Zn 2+  are 
mutated in BS (Fig.  6.5 ). Five different amino acids substitutions (S, G, R, V, and Y) 
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resulting from BLM patient mutations occur at C1055, suggesting that this particu-
lar locus in the BLM Zn 2+  domain may be a hotspot for mutation and that the cysteine 
residue is highly important for BLM structure and function. Biochemical character-
ization of the puri fi ed recombinant BLM-C1055S mutant protein showed that it 
lacked ATPase and helicase activity  [  66,   67  ] . Expression of the BLM-C1055S 
mutant protein in vivo failed to rescue the p53-mediated apoptosis defect of BS 
 fi broblasts  [  70  ] . Collectively, the location of the BLM missense mutations and their 
molecular analysis demonstrate that BLM helicase activity is required for its in vivo 
function to suppress BS phenotypes.  

   RECQL4 Missense Mutations 

 The RECQL4 helicase is distinct from other human RecQ helicases because three 
distinct genetic disorders can be attributed to mutations in the  RECQL4  gene: RTS, 
RAPADILINO, and BGS  [  36  ] . Unlike BLM, missense mutations for all three RECQL4 
diseases have been identi fi ed in regions outside the conserved helicase domain shared 
by the other RecQ helicases  [  36  ]  (Fig.  6.6 ). RTS missense mutations are found in the 
C-terminal region, N-terminal region, and the helicase core domain. Only two 
RAPADILINO missense mutations have been reported, one in the N-terminal region 
and one in the helicase core domain. For BGS, a single patient missense mutation 
(R1021W) is known that resides in the C-terminal region. Interestingly, the C-terminal 
 R1021W  mutation was genetically linked to both BGS and RTS. The effects of the 
 R1021W  mutation, as well as all of the other mutations in the  RECQL4  gene, on the 
biochemical functions of the RECQ4 helicase protein have not yet been determined.   

   WRN Missense Mutations 

 The discovery that mutations in the  WRN  gene are linked to a premature aging 
 disorder  [  71  ]  sparked a tremendous amount of interest in understanding the 

  Fig. 6.5    Clinically relevant missense mutations in BLM helicase responsible for Bloom’s syn-
drome. See text for details. For a comprehensive listing of  BLM  mutations, see The Bloom’s 
Syndrome Registry   www.med.cornell.edu/bsr/    ; also see ref.  [  65  ]        
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 pathological basis for the disease on a molecular level; however, the clinical spec-
trum of WS mutations was rather uninformative because those identi fi ed resulted 
in truncated proteins. Since the nuclear localization sequence (NLS) of WRN pro-
tein residing in the extreme C-terminus, it would be predicted that these WRN 
protein fragments would fail to localize to the nucleus where WRN is required to 
preserve genomic stability  [  72  ] . However, more recently a small number of  WRN  
missense mutations have been identi fi ed (Fig.  6.6 ). One of these, the  M1350R  mis-
sense mutation would be predicted to interfere with the ability of the WRN protein 
to effectively localize to nuclei since it resides immediately N-terminal to the NLS 
of WRN  [  73  ] . 

 Two missense mutations reside in the N-terminal exonuclease domain of WRN 
were shown to result in WRN protein instability  [  74  ] . From a research standpoint, 
this is unfortunate because if the mutant WRN proteins had been selectively inacti-
vated for exonuclease function, they may have been useful for understanding the 
molecular importance of that catalytic function. Two additional WRN missense 
mutations were found in the helicase domain, one in the Walker A box (motif I) 
(G574R)  [  73  ]  just three amino acids away from the invariant lysine residue impli-
cated in nucleotide binding and the other (R637W)  [  75  ]  very near helicase motif V. 
Although not yet biochemically characterized, these two helicase core domain 
mutants would be predicted to interfere with normal ATPase and helicase function. 
If this were true, they may constitute separation of function mutations that would be 
valuable for assessing the relative importance of WRN helicase vs. exonuclease 
activity to suppress the cellular phenotypes associated with WS. Genetic and bio-
chemical studies suggest the dual importance of balanced and concerted WRN heli-
case and exonuclease activities  [  76–  78  ] ; however, there is still much to learn 
precisely how WRN helicase or exonuclease activities suppress the disease pheno-
types of WS.   

  Fig. 6.6    Clinically relevant missense mutations in RECQL4 helicase responsible for Rothmund-
Thomson syndrome, Baller-Gerold syndrome, and RAPADILINO. See text for details. For com-
prehensive listing of  RECQL4  mutations, see ref.  [  36  ] . RECQL4-R1021W is associated with both 
RTS and BGS       
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   Disease-Causing Missense Mutations in the XPB and Twinkle 
DNA Helicases 

   XPB Missense Mutations 

 The  XPB  gene encodes a DNA helicase with opposite polarity to that of XPD that is 
also found in the TFIIH complex, and  XPB  mutations can lead to multiple clinical 
disorders including XP/CS, XP with neurological abnormalities, and TTD  [  13  ] . In 
contrast to XPD where helicase activity is indispensable for NER, only XPB ATPase 
is necessary for the pathway to remove bulky lesions and UV photoproducts. XPB 
ATPase activity is also necessary for DNA opening for transcription to occur, but its 
helicase activity is important for promoter escape during transcription (for review, 
see ref.  [  15  ] ). It is generally believed that the phenotypic heterogeneity of XPB is 
attributed to missense mutations which only partially affect XPB biochemical and 
cellular function in mild XP/CS, whereas severe XP/CS is associated with nonsense 
mutations in both  XPB  alleles, resulting in altered and reduced XPB protein  [  79  ] . 
A causative mutation in the XPB helicase resulting in a single amino acid substitu-
tion (T119P) in the N-terminus of the protein prior to the conserved helicase motifs 
was identi fi ed in a patient with mild versions of both TTD and photosensitivity  [  80  ] . 
Cellular studies from the Sarasin lab demonstrated that the  XPB-T119P  allele is 
associated with moderately defective DNA repair  [  81  ] . This is in contrast to  XPB-
F99S  allele (also located in the N-terminus) of an XP/CS patient which is pro-
foundly reduced in its DNA repair function  [  81  ] . Interestingly, both the T119P and 
F99S mutations in XPB do not impair TFIIH helicase activity  [  15  ] ; however, the 
F99S substitution was shown to impair the interaction of XPB with p52, one of the 
subunits of the TFIIH complex  [  55  ] . Collectively, the studies of TFIIH and clinical 
spectrum of mutations in the XPB and XPD helicases have helped to dissect the 
complex heterogeneity of DNA repair-transcription syndromes.  

   Twinkle Missense Mutations 

 As mentioned earlier, missense mutations in the human  C10orf2  mitochondrial heli-
case gene encoding Twinkle DNA helicase are linked to several neuromuscular 
degenerative disorders. Expression of patient-derived Twinkle mutant proteins in 
normal cells or transgenic mice led to the accumulation of mitochondrial DNA rep-
lication intermediates and mitochondrial DNA depletion  [  82–  84  ] , consistent with 
the idea that dysfunctional Twinkle helicase can cause mitochondrial replication 
forks to stall. The reduction in Twinkle helicase activity for those variants that were 
examined correlated to the extent of mitochondrial DNA depletion and accumula-
tion of replication intermediates  [  82  ] . Biochemical analysis of 20 disease variants of 
the human mitochondrial DNA helicase showed that the mutations are quite 
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 heterogeneous in terms of their molecular effects on ATPase and helicase function 
as well as effects in some cases on protein stability  [  85  ] . All 20 mutant Twinkle 
variants retained at least partial helicase activity, leading the authors to propose that 
these defects are consistent with the delayed presentation of mitochondrial diseases 
associated with the  c10orf2  mutations.   

   Recent Advances and Research Directions for DNA Helicases 
Implicated in Disease 

 The helicase  fi eld is moving at a brisk pace, with the development of new tech-
nologies and a greater understanding of their biological roles. In the following 
section, we will highlight some interesting developments from our viewpoint. 
These emerging stories, as well as others discussed in the accompanying chapters, 
convey a very exciting era for the scienti fi c community beyond the scope of DNA 
metabolism because there are rippling implications for the  fi elds of aging, dis-
ease, and cancer. 

   Communication Between Redox Active DNA Repair Proteins 

 Nearly all DNA repair pathways share a few common steps: (1) initial detection 
of a DNA lesion; (2) processing of the damaged DNA nucleotide/strand; (3) 
removal of the damaged nucleotide/strand; (4) replacement of the damaged 
nucleotide/strand with correct nucleotide/sequence; (5) sealing the nick(s) by 
ligation. Of these steps, initial detection of the lesion is critical and can be rate-
limiting due to low copy number of DNA damage recognition proteins and lack 
of preferential DNA binding af fi nity for the lesion compared to undamaged 
sequence. Recent experimental evidence supports a model that DNA charge 
transport is a signaling mechanism for the recruitment of redox active DNA 
repair proteins to the vicinity of DNA damage ( [  86,   87  ] , and for review see ref. 
 [  88  ] ). In the latest development, Sontz et al.  [  89  ]  provide experimental evidence 
that coordinated DNA charge transport between DNA repair proteins with redox 
active Fe-S clusters, the XPD NER helicase and EndoIII base excision DNA 
glycosylase, can occur to enable ef fi cient redistribution of the repair proteins to 
the location of DNA damage within a vast excess of undamaged nucleotides. 
Thus, DNA repair proteins (or proteins involved in other aspects of DNA metab-
olism such as replication or gene expression) conventionally thought to operate 
in distinct pathways might collaborate with each other in an unexpected way by 
their ability to participate in DNA charge transport chemistry. Although there is 
evidence for cross-talk between DNA repair pathways and also with replication 
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 [  90–  93  ] , the ability of redox active proteins to collaborate by DNA charge trans-
port broadens the scope of possibilities since the proteins do not necessarily need 
to physically interact with one another. This is highly provocative for the poten-
tial synergy that might exist between redox active DNA interacting proteins that 
in fl uence diverse pathways previously thought to function independently of one 
another. Research that further explores the collaboration between proteins able to 
perform DNA charge transport will likely have important implications for molec-
ular gerontology and cancer biology.  

   Coordination of End-Processing Proteins in Double 
Strand Break Repair Resection 

 DSBs can be highly poisonous and lethal to cells; therefore, several DNA repair 
pathways including nonhomologous end-joining and homologous recombina-
tion exist to join ends back together again. In replicating cells, the preferred 
mechanism of DSB repair is by homologous recombination because it occurs 
with high  fi delity, using the sister chromatid duplex as a template. Based on 
experimental evidence, BLM is implicated in an early stage of DSB repair in 
which strand resection from a DNA end occurs to provide a 3 ¢  single-stranded 
DNA tail for RAD51-mediated strand invasion into recipient duplex  [  32,   94, 
  95  ] . Strand resection is much more complex than previously thought, and 
requires a battalion of helicases, nucleases, DNA binding proteins, and addi-
tional accessory factors. The BLM helicase promotes access of the DNA end to 
either DNA2 or EXO-1, enabling processive catalytic removal of one strand to 
produce the 3 ¢  single-stranded DNA tail. 

 Another layer of complexity for the involvement of BLM in strand resection was 
suggested by the discovery that BLM interacts with FANCJ  [  96  ] , which is associ-
ated with BRCA1, a tumor suppressor molecule implicated in DSB repair  [  19  ] . 
FANCJ-de fi cient cells have a defect in DSB-induced HR and show delayed resolu-
tion of DSBs following ionizing radiation  [  97  ] . Moreover, FANCJ and certain other 
HR proteins function downstream of FANCD2/I mono-ubiquitination in ICL repair 
to presumably repair the processed DNA cross-link by an HR-mediated pathway. 
We propose a model in which strand resection is facilitated by FANCJ and BLM 
helicases translocating on opposite strands of the broken double-stranded DNA end 
to promote access to structure-speci fi c nucleases (EXO-1, DNA2)  [  98  ] . The FANCJ-
BLM partnership may facilitate resection at chemically modi fi ed blocked DNA 
ends or through G-rich sequences prone to form G-quadruplex (G4) structures. This 
model for the dual collaboration of FANCJ and BLM in DSB repair can be tested by 
a combination of genetic and biochemical approaches. DNA end resection assays in 
a reconstituted system with chromatinized templates may help to elucidate the func-
tional importance of the FANCJ-BLM interaction in DSB repair in a biological 
context.  
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   Structural Determinants of XPD Helicase Function 
and Translocation Polarity 

 Recent progress in understanding the molecular architecture of Fe-S cluster 
DNA helicases has come from several labs working on archaeal XPD proteins. 
This effort began with the discovery that XPD bears an Fe-S cluster metal bind-
ing site essential for its DNA unwinding activity, but not necessary for binding 
single-stranded DNA or ATP hydrolysis  [  99  ] . Crystal structures solved inde-
pendently by three research groups con fi rmed the existence of a novel Fe-S 
domain  [  100–  102  ] . The XPD structure contains two Rad51/RecA-like domains 
(HD1 and HD2) with two additional domains, the Fe-S and Arch domains, 
inserted between adjacent  b -strands of the central  b -sheet of HD1. ATP bind-
ing and hydrolysis controls the conformational state of the Fe-S and Arch 
domains in conjunction with the conserved helicase motifs that comprise the 
helicase core domain. The Fe-S domain was proposed to form a wedge with the 
nearby Arch domain to separate the DNA duplex as the enzyme translocates in 
an ATP-dependent manner. Mutations introduced to the Fe-S domain, includ-
ing the conserved cysteines, abolished XPD helicase activity and/or destabi-
lized tertiary structure  [  99,   100  ] , attesting to the structural importance of the 
Fe-S domain. Biochemical studies demonstrated that the integrity of the XPD 
Fe-S domain is required for the proper folding and structural stability, and is 
important for coupling ATP hydrolysis to unidirectional translocation  [  103  ] . 
Furthermore, the Fe-S cluster serves to stabilize elements of protein secondary 
structure and target the helicase to the single-stranded/double-stranded DNA 
junction  [  103  ] . 

 The structure of XPD in complex with a short DNA fragment was recently 
reported  [  104  ] . This provided a working model for the mechanism of translo-
cation by Fe-S cluster DNA helicases. The XPD-DNA crystal structure, com-
bined with a mutational and biochemical analysis of XPD, revealed how the 
5 ¢ –3 ¢  directionality of translocation along DNA is achieved and suggested 
how the XPD enzyme might act upon a DNA substrate harboring a helix-
distorting lesion susceptible to NER. These conclusions on how regulation of 
translocation polarity by XPD helicase is achieved were further supported by 
another very recent study using proteolytic DNA and mutational analysis of 
XPD  [  105  ] . Based on these two studies, it was suggested that Fe-S domain 
helicases achieve a polarity of ATP-driven translocation opposite to that of 
3 ¢ –5 ¢  helicases by conformational changes within the motor domain rather 
than binding single-stranded DNA with an opposite orientation. It is plausi-
ble that the Fe-S redox activity may provide an additional mechanism for 
FANCJ and other DNA repair molecules to communicate with each other and 
sense DNA-mediated charge transport such that they cooperate with each 
other to assemble and/or translocate with a de fi ned polarity and in a regu-
lated manner  [  106  ] ; however, this hypothesis remains to be experimentally 
tested.  
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   Small Molecule Inhibitors of DNA Helicases 

 Understanding the precise molecular-genetic defects of helicase disorders in some 
cases such as the RecQ diseases can be challenging. Partial functional redundancy 
between DNA helicases as well as backup pathways make it dif fi cult to establish cause 
and effect relationships between a helicase defect and biological outcome. Since DNA 
helicases provide essential functions in multiple steps of DNA damage response and 
repair pathways, it will be highly informative to precisely characterize their functions 
in vivo. This information will lead to new insight to their roles in prevention or correc-
tion of genomic DNA damage that is a causative force for cellular senescence and 
contributes to organismal decline associated with aging. Use of small molecules to 
target human helicases for inhibition (or activation) in a cell-based model system is a 
novel approach to the problem of assigning speci fi c helicase functions in vivo. In addi-
tion to the new insight to the roles of helicases in DNA damage response and repair to 
prevent age-associated phenotypes, this work will also be informative for the develop-
ment of anticancer strategies which target DNA repair proteins/processes  [  107  ] . 

 Recently, a small molecule (NSC 19630) from the NCI Diversity Set was identi fi ed 
that inhibited WRN helicase activity, but not other DNA helicases tested, suggesting 
speci fi city  [  108  ] . Human cells exposed to NSC 19630 were dramatically impaired in 
their growth and proliferation, and displayed elevated apoptosis in a WRN-dependent 
manner, suggesting an effect of the small molecule that mimicked expression of a 
helicase-dead protein. Furthermore, cellular exposure to the WRN helicase inhibitor 
resulted in elevated  g -H2AX and proliferating cell nuclear antigen (PCNA) foci, and 
delayed S-phase progression, consistent with the accumulation of stalled replication 
forks. Exposure to NSC 19630 sensitized cancer cells to agents that induce replica-
tion stress or interfere with DNA repair. We anticipate that the WRN helicase inhibi-
tor molecule may be helpful in understanding WRN-mediated pathway(s) important 
for the response to DNA damage and replication stress (Fig.  6.7 )   .    

   Summary 

 In this chapter, we have attempted to provide an overview of hereditary helicase 
disorders, with a particular emphasis on clinically relevant missense mutations as 
these may prove to be valuable in understanding pathway dysfunction. In addition, 

  Fig. 6.7    Clinically relevant missense mutations in WRN helicase-nuclease responsible for Werner 
syndrome. See text for details. For a comprehensive listing of  WRN  mutations, see The International 
Registry of Werner Syndrome   www.wernersyndrome.org    ; also see ref.  [  73  ]        
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we have highlighted some hot topics in helicase research that we believe will be 
important for future studies. Clearly, progress in understanding the biochemical and 
genetic functions of RecQ and Fe-S cluster helicases will serve as a springboard for 
new investigations. In addition, the recent progress in understanding the molecular 
basis for Twinkle mitochondrial helicase disorders has created a lot of excitement in 
the  fi eld. Contributions from an increasing number of scientists will continue to 
unveil new insights to the roles of DNA helicases in suppressing genomic instabil-
ity, cancer, and age-related diseases.      
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  Abstract   Herpes simplex virus and varicella-zoster virus have been treated for 
more that half a century using nucleoside analogues. However, there is still an unmet 
clinical need for improved herpes antivirals. The successful compounds, acyclovir; 
penciclovir and their orally bioavailable prodrugs valaciclovir and famciclovir, ulti-
mately block virus replication by inhibiting virus-speci fi c DNA-polymerase. The 
helicase–primase (HP) complex offers a distinctly different target for speci fi c inhi-
bition of virus DNA synthesis. This review describes the synthetic programmes that 
have already led to two HP-inhibitors (HPI) that have commenced clinical trials in 
man. One of these (known as AIC 316) continues in clinical development to date. 
The speci fi city of HPI is re fl ected by the ability to select drug-resistant mutants. The 
role of HP-antiviral resistance will be considered and how the study of cross- 
resistance among mutants already shows subtle differences between compounds in 
this respect. The impact of resistance on the drug development in the clinic will also 
be considered. Finally, herpesvirus latency remains as the most important barrier to 
a therapeutic cure. Whether or not helicase primase inhibitors alone or in combina-
tion with nucleoside analogues can impact on this elusive goal remains to be seen.      

   Herpesvirus Chemotherapy—A Historical Perspective 

 Since the advent of antiviral chemotherapy, several herpesviruses have been 
successfully treated. Indeed, the successful treatment of herpes simplex eye disease 
(herpes keratitis) was among the  fi rst proofs-of-principle that a virus infection could 
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be treated with speci fi c antiviral compounds. Since the early 1960s, the conditions 
of labial and ocular herpes caused by herpes simplex virus type 1 (HSV-1), genital 
herpes (HSV-2), chickenpox-shingles (varicella-zoster virus; VZV) and cytomega-
lovirus (CMV) infections in the immunocompromised have all been shown to 
respond to antiviral chemotherapy with considerable bene fi t to the patient. The 
likely reasons why members of the Herpesviridae were in the vanguard of the new 
discipline of antiviral research are listed (Table  7.1 ).  

 However, despite this early success, the current antiviral agents used to control 
herpesvirus infections do not provide ideal medication for a number of reasons that 
will be outlined below. Patients require better treatments and, from the pharmaceuti-
cal perspective, there remains a large potential market for improved herpesvirus anti-
virals. These should be more effective and/or more convenient for the patient or 
broaden the spectrum of treatable conditions. To date, the most successful com-
pounds used to treat herpesvirus infections by speci fi cally blocking virus replication, 
all work by interfering with virus DNA synthesis. Since the  fi rst publication of 
5-iodo-2 ¢ -deoxyuridine in 1959  [  1  ]  the chemotherapy of herpesviruses has been 
dominated by nucleoside analogues that interact with virus-speci fi c enzymes and in 
particular with herpesvirus thymidine kinase (TK) and DNA-polymerase (DNA-
pol). Although there are many other gene products involved in virus DNA synthesis, 
all the useful nucleoside analogues with a selective mode of action have been shown 
to interact with one or both of these two key enzymes. (An important exception being 
ganciclovir which has been shown to be phosphorylated by CMV protein kinase.) 
The three compounds most widely used in the therapy and prevention of HSV, VZV 
and CMV diseases are all guanosine-related nucleoside analogues, namely acyclovir 
(ACV) penciclovir (PCV) and ganciclovir (GCV). The  fi rst two are notable for their 
remarkable lack of toxic side-effects and over a period of more than 30 years they 
have proved to be entirely safe such that they are prescribed for suppression of dis-
ease in patients who suffer frequent recurrences of HSV. However a major drawback 
of these guanosine nucleoside analogues is that they have a very short half-life in 
tissue following oral administration. This led to the development of the nucleoside 

   Table 7.1    Features of herpseviruses important for the development of antivirals   

 Virus characteristics  Consequences for antiviral chemotherapy 

 Large double-stranded genome coding for 
more than 70 polypeptides including 
many enzyme functions 

 Many potential targets for inhibition of virus 
replication 

 Easy to culture  Easy to titrate in few days 
 Clear cytopathic effects in culture  Easy to screen for inhibitors of virus replication 

over relatively short time scale 
 Many well-characterised laboratory animal 

infection models available 
 Ef fi cacy can be demonstrated  in vivo  at an early 

stage of drug development 
 Produce characteristic clinical signs  Clinical bene fi t readily measured 
 Extremely common with up to 100% 

infection rates in population 
 Potential market large for therapy and prevention 

 Establish latency with recurrent infection/
lesions 

 Stable market with long-term prospects 
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prodrugs valaciclovir (VACV) famciclovir (FCV) and valganciclovir  [  2  ]  all of which 
have high oral bioavailability that provides more sustained levels of the nucleoside 
analogue following administration, allowing trough levels to remain above the theo-
retical level for inhibition of virus replication during a course of therapy.  

   The Search for Improved Inhibitors of Herpesviruses 

 Having originally proved the potential value of antiviral chemotherapy against her-
pesviruses by means of targeting DNA-pol, the focus of antiviral research moved to 
HIV, in fl uenza and more recently hepatitis B and hepatitis C. The enormous injection 
of funds into these problems has led to the discovery of many new alternative strate-
gies for attacking viruses by means of antiviral chemotherapy. Furthermore, the 
existing nucleoside analogues (ACV and PCV) currently used for treating common 
HSV diseases are not fully effective. Problems with these compounds include delayed 
lesion healing, breakthrough of lesions during suppression therapy and virus replica-
tion continuing despite therapy, such that transmission to a new susceptible host can 
take place  [  3  ] . Moreover, therapy or prophylaxis involves frequent administration of 
these compounds. Of the many theoretical enzyme targets, helicase–primase has 
recently come to the fore and may represent the  fi rst of a new era of herpes antiviral 
chemotherapy with small molecule inhibitors other than nucleoside analogues.  

   Helicase–Primase as a Target for Herpes 
Antiviral Chemotherapy 

 The discovery and characterization of the HSV helicase–primase (HP) enzyme com-
plex, covered in depth elsewhere in this volume, led to the quest for inhibitors of these 
functions that are essential for virus replication. Once inhibitors are identi fi ed they can 
be used to select for resistance mutations which can then inform the mechanistic stud-
ies. Furthermore, the discovery of potent inhibitors of an essential virus function lead-
ing to selective inhibition of virus replication can provide a path to successful antiviral 
chemotherapy. Several HP-inhibitors (HPI) with therapeutic potential have been 
discovered. The  fi rst of these resulted from rationale drug design programmes based 
on the screening of libraries of compounds in  in vitro  enzyme assays. However, ironi-
cally the current leading HPI undergoing clinical trials resulted from classical screen-
ing for inhibitors of virus replication that were serendipitously shown to be HPI. 

   Enzyme Screens 

 Crute et al., published a seminal paper in 1989 describing the puri fi cation and char-
acterization of the HSV-1-induced DNA helicase  [  4  ] . The generation of three 
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protein subunits comprising the gene products of  UL5 ,  UL52  and  UL8  with 
helicase–primase activity  in vitro  provided a basis for screening potential inhibitors 
of these functions. This rational approach was soon to bear fruit and among the  fi rst 
successes to exploit this new target was reported by Spector et al.  [  5  ] . Using the 
 in vitro  HP assay, a library of >190,000 random pure chemicals and natural products 
were screened. Several 2-amino thiazole compounds e.g. T157602 (Fig.  7.1a ) were 
found to inhibit both helicase (IC 

50
  = 5 mM) and primase (IC 

50
  = 5 mM) activities 

with approximately 30-fold selectivity index. Furthermore, the latter compound was 

  Fig. 7.1    The  fi rst compounds shown to be speci fi c inhibitors of HSV helicase–primase showing 
their structural relationship. ( a ) T 157602. ( b ) BILS 179 BS. ( c ) BILS 45 BS. ( d ) BILS 22 BS       
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speci fi c for HSV and did not inhibit the growth of VZV or CMV. Importantly 
T157602 also inhibited virus replication under one-step growth conditions with an 
IC 

90
  = 3 mM. Drug-resistant mutants were selected by culturing HSV in the pres-

ence of the inhibitor. A few years previously, Zhu and Weller  [  6  ]  had de fi ned six 
highly conserved functional domains in the helicase protein and the T157602-
resistance mutations all mapped to a position just downstream from the fourth func-
tional domain  [  6  ] . These  fi rst reported HPI mutations were M354T, K355N and 
E399T and the authors estimated that they occurred as polymorphisms in the virus 
stock with a frequency in the order of 10 −7 . The putative mechanism proposed for 
inhibition was that the compound stabilised the HP–DNA complex effectively 
trapping the enzyme complex on the DNA substrate. The three substituted residues 
leading to drug resistance involved shorter side chains possibly leading to reduced 
drug binding. The 2-amino thiazole compounds, however, did not progress as 
medicinal compounds but this was the  fi rst published evidence that HPI may have 
utility as effective herpes antivirals.   

   The BILS Series of HPI 

 Crute and coworkers in the laboratories of Boehringer Ingleheim Pharmaceuticals 
similarly used the HP  in vitro  enzyme system to screen a Boehringer Ingleheim 
library of compounds  [  7  ] . This led to the identi fi cation a series of thiozolyl phe-
nyl-containing compounds with anti-herpesvirus activity. Structure-activity stud-
ies were carried out to optimise the compounds for further development and 
subsequently several compounds were pursued; the  fi rst to be published was the 
lead compound BILS 179 BS (Fig.  7.1b ). BILS 179 BS was reported to be 
approximately tenfold more active than ACV in an HSV plaque-reduction assay 
with an EC 

50
  value of approximately 100 nM against both HSV-1 and HSV-2. 

Biochemical studies con fi rmed that the mechanism-of-action was speci fi cally 
directed at HP; furthermore, amino acid substitutions at residue K356 of  UL5  
were found to confer resistance. The compound was, as expected, active against 
ACV-resistant strains but was reportedly inactive against other herpesviruses 
(VZV, human CMV and murine CMV). A cytotoxicity assay based on mitochon-
drial function (MTT assay) suggested a 50% toxic concentration of the order of 
36  m M, although this depended on cell type. Encouragingly, the compound was 
shown to be extremely effective in murine infection models for cutaneous and 
genital HSV where oral dosing led to marked dose-dependent improvements in 
clinical signs including mortality and reductions of several orders of magnitude 
in infectious virus in tissues. 

 This chemical series, which included a number of active compounds, clearly 
posed a challenge to the medicinal chemist, and it was reported that liver 
microsome metabolism studies led to the identi fi cation of further modi fi cations 
including the closely related compound, BILS 45 BS (Fig.  7.1c )  [  8  ] . This com-
pound was also reported to be more potent than ACV with activity against HSV-1 
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and HSV-2 in tissue culture EC 
50

  = 0.15  m M. The BILS 45 BS derivative was also 
effective in a murine infection model using oral therapy (ED 

50
  = 56 mg/kg) with 

bioavailability in the order of 50%. Finally, analogue BILS 22 BS (Fig.  7.1d ) was 
also shown to be a very promising potent inhibitor of HSV. However the prob-
lems that had beset this group of aminothiazole-phenyl compounds were too 
great and this ground-breaking development programme was terminated. The 
close similarity between the three compounds mentioned above may be seen in 
the  fi gure (Fig.  7.1a–d ).  

   Whole Virus Screens 

  BAY 57-1293 

 In the same issue of Nature Medicine that reported the  fi rst description of the BILS 
series of compounds, a paper by Kleymann et al.  [  9  ]  disclosed a different series of 
compounds that had been developed in the laboratories of Bayer Pharmaceuticals. In 
this case, the antiviral activity was discovered by means of an innovative cell-based 
virus replication assay (reviewed  [  10  ] ). Approximately 400,000 compounds in the 
company’s library were tested at 10  m M using this  fl uorometric, high-throughput 
screen. The identi fi cation of a hit followed by further synthesis in a structure-activity 
study eventually led to the compound BAY 57-1293 (AIC 316). The compound is 
a stable white powder,  N -[5-(aminosulfonyl)-4-methl-1,3-thiazole-2-yl]- N -2[4-
(pyridinyl)phenyl]acetamide (Fig.  7.2a ) with a molecular mass of 402 (almost twice 
that of ACV at 225). BAY 57-1293 inhibited HSV-1 and HSV-2 replication with 
EC 

50
  = 0.01–0.02  m M with only weak activity against VZV and human CMV. 

Evidence obtained from the study of resistance mutations pointed to HP as the site of 
action for the thiazolylamide compounds. Gene sequencing of the HSV genes coding 
for DNA replication enzymes showed that mutations in  UL5  helicase gene at amino 
acid residues G352, M355 and K356 accounted for resistance and this was con fi rmed 
in subsequent enzyme studies.    

   Ef fi cacy of AIC316 in Animal Infection Models 

 Like the BILS compounds, BAY 57-1293 was also demonstrated to be ef fi cacious in 
several different laboratory HSV infection models. Betz et al.  [  11  ]  clearly demonstrated 
that the compound is highly effective in rodents infected with either HSV-1 or HSV-2. 
One model employed a lethal intranasal inoculation that provides rapid virus access to 
the central nervous system with a distribution of infection that resembles herpes 
encephalitis in man  [  12  ] . Oral therapy three times a day from 6 h after inoculation for 
5 days was extremely effective; preventing death and reducing other clinical signs of 
disease. The ED 

50
  under these conditions was 0.5 mg/kg rising to 3 mg/kg/day when 

dosing was reduced to once a day. A higher dose (15 mg/kg/day) for 4 days reduced 
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infectious virus in the tissues by several orders of  magnitude. It was also reported by 
Betz et al.  [  11  ] , that similar results were obtained in intranasally inoculated rats. Betz 
et al. also published data obtained from a zosteriform infection model in mice  [  11  ] . In 
this case virus was inoculated into the skin whereupon virus translocates, via sensory 
nerves, to the dorsal root ganglia. Subsequently a characteristic zosteriform distribution 
of skin lesions is produced,  fi rst visible 3 or 4 days after inoculation. Using this model, 
oral therapy with BAY 57-1293 at 15 mg/kg three times per day starting on day 3 pre-
vented mortality and again produced marked reductions in virus replication and clinical 
signs. In both models the experimental therapy was superior to VACV and it was par-
ticularly notable that, following cessation of VACV therapy, there was a rebound of 
virus replication in the nervous system and lesion development whereas this did not 
occur following cessation of BAY 57-1293 treatment. 

 Baumeister et al.  [  13  ]  also published extremely encouraging  in vivo  data on the 
same inhibitor. In this case the well-established female HSV-2 guinea pig infection 
model was employed. BAY 57-1293 was given orally two or three times per day 
starting from 6 h after virus inoculation. A clear dose-response was obtained and 
20 mg/kg was found to signi fi cantly decrease lesion development and reduce infec-
tious virus in the tissues. A 1,000-fold reduction in infectious virus was recorded in 
the dorsal root ganglia at 7 days post-infection. It was concluded that this resulted 
in a reduced burden of latent virus and that this was the most probable explanation 
for the observed reduction in frequency of recurrent lesions following therapy. In 
further experiments, the onset of therapy was delayed until 4 days post-infection, 

  Fig. 7.2    Effective HPI that have entered clinical trials in man. ( a ) BAY 57-1293 (AIC 316); active 
against HSV-1 and HSV-2. ( b ) ASP 2151 (amenamevir); active against HSV and VZV       
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when 20 mg/kg twice a day was administered for 2 weeks. Again this led to 
signi fi cant reductions in clinical signs, including the suppression of recurrent 
lesions. This infection model is well-documented and is regarded as being suitable 
for the study of HSV reactivation and recurrent genital lesions. Accordingly, the 
same authors delayed the onset of therapy until day 20. The animals were then 
treated from day 20 until day 30 post-infection and observations were continued up 
until day 80. Again there was good suppression of recurrent lesions during the ther-
apy and the reduction was superior to VACV. However, comparison with VACV in 
this model should be treated with caution since it is known that guinea pig cells are 
unusual with respect to the activity of ACV  [  14,   15  ]  and may unduly bias results 
against the latter compound. 

 Finally, Biswas and Field  [  16  ]  published the results of further  in vivo  studies 
that generally supported these  fi ndings. Using a zosteriform HSV-1 infection model 
in BALB/c mice, an oral or intraperitoneal dose of 15 mg/kg once a day starting on 
day 1 post-infection for 4 days protected mice from death and produced a signi fi cant 
reduction in other clinical signs. Infectious virus in the skin at the inoculation site, 
nervous system and ear pinna (secondary site following zosteriform spread) were 
all reduced to below the level of detection and there was no recurrence on cessation 
of therapy. In these experiments BAY 57-1293 therapy was reported to be superior 
to oral FCV that previously had been shown to be the most effective therapy in this 
model. In agreement with Betz’s experiments  [  11  ] , it was found that the ED 

50
  for 

once daily oral administration was approximately 5 mg/kg/day (Field and Biswas, 
unpublished). Using a small number of athymic nude mice on a BALB/c back-
ground, Biswas et al. also showed that one or two single doses of BAY 57-1293 
given on day 3 or day 4 (i.e. well after infection was present in the nervous system) 
was effective; this being a model for HSV infection in an immunocompromised 
host  [  16  ] .  

   Helicase–Primase Inhibitors as Antiviral Agents in Man 

 At least two HPI have entered human clinical trials in man. These include BAY 
57-1293 (referred to in the trials as AIC 316) and the compound ASP 2151 (ame-
namevir) (Fig.  7.2b ). Following the normal safety testing in the requisite animal spe-
cies, AIC 316 was tested in man in a series of six phase-I trials involving more than 
150 healthy subjects. No adverse changes were observed and the compound was 
found to be safe with no obvious side-effects during the course of the studies. The 
behaviour of the compound  in vivo  looked very promising with favourable pharmaco-
dynamics. It appeared that tissue concentrations above the EC 

50
  value that had been 

derived from cell culture experiments could easily be achieved and maintained  in vivo  
 [  17  ] . Potentially antiviral plasma levels were reached after a single administration and 
the steady state remained above the EC 

90
  for 24 h  [  18  ] . Phase II clinical trials were 

commenced and a randomised, parallel, double-blind, placebo-controlled trial involv-
ing more than 150 subjects was completed in December 2010. The subjects in this 
trial suffered from genital herpes with between 1 and 9 recurrences of HSV-2 per year. 
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Oral doses of 5, 25 and 75 mg once per day were tested as well as the higher oral dose 
of 400 mg just once per week. Clinical signs were scored and patient swabs were 
tested for evidence of virus using a PCR-based method. The results were promising 
with highly signi fi cant dose-dependent effects being recorded. Particularly notable 
was the reported suppression of virus shedding including that seen following the sin-
gle 400 mg weekly dose and no safety issues were reported following the trial  [  19  ] . 
Thus the results described in several reports concerning the administration of BAY 
57-1293 to HSV-infected patients that have been presented at scienti fi c meetings are 
extremely encouraging. However, proper evaluation of these data awaits publication 
in journals following peer review and independent scrutiny of the data.  

   ASP 2151: Second of Example of an HPI to Reach 
Clinical Trials in Man 

 The compound, ASP 2151 originated in Japan from a medicinal chemistry programme 
based on the known 2-aminothiazole-containing HPI  [  20  ] . The new compounds, dis-
covered by workers at Yamanouchi Co (later Astellas Pharma inc) contained the oxadi-
azolyl-phenyl moiety. The structure-activity studies employed an assay comprising the 
HSV-1 UL5–UL52–UL8 complex. The most promising compound, ASP 2151 (ame-
namevir) was active in the assay at approximately 0.1  m M. Furthermore, the compound 
was reported to inhibit virus replication at 0.036 and 0.028  m M for HSV-1 and HSV-2 
respectively. Of particular interest was the reported  fi nding that this compound, unlike 
BAY 57 1293, was also a potent inhibitor of VZV (ED 

50
  = 0.047 M)  [  21  ] . This and 

further publications demonstrated the compound to be highly effective in a murine 
HSV infection model using doses of 1–10 mg/kg twice per day and in HSV-2-infected 
guinea pigs  [  22  ] . ASP 2151 was actually the  fi rst HPI to progress to human trials. 
Initially, no toxic side-effects were encountered and HSV and VZV-infected subjects 
were recruited for trials from 2007  [  23,   24  ] . However, it appears that adverse events 
were encountered and the development of ASP 2151 is currently suspended. 
Notwithstanding, the preliminary results obtained with this interesting HPI provide 
further evidence that the compounds in the HPI class do have real clinical potential. 

 As mentioned above, evidence for a selective mechanism for antiviral action is 
often dependent on the selection of resistance mutations. As drugs enter clinical 
trials the potential for the development antiviral of drug resistance is also a matter 
of great practical importance  [  25  ] .  

   Mutations Conferring Resistance to HPI 

 Drug resistance is seen in herpes viruses against nucleoside analogues, normally at 
a rate of ~10 −4  in the form of null mutations in TK, which is required to activate 
these drugs  [  26,   27  ] , but is not essential for virus replication. There are also nucleo-
side analogue-resistance mutations in the DNA-polymerase, but at a much lower 
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rate (<10 −6 )  [  28  ] . Such resistant mutants have not been shown to be a widespread 
problem in immunocompetent individuals (with the possible exception of ocular 
herpes antiviral resistance) but can be in immunocompromised patients with persis-
tent infections, although resistance has typically been found in <5% of cases  [  25, 
  29,   30  ] . As expected, TK and DNA-pol mutants are found not to be cross-resistant 
to HPI because they act through a different target. 

 In the case of HPI resistance (selected in tissue culture) the majority of mutations 
conferring resistance have been located to a group of residues just downstream from 
functional motif IV in the helicase ( UL 5) gene as de fi ned by Zho and Weller  [  6  ]  
between amino acid residues 342–356 or 341–355 for HSV-1 or HSV-2 respectively 
( [  31  ] ; reviewed  [  32,   33  ] ). Rarely, substitution of the  fi rst amino acid of motif IV 
(residue 342 in HSV-1 and 341 in HSV-2) has also shown this to be a potential site 
for resistance-conferring substitutions as well as residue 899 in HSV-1  UL 52 
primase gene. The role of these substitutions in resistance to HPI will be further 
discussed below.  

   Prevalence of HPI-Resistance Mutations 

 The  fi rst reports of HPI-resistance mutations detected in laboratory strains and 
 clinical isolates suggested that they occur at frequencies (10 −6 ); lower than seen for 
nucleoside analogues  [  5,   9,   31  ] . Early work on HPI resistance was performed on 
HSV laboratory stocks by serial passage in the presence of HPI so that resistant 
mutants could be isolated and characterised. However, it soon became apparent that 
mutants could be isolated readily following a single passage in the presence of BAY 
57-1293. Biswas et al.  [  34  ]  reported that there were already HPI-resistant mutants 
present in laboratory working stocks of HSV-1 strain Cl (101) known as PDK at 
approximately 4 × 10 −4  and in the well-characterised laboratory strain of HSV-1, 
SC16 (>10 −5 ). Although most SC16 mutants were not highly resistant (e.g. approxi-
mately 15-fold:  UL 5 A199T) with more highly resistant mutants (e.g. approximately 
100-fold:  UL 5 K356T or K356Q) occurring at a frequency of ~10 −6 , which is similar 
to background and consistent with the rate of spontaneous mutation. However, the 
more common PDK resistant mutants typically had >50-fold resistance to BAY 
57-1293 ( UL 5 M355T, a mutation reported earlier by Kleymann et al.  [  9  ] ). Plaque-
puri fi ed clones of these stocks showed BAY 57-1293-resistance selection reduced to 
a frequency of approximately 10 −6 , providing further evidence that the higher fre-
quencies of resistance mutation were not caused by incubation with the HPI but 
were merely selected for in its presence. 

 It is important to look at clinical isolates, because laboratory stocks may not 
properly represent the natural populations of HSVs. Biswas et al.  [  35  ]  reported the 
highly HPI-resistant HSV-1  UL5  K356N mutation in two of ten clinical isolates; in 
each case at a frequency of approximately 10 −4 . The authors suggest that this could 
be explained by the K356N mutation having a neutral effect on virus growth and 
pathogenicity under most conditions, and possibly providing a growth advantage in 
some circumstances. 
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 A study reported by Sukla et al.  [  36  ]  using an “intentional mismatch PCR” (IMP) 
technique on 30 clinical isolates of HSV-1 appears to show that  fi ve of these isolates 
contained resistance mutations to BAY 57-1293 in  UL 5 at 10–100 times the expected 
frequency. However, the IMP method only analyzes viral DNA, which does not 
necessarily originate from viable viral particles. Similar work analysing HSV-2 
clinical isolates has shown that some of these viruses also contained BAY 
57-1293-resistance at the higher frequency (HJF, unpublished data). It is important 
to note that in all these studies virus isolates under investigation were obtained prior 
to the introduction of any HPI to the clinic and therefore were obtained from patients 
who had no prior exposure to HPI, again suggesting that the resistance mutations 
(polymorphisms) must be pre-existing. Furthermore, all the clinical virus isolates, 
to date are universally sensitive to HPI as measured by a plaque-reduction assay. 

 We emphasise that clinical trials of BAY 57-1293 to date have not shown any 
evidence that rapid development of resistance to this compound is going to be a 
problem and experiments in mice  [  37  ]  have indicated that an infection with a mix-
ture of highly resistant mutant and parental virus does not lead to rapid emergence 
of resistance  in vivo .  

   HPI-Resistance Mutations in Helicase and Primase 

 Early mechanistic studies on the BILS series of compounds  [  7  ]  suggested that 
they act by inhibiting recycling of HP complex through stabilising its interaction 
with DNA, shown by a DNA docking assay measured by  fl uorescence anisotropy. 
The HSV-1  UL 5 (K356N) mutant did not have higher af fi nity for ssDNA substrate 
in the presence of BILS 103 BS and the frequency of HPI resistance in lab stocks 
of the HSV-1 KOS strain was approximately 10 −6 . Liuzzi et al.  [  31  ]  isolated three 
HSV-1 KOS mutants by serial passage in the presence of BILS 22 BS, which had 
similar growth properties to the wild type  in vitro . All three mutants had single 
amino acid substitutions in the  UL 5 protein: K356N (2,500-fold resistant), G352V 
(316-fold) and G352C (38-fold). These authors measured activities (DNA-
dependent ATPase, DNA helicase and RNA primase) of the K356N H–P complex 
 in vitro  using puri fi ed mutant expressed in baculovirus and found no signi fi cant 
difference to wild-type virus. Isolation of resistant mutants con fi rmed mode-of-
action of BILS 22 BS and again showed the mutation rate to be an estimated 10 −6 . 
These mutants (K356N and G352V) did not revert to wild type in the absence of 
HPI, suggesting they were not detrimental to viral replication. They also con fi rmed 
the results of Betz et al.  [  11  ]  reporting that the K356N resistance mutation did not 
alter  in vitro  viral replication rates or murine pathogenicity. Similar results were 
reported later  [  38,   39  ]  for the HSV-1 SC16 mutant containing the same resistance 
substitution. 

 The HPI, BAY 57-1293 was initially identi fi ed by high-throughput screening of 
compounds with HSV inhibitory activity, but its mechanism-of-action was only 
established after isolating resistant HSV-1 viruses, sequencing one of their genomes 
and complementation analysis  [  9  ] . It was found that almost all of the resistance 
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mutations to BAY 57-1293 and its related compounds were in the  UL 5 helicase 
protein downstream of motif IV, similar to the resistant mutants obtained with the 
previously reported BILS compounds. However, an A to T resistance mutation was 
also discovered in the  UL 52 primase protein at residue A897 (this residue being 
equivalent to A899T in HSV-1 SC16 and PDK). It is of interest that these mutants 
are not co-resistant to the alternative HPI, BILS 179 BS  [  10  ] . The lack of cross-
resistance was con fi rmed by Biswas et al.  [  40  ]  and recently a similar lack of co-resis-
tance has been shown with amenamevir (ASP 2151) suggesting an important 
difference between the different classes of HPI  [  41  ] . 

 As mentioned above, the majority of HPI-resistance mutations reported thus far 
in both HSV-1 and 2 have been in the region just downstream of the helicase motif 
IV in the UL5 protein. The asparagine-to-lysine mutation found at the start of motif 
IV in HSV-1 (N342K) and HSV-2 (N341K) has also been shown to confer resis-
tance to the HPI, but this mutation appears to cause a decrease in the viral  fi tness in 
terms of its growth rate and pathogenicity in mice, possibly due to steric/allosteric 
hindrance to the UL5–UL52 interaction  [  42  ] . The equivalent mutation in VZV 
(ORF55 N336K), isolated after serial passage in the presence of ASP 2151, has a 
similar effect on viral  fi tness  [  21  ] . To the best of our knowledge, no resistance muta-
tions in the  UL 8 gene have been isolated to date, suggesting that the HPI may not 
interact with this subunit of the H–P complex.  

   Different Sensitivities of Mutants to the 3 HPI 

 It appears that most HPI-resistance mutants are cross-resistant to BILS, BAY 
57-1293 and ASP 2151 but, as mentioned above, there are some interesting excep-
tions and the resistance mutation to BAY 57-1293 isolated in the HSV-1 primase 
gene ( UL 52), causing the A899T amino acid change, is sensitive to BILS and ASP 
2151  [  40  ] . However, we have recently discovered a primase mutation in HSV-2 
conferring resistance to BAY 57-1293, which comprises the deletion of a lysine 
residue at position 905 that is equivalent to 898 in HSV-1, that retains resistance to 
ASP 2151  [  41  ] . 

 Although the three classes of HPI discussed—BILS compounds, BAY 57-1293 
and ASP 2151—target the same enzyme complex, they clearly interact with it in 
subtly different ways. ASP 2151 is the only one of the three that inhibits the VZV 
HP complex. The A899T primase mutation in HSV-1 only confers resistance to 
BAY 57-1293, but the HSV-2 K905 primase deletion is resistant to BAY 57-1293 
and ASP 2151. More investigation into how the HPI interact with the amino acids 
of the HP complex components needs to be carried out to discover the complete 
mechanism-of-action of these compounds, but the resistance mutants give impor-
tant clues to this. Molecular modelling of the BAY 57-1293–UL5–UL52 interaction 
shows that the BAY 57-1293 molecule sits in a pocket formed by UL5 and UL52, 
which perhaps reduces the movement in this dynamic interface  [  42  ] .  
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   The Prospects for HPI for Treatment or Prevention 
of Herpesvirus Diseases 

 Nucleoside analogues have enjoyed supremacy for treating or suppressing herpes 
infections for more than 50 years. ACV and PCV and their orally bioavailable prod-
rugs may not be fully effective antivirals but they have been remarkably free from 
any toxic side-effects. No serious problems have been encountered throughout their 
history apart from occasional damage arising from low solubility that can be 
avoided. It will be very dif fi cult for the new compounds to match this enviable 
record and already several HPI that looked very promising in their early develop-
ment have not progressed because of safety concerns. However, on the positive side 
the compound currently undergoing Phase II clinical trials (AIC 316) appears to be 
an extremely effective antiviral for treatment or suppression of HSV and, impor-
tantly, it offers the prospect of much longer intervals between dosing. Hopefully this 
will translate into more convenience for the patient (leading to improved compli-
ance) and the potential for better suppression of subclinical virus replication and 
transmission. 

 Latency remains the major hurdle to curing recurrent HSV. Whether or not the 
early indications from animal models that BAY 57-1293 may impact on the fre-
quency of recurrences in the guinea pig infection model  [  9  ]  can be con fi rmed in 
further human trial remains to be seen. Further work is required using quantitative 
laboratory infection models to establish the effects, if any, on the establishment and 
maintenance of latent foci and their potential for reactivation. 

 In any case, the above compound has already provided proof-of-principle that it 
is an effective antiviral for HSV in man and there is no doubt that this and other HPI 
will now be developed as medicines for use either alone or in combination with the 
existing nucleoside analogue inhibitors such as ACV. Finally, having successfully 
exploited the helicase–primase as a target for inhibition of HSV and VZV, virus-
speci fi c helicase is now the focus of attention in the search for inhibitors of viruses 
(e.g. hepatitis C) from completely different families and there is no doubt in our 
minds that we are at the advent of a new era in antiviral chemotherapy.      
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  Abstract   The RecQ family of DNA helicases is highly conserved throughout 
 evolution, and is important for the maintenance of genome stability. In humans,  fi ve 
RecQ family members have been identi fi ed: BLM, WRN, RECQ4, RECQ1 and 
RECQ5. Defects in three of these give rise to Bloom’s syndrome (BLM), Werner’s 
syndrome (WRN) and Rothmund–Thomson/RAPADILINO/Baller–Gerold 
(RECQ4) syndromes. These syndromes are characterised by cancer predisposition 
and/or premature ageing. In this review, we focus on the roles of BLM and its  S. 
cerevisiae  homologue, Sgs1, in genome maintenance. BLM/Sgs1 has been shown 
to play a critical role in homologous recombination at multiple steps, including end-
resection, displacement loop formation, branch migration and double Holliday 
junction dissolution. In addition, recent evidence has revealed a role for BLM/Sgs1 
in the stabilisation and repair of replication forks damaged during a perturbed 
S-phase. Finally BLM also plays a role in the suppression and/or resolution of ultra-
 fi ne anaphase DNA bridges that form between sister-chromatids during mitosis.      

   Introductory Remarks 

 The ability to repair damage to cellular DNA is of paramount importance for the 
maintenance of a stable genome. Therefore, cells have evolved multiple pathways to 
repair the various kinds of DNA lesions that can occur spontaneously or following 
exposure to a DNA damaging agent. These repair pathways involve multiple 
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enzymatic activities including DNA helicases, nucleases, ligases and  topoisomerases. 
The RecQ helicase family is an example of one such group of DNA repair helicases. 
The RecQ proteins represent one of the most highly conserved families throughout 
evolution. Unicellular organisms generally have a single RecQ helicase gene, while 
humans have  fi ve:  BLM ,  WRN ,  RECQ4 ,  RECQ1  and  RECQ5 . Mutations in three of 
these have been found to cause disease in humans, resulting in Bloom’s syndrome 
( BLM ), Werner’s syndrome ( WRN ), and Rothmund–Thomson, RAPADILINO and 
Baller–Gerold syndromes (all  RECQ4 ). The clinical features of these syndromes have 
recently been reviewed  [  1–  3  ]  (see also Chap.   8    ) and will not be discussed further here. 
In this review, we will focus our attention on BLM, because in humans it appears that 
BLM functionally ful fi ls most of the roles described for RecQ homologues from 
model organisms. In humans, Bloom’s syndrome is characterised by a predisposition 
to early development of all forms of cancer  [  4  ] , illustrating the prime importance of 
BLM in the maintenance of genome stability. BLM-de fi cient cells display chromo-
some instability with increased chromatid gaps and breaks, as well as large scale rear-
rangements  [  5  ] . The diagnostic feature is a tenfold increase in sister chromatid 
exchanges (SCEs), which are thought to arise by an increase in so-called crossover 
events during homologous recombination  [  6  ] , which will be described in more detail 
later in this article.  

   Structural Features of RecQ Helicases 

 The RecQ helicase family is named after the prototypical member, the  Escherichia 
coli  RecQ helicase.  Ec RecQ protein consists of three functional domains: the heli-
case domain and the RecQ carboxy-terminal (RQC) domain, both of which are 
unique to RecQ helicases, and the Helicase and RNase D C-terminal (HRDC) 
domain, which is also found in other DNA binding proteins. All three domains are 
also conserved in RecQ homologues from other species, with the notable exception 
of human RECQ1, RECQ4 and RECQ5 (Fig.  8.1 ). The helicase domain de fi nes 
RecQ as a member of the SF2 superfamily of helicases, which all contain seven con-
served helicase motifs coupling NTP hydrolysis to double stranded DNA (dsDNA) 
strand separation  [  7  ]  (see also Chap.   3    ). The helicase and RQC domains form the 
~59 kDa catalytic core of  Ec RecQ, and this fragment is suf fi cient to catalyse single 
stranded DNA (ssDNA) binding and 3 ¢   5 ¢  helicase activity in vitro with the same 
speci fi c activity as full-length  Ec RecQ  [  8  ] . This core fragment has been crystallised 
and shown to form a monomer with four distinct subdomains: the helicase domain is 
made up of the two N-terminal RecA-like subdomains with the ATP and ssDNA 
binding sites sandwiched between them. This serves as the “motor” of the helicase 
 [  9  ] . Helicase activity is crucial for RecQ helicase function in vivo, and inactivating 
point-mutations in this domain lead to a mutant phenotype in  Saccharomyces cerevi-
siae   [  10,   11  ] , mice  [  12  ]  and humans  [  13  ] . The C-terminal subdomains of the catalytic 
core, which are contributed by the RQC domain, consist of a Zn 2+ -binding subdo-
main and a  b -hairpin winged-helix (WH) subdomain that together form a dsDNA 

http://dx.doi.org/10.1007/978-1-4614-5037-5_8
http://dx.doi.org/10.1007/978-1-4614-5037-5_3
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binding domain  [  9  ] . Substitution of Zn 2+  coordinating Cysteine residues in  Ec RecQ 
revealed that the Zn 2+  binding domain is essential for stable DNA binding (and thus 
helicase function) and for protein stability  [  14  ] . Mutations affecting Zn 2+   coordinating 
Cysteines in BLM and RecQ5 generated similar results, strongly indicating that this 
function is evolutionarily conserved  [  15,   16  ] .  

 A near full-length, helicase-pro fi cient fragment of human RECQ1 has been 
crystallised as a monomer and shown to have the same overall architecture as that 
of  Ec RecQ  [  17  ] . However the WH-subdomain of RECQ1 is longer than that of 
 Ec RecQ and adopts a different conformation, which brings it into contact with the 
DNA strand-separation point  [  17  ] . Mutation of a conserved aromatic residue (Tyr 
in RECQ1) at the tip of a  b -hairpin region severely compromises the DNA unwind-
ing activity of RECQ1, but not  Ec RecQ  [  17  ] . The importance of the  b -hairpin and 
the conserved Tyr residue has since been con fi rmed using the full length RECQ1 
protein  [  18  ] . 

 Co-crystallisation of the RQC fragment of WRN with duplex DNA showed 
that the  b -hairpin directly binds to dsDNA ends and melts the hydrogen bonds 
between the  fi rst base-pair  [  19  ] . This functional separation of the unpairing activ-
ity (in the RQC subdomain) from the translocase activity (in the helicase subdo-
main) provides a structural explanation for the ability of RecQ helicases to 
migrate branched and forked DNA structures  [  19  ] . In addition, the RQC domain 
may also function as a DNA structure-speci fi c binding motif for a subset of sub-
strates. The RQC domain containing fragment of  Ec RecQ binds to G4 DNA and 
forked structures with virtually the same af fi nity as does the full length protein, 
however it is unable to bind Holliday junctions (HJs), which the full length pro-
tein does  [  20  ] . 

 The most C-terminal of the conserved RecQ domains, the HRDC domain, exhib-
its the highest degree of variation between different family members. The approxi-
mately 10 kDa HRDC domain consists of a basic bundle of  fi ve  a -helices with 
varying surface charge distribution in the different family members studied so far 
 [  21–  25  ] . It functions as an auxiliary DNA binding domain; however, its substrate 
speci fi city and exact function varies between different RecQ family members. In  S. 
cerevisiae  Sgs1, the HRDC domain fragment binds to ssDNA and to dsDNA with a 
ssDNA overhang  [  21  ] . In contrast, the  Ec RecQ HRDC fragment only binds ssDNA 
 [  22  ] . In the context of full-length  Ec RecQ, mutation of a single residue in the HRDC 
ssDNA interacting surface, or removal of the entire domain, abrogates partial duplex 
DNA binding, but increases binding to HJ-like substrates  [  8,   22  ] . However, the core 
helicase activity remains unaffected in both mutants  [  8,   22  ] . The isolated HRDC 
domain of BLM also only binds to ssDNA, but with much lower af fi nity than does 
the  Ec RecQ HRDC domain, as determined using an electrophoretic mobility shift 
assay  [  24  ] . However, a second study on essentially the same HRDC BLM fragment 
failed to show DNA binding activity when using a  fl uorescence polarisation assay 
 [  25  ] . Truncation of the HRDC containing C-terminal of BLM has been shown to 
speci fi cally abrogate double-Holliday junction (dHJ) dissolution activity (which 
will be discussed below) without affecting helicase activity on forked duplex 
structures  [  20  ] . Loss of activity was attributed to the failure of BLM to bind dHJs in 
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the absence of the HRDC domain. Furthermore, mutation of a single conserved 
lysine residue in the HRDC domain to the same loss of function is seen in the trun-
cation mutant  [  20  ] . Intriguingly, the structure of the BLM HRDC domain shows 
that this apparently crucial residue is not situated close to the ssDNA binding 
region  [  24  ] . In vivo studies have shown that the HRDC domain-containing 
C-terminal region is necessary and suf fi cient for recruitment of BLM to laser-
induced dsDNA breaks (DSBs)  [  26  ] . In contrast, the HRDC domain fragment of 
WRN seems to lack DNA binding activity, despite displaying the same overall fold 
 [  23  ] . However, a C-terminal fragment of WRN containing the HRDC domain 
together with the remainder of the C-terminal region can bind HJs, forked DNA and 
duplex DNA with ssDNA overhangs, but not dsDNA or ssDNA  [  27  ] . Taken together, 
these data indicate that the HRDC domain functions as a structure-speci fi c DNA 
binding domain. The variation in sequence and binding af fi nities between family 
members may direct individual family members to a speci fi c subset of DNA sub-
strates and thus underlie the functional diversity of RecQ helicases. 

 With the clear exceptions of human WRN and RECQ4, the N- and C-terminal 
regions of RecQ helicases do not contain other clearly-de fi ned functional domains, 
despite displaying areas of high sequence conservation between family members, 
mostly in the form a blocks of acidic residues  [  28  ] . WRN contains a well-de fi ned 
exonuclease domain in its N-terminal. The crystal structure of the WRN exonu-
clease domain reveals a high degree of architectural conservation with the DnaQ 
exonuclease family that is often involved in DNA proofreading activities  [  29  ] . WRN 
displays exonuclease activity against forked dsDNA structures and dsDNA with 
ssDNA overhangs, structures that are also substrates for the helicase activity  [  30  ] . 
An exonuclease-dead WRN fails to rescue non-homologous end-joining defects 
seen in  WRN  cells  [  29  ] . In addition,  fl ies expressing an exonuclease defective WRN 
display high levels of mitotic recombination  [  31  ] . Taken together, these data show 
that exonuclease activity is required for correct WRN function. The N-terminal 
domain of human RECQ4 contains a region with weak sequence similarity to a 
region of  S. cerevisiae  Sld2 protein. Sld2 is required for the initiation of DNA rep-
lication, and studies in  Drosophila  and chicken cells strongly suggest that RECQ4 
is required for this process too  [  32–  34  ] . 

 The N-terminal region of Sgs1, BLM and  Drosophila melanogaster  BLM 
contains a conserved, but poorly characterised, ssDNA strand annealing (SA) 
domain  [  35  ] . In addition, this domain catalyses strand exchange between homol-
ogous ssDNA and a dsDNA duplex, a reaction that is entirely inhibited by the 
presence of a single mismatch  [  35  ] . The conservation of this function across 
RecQ family members suggests that this activity constitutes an additional con-
served strand exchange (SE) functional domain. Mutant forms of Sgs1 that lack 
the SE domain are unable to suppress the hyper-recombination phenotype of 
  D sgs1  cells in vivo, showing that this domain is essential for proper function 
 [  35  ] . In addition, Sgs1 lacking the SE domain phenocopies a   D top3  mutant, sug-
gesting that the function of SE is closely linked to the “dissolvasome” complex 
function  [  35  ] .  
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   Functionally Important Binding Partners of RecQ Helicases 

  Ec RecQ functions in concert with several partner proteins.  Ec RecQ helicase activ-
ity is strongly stimulated in vitro by SSB  [  36  ] , via both trapping of ssDNA and 
preventing the formation of non-catalytic ssDNA–RecQ complexes  [  37  ] . This 
 interaction is mediated by a conserved RecQ-binding domain in the C-terminal 
 section of SSB, which binds directly to the WH domain of  Ec RecQ  [  38,   39  ] . 
In addition,  Ec RecQ acts in concert with Top3, a type IA topoisomerase can cleave 
ssDNA, to promote catenation/decatenation of circular dsDNA substrates in vitro 
 [  40  ] . The helicase activity of RecQ can unwind small segments of duplex DNA 
creating negatively supercoiled DNA that Top3 then acts upon. Finally,  Ec RecQ 
and SSB also act in close concert with RecA, providing an ssDNA substrate for 
RecA to assemble upon in vitro  [  41  ] . These interaction partners are conserved 
throughout evolution. In yeast, the RecQ homologues Sgs1 ( S. cerevisiae ) and 
Rqh1 ( S. pombe ) both interact with Top3  [  42,   43  ] . For Sgs1, the Top3 binding 
domain has been mapped to the  fi rst 158 residues and the interaction was shown to 
be very strong in vitro  [  44  ] . Truncation of the N-terminal region of Sgs1 and thus 
abrogation of Top3 interaction, leads to a   D sgs1  phenotype, showing that this inter-
action is crucial for function  [  45  ] . A similar N-terminal binding domain is seen in 
Rqh1, which binds to Top3 via the  fi rst 322 residues  [  43  ] . Sgs1-Top3 also interacts 
directly with an OB-fold containing protein, Rmi1 and   D rmi1  cells show many of 
the same phenotypes as   D top3  cells  [  46  ] . Rmi1 binds directly to both Top3 and to 
the N-terminal part of Sgs1, and can stimulate the ssDNA binding activity of Top3 
 fi vefold  [  47  ] . Sgs1 also binds directly to Rad51 in vitro via its C-terminal region 
 [  48  ] . Unlike in  E. coli , no direct interaction between Sgs1 and RPA (the eukaryote 
SSB homologue) has been mapped. However, the enzymatic activity of Sgs1-Top3 
is stimulated approximately tenfold by RPA in vitro, showing that the three pro-
teins act in concert  [  49  ] . Among the human RecQ helicases, only BLM forms an 
enzymatic complex with a type IA topoisomerase and a homologue of Rmi1, 
strongly suggesting that BLM is the functional homologue of  Ec RecQ and Sgs1, at 
least for those processes that involve the action of Top3 and Rmi1. BLM contains 
two independent TOPOIII a  binding sites, one located in the N-terminal (residues 
1–212) and one in the C-terminal (residues 1266–1417)  [  50  ] . BLM also binds 
directly to the human Rmi1 homologue, which is required for the in vivo stability 
of the BLM-TOPOIII a  complex  [  51  ] . The N-terminal region of RMI1 (residues 
150–211) binds directly to both BLM and TOPOIII a , while the C-terminal har-
bours a ssDNA binding domain  [  52  ] . In addition, the BLM-TOPOIII a -RMI1 com-
plex also binds to a second OB-fold containing protein RMI2, which is not found 
in yeast  [  53,   54  ] . RMI2 lacks DNA-binding activity, and may slightly stimulate the 
enzymatic action of BLM-TOPOIII a -RMI1 in vitro  [  54  ] . In addition, depletion or 
complete deletion of RMI2 in vertebrate cells leads to increased chromosome 
breakage and SCE, respectively, showing that RMI2 is essential for BLM-
TOPOIII a -RMI1 function in vivo  [  53,   54  ] . In vivo, these four proteins form a tight 
and functional complex, in which all components can be co-immunoprecipitated 
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with each other, which we will refer to as the RTR complex  [  54  ] . The crystal struc-
ture of RMI1-RMI2 reveals a strong structural similarity between this dimer and 
RPA  [  55  ] . Like  Ec RecQ, BLM also binds directly to RPA, which stimulates the 
helicase activity of BLM in vitro  [  56  ] . Finally BLM also interacts directly with 
RAD51 via two independent binding sites, one in the N-terminal and one in the 
C-terminal  [  48  ] . Further re fi nement of the binding sites has mapped the sites to 
residues 100–124 and 1317–1367, which interestingly overlap with proposed 
ssDNA speci fi c binding domains  [  57  ] .  

   DNA Substrate Requirements for RecQ Helicases 

 BLM is capable of unwinding a number of different substrates, the majority of 
which are intermediates in the process of homologous recombination (HR) 
(Fig.  8.2 ) (see also Chap.   9    ). In vitro, BLM does not unwind blunt-ended duplex 
DNA or DNA containing an internal nick  [  58  ] ; instead, it requires the presence of 
one of several “non-duplex” DNA features for loading. The simplest of such struc-
tures is a ssDNA overhang. Sgs1 is capable for unwinding dsDNA with a 3 ¢  over-
hang of at least three nucleotides, via recognition of the ssDNA/dsDNA junction 
 [  59  ] . DNA with a 3 ¢  ssDNA overhang is, however, a relatively poor substrate for 
both BLM and WRN, suggesting a more complex mode of substrate recognition 
than simple recognition of the dsDNA–ssDNA junction  [  58  ] . BLM unwinds bub-
ble structures with an internal bubble of four nucleotides or larger, forked duplex 
structures and X-shaped, 4-way junctions, which are all characterised by the pres-
ence of internal recognition structures with junctions between dsDNA and two 
single strands  [  58  ] .  

 In vitro, a preferred substrate for both Sgs1 and BLM is G4-DNA structures in 
which Hoogsteen bonding between four guanines form a planar quartet structure 
 [  60,   61  ] . In competition assays, BLM preferentially unwinds G4 DNA, even in the 
presence of excess forked DNA structures  [  60  ] . In addition, determination of kinetic 
parameters for BLM showed that while the  K  

m
  values for G4 DNA, a partial duplex 

and a forked DNA structure are similar, only G4 DNA was capable of forming a 
very stable protein–substrate complex with BLM  [  62  ] . 

 BLM shows limited in vitro processivity with the structures mentioned above, with 
the notable exception of closed Holliday junction containing structures, in which the 
junction is ef fi ciently branch migrated over long distances  [  63  ] . BLM has also been 
shown to very ef fi ciently disrupt mobile D-loops formed by RecA catalysed invasion 
of a single strand into a negatively supercoiled plasmid  [  64  ] . Complete unwinding of 
this structure was seen as protein concentrations capable of also catalysing complete 
unwinding of G4 DNA, while 4-way junctions required higher concentrations, sug-
gesting that mobile D-loops are a preferred substrate for BLM  [  64  ] . BLM also 
ef fi ciently disrupts D-loops in which the invading strand is coated with Rad51, a struc-
ture that more closely resembles the in vivo situation during the initial stages of HR 
 [  65  ] . Hence, BLM substrates are not limited to “naked” DNA structures, but also 

http://dx.doi.org/10.1007/978-1-4614-5037-5_9
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include DNA–protein  fi laments. In vitro, BLM is capable of removing RAD51 (the 
human RecA ortholog)  fi laments from ssDNA, if RAD51 is in its inactive ADP bound 
form  [  65  ] . In contrast, BLM stimulates D-loop formation with the active ATP-bound 
form of RAD51, by stimulating the homology search and strand exchange step  [  66  ] . 
In these experiments, BLM was capable of simulating D-loop formation involving 
templates with up to 10% mismatches, albeit at a slower rate  [  66  ] .  

   Double Holliday Junction Dissolution, a Conserved Function 
That Limits Crossing Over 

 As described earlier, BLM forms a stable RTR-complex in vivo, which displays 
unique enzymatic activities. BLM and TOPOIII a  alone are capable of catalysing 
double Holliday junction (dHJ) dissolution in vitro  [  67  ] . The substrate used initially 
for this reaction comprised two, interlinked, covalently-closed oligonucleotides that 
contain two Holliday junctions separated by a 14 nucleotide heteroduplex region 
(Fig.  8.2 ). The dHJ dissolution reaction results in the unlinking of the two molecules 
without any exchange of sequences between the oligonucleotides and is dependent 
on BLM ATPase activity and TOPOIII a  catalytic activity  [  67  ] . BLM branch migrates 
the two Holliday junctions towards each other, converting them into a hemi-catenane 
structure, which can be unlinked by the single strand passage activity of TOPOIII a . 
Further characterisation of this reaction revealed that the dHJ dissolution activity is 
highly speci fi c for BLM and TOPOIII a  and cannot be catalysed by other human 
RecQ helicases  [  68  ]  or  E. coli  Top3  [  69  ] . Moreover, dissolution is an evolutionarily 
conserved function of the RTR complex.  S. cerevisiae  Sgs1 and Top3 alone are also 
capable of catalysing dHJ dissolution  [  49  ] .  D. melanogaster  BLM and Top3 a  also 
catalyse dHJ dissolution in vitro  [  70  ] . Furthermore, the HRDC domain is essential 
for the reaction, mutation of a single conserved lysine residue (position 1329) reduced 
dHJ dissolution activity without affecting unwinding activity on a partial duplex sub-
strate  [  68  ] . Although they are not strictly required for dHJ dissolution activity in vitro, 
both RMI1 and RMI2 modulate the activity. Addition of RMI1 leads to a >10-fold 
increase in dHJ dissolution activity in the assay system described above  [  71  ] . RMI1 
physically interacts with TOPOIII a , leading to an increase in TOPOIII a  binding to 
dHJ structures  [  71  ] . Mutational studies show that only the N-terminal region of 
RMI1, which contains the BLM and TOPOIII a (alpha) interacting domains, is 
required for this stimulation  [  52  ] . The Rmi1 stimulatory effect is also seen with 
Sgs1-Top3 dHJ dissolution, where Rmi1 directly stimulates Top3 decatenation activ-
ity, without affecting HJ branch migration  [  49  ] . TOPOIII a  has been shown to directly 
decatenane linked ssDNA circular DNA, the substrate expected to be produced by 
the BLM branch migration activity  [  72  ] . This reaction is stimulated speci fi cally by 
RMI1 and BLM, but not RMI2  [  72  ] . Finally addition of RMI2 to BLM-TOPOIII a -
RMI1 has been shown to lead to a small stimulation in dHJ dissolution activity  [  53  ] ; 
however, this  fi nding could not be veri fi ed in a second study  [  54  ] .  
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   Other Sgs1/BLM Functions During Homologous Recombination 

 Sgs1 and BLM have been shown to play a role in at least three distinct steps during 
the repair of ssDNA gaps or double stranded breaks (DSBs) via homologous recom-
bination (see Fig.  8.3  for a comprehensive overview). These three steps will be 
described in turn below:  

   DNA End-Resection 

 The  fi rst event required in the repair of a DSB via HR is resection of one strand at 
the dsDNA end, in order to produce an ssDNA stretch for formation of a RAD51 
 fi lament prior to strand invasion. The role of RecQ helicases in this process has been 
most extensively studied in yeast. The DSB break end is initially resected from the 
5 ¢  end by Mre11-Rad50-Xrs2 and Sae2, resulting in 50–100 nucleotides of ssDNA 
 [  73  ] . Further processing occurs via two independent pathways catalysed either by 
the 5 ¢   3 ¢  nuclease, Exo1, or by Sgs1 together with the Dna2 nuclease/helicase. Both 
Sgs1 and Dna2 are rapidly recruited to sites of DSBs and gradually move away from 
the site. The Sgs1-dependent resection subpathway can continue for >28 kb, and 
requires both the helicase activity of Sgs1 and the nuclease activity of Dna2  [  73  ] . In 
an   D exo1  background, deletion of  sgs1  leads to a marked increase in sensitivity to a 
wide range of DSB inducing drugs, underpinning the in vivo relevance  [  74  ] . The 
resection activity has been successfully reconstituted in vitro, showing that Sgs1, 
Dna2 and RPA constitute the minimal requirement for resection of DSB ends  [  75  ] . 
Addition of Top3-Rmi1 leads to an ~11-fold stimulation of resection by promoting 
Sgs1 helicase activity via enhanced DNA af fi nity  [  74  ] . This pathway is conserved 
in humans; knock-down of BLM leads to an approximately twofold reduction in 
RPA foci upon DSB induction with camptothecin, as well as a reduction of ATR-
mediated CHK1 and CHK2 phosphorylation, which is stimulated by ssDNA  [  74  ] . 
End resection using human proteins has also recently been reconstituted in vitro. 
BLM, DNA2 and RPA alone are capable of catalysing resection, which is the result 
of direct interaction between BLM and DNA2  [  76  ] . Processivity is increased by 
addition of MRE11-RAD50-NBS1, which functions by recruiting BLM-DNA2 to 
DNA ends  [  76  ] . Interestingly BLM also impacts on the second long-range end 
resection pathway catalysed by EXO1. BLM binds directly to EXO1 and stimulates 
its resection activity in vitro, independently of functional helicase activity  [  77  ] . 
Further analysis showed that binding to BLM increases the af fi nity of EXO1 for 
DNA ends  [  76  ] .  

   DNA Strand Invasion and Its Reversal 

 After the completion of end resection, a free ssDNA 3 ¢  end is generated onto which 
a RAD51  fi lament is formed. RAD51 then mediates strand invasion and homology 
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searching, which allows for synthesis of the lost genetic material. After this early 
step, the displacement loop (D-loop) so formed can be processed via two HR sub-
pathways: either synthesis-dependent strand-annealing (SDSA), in which the invad-
ing ssDNA loop dissociates from the donor template, or via the double Holliday 
junction pathway, in which second end capture leads to the formation of a cova-
lently closed double Holliday junction structure (reviewed in  [  78  ] ). BLM has been 
shown to play a role in both the early and late steps of HR. Analysis of double 
knock-out mouse ES cells lacking BLM and RAD54, a core HR factor, revealed a 
role for BLM upstream of RAD54  [  79  ] . Studies in yeast suggest that Sgs1 plays a 
role as an anti-recombinase in early HR, a function that could be accounted for by 
direct removal of Rad51  fi laments and/or disruption of D-loops from the donor 
template.   D sgs1  mutants display a 13-fold increase in recombination between 
sequences with 91% homology, showing that Sgs1 normally suppresses recombina-
tion between divergent sequences  [  80  ] . Subsequent work has shown that Sgs1 is 
required to suppress single-strand annealing between tandem repeats with a 3% 
sequence diversion  [  81  ] . Overexpression of Sgs1 can also rescue the drug sensitiv-
ity of   D srs2  mutants, a UvrD-like helicase that is known to negatively regulate HR 
via removal of Rad51  fi laments  [  82  ] . A genome-wide screen for factors that sup-
press recombination between naturally duplicated sequences present on multiple 
yeast chromosomes has been conducted  [  83  ] . This study found that, in addition to 
 SGS1 , deletion of  TOP3  or  RMI1  also leads to an increase in HR-mediated gross 
chromosomal rearrangement between these diverged sequences  [  83  ] . Anti-
recombinase activity may thus require an intact RTR complex, despite the fact that 
helicase activity would seem to be suf fi cient to catalyse disruption of early HR 
structures. Finally it is conceivable that Sgs1 could act to channel HR intermediates 
into the SDSA pathway by disrupting the D-loop after DNA synthesis. However, in 
a reconstituted in vitro system, Sgs1 was unable to dissociate a D-loop like structure 
consisting of an ssDNA-Rad51  fi lament primer extended by Pol d   [  84  ] .  

   Roles for Sgs1/BLM in the Late Stages of HR 

 Sgs1 and BLM play a prominent role in HR by processing late HR intermediates 
formed by second end capture. The dHJ dissolution pathway provides an elegant 
in vitro model for how BLM activity could suppress crossovers during HR. Several 
lines of evidence derived from yeast studies indicate that dHJ dissolution occurs 
in vivo, at least under some circumstances. Sgs1 suppresses crossovers induced by 
a DSB by threefold, and this suppression requires helicase activity and the N-terminal 
Top3 interacting domain  [  85  ] . A similar increase in crossovers are seen in Top3-
de fi cient cells, a defect which is epistatic with Sgs1  [  85  ] . 

 Further evidence for a late role for Sgs1 in HR in yeast comes from physical 
analysis of DNA intermediates formed during HR. In yeast, two-dimensional gel 
electrophoresis can be applied to directly visualise replication and recombination 
structures at a speci fi c locus. Using this technique, Liberi et al. showed that Rad51-
dependent cruciform structures accumulate in  sgs1  mutants when replication forks 
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are stalled with MMS  [  86  ] . Similar structures accumulate in Top3  [  86  ]  and Rmi1 
 [  87,   88  ]  defective cells with the same kinetics, suggesting that their removal requires 
the entire RTR complex. Subsequent studies have addressed the nature of these 
cruciform structures by in vivo expression of various heterologous endonucleases in 
  D sgs1  and   D top3  backgrounds. The Rad51-dependent cruciform structures could be 
resolved by expression of  E. coli  RusA or the catalytic fragment of human GEN1, 
GEN1 1-527 , both of which are HJ resolvases in vitro  [  89  ] . When expressed in yeast, 
both RusA and GEN1 did not cut stalled forks or Rad51-independent cruciform 
structures, suggesting that their in vitro speci fi city is retained  [  89  ] . Further study of 
the processing of cruciform structures after MMS removal show that, in Rmi1-
defective cells, these cruciform structures can eventually be resolved by the Mus81-
Mms4 structure speci fi c endonuclease  [  88  ] . Taken together, these studies provide 
evidence that HR-mediated HJ-containing structures accumulate in cells lacking a 
functional RTR complex. Given that the  S. cerevisiae  RTR complex has been shown 
to catalyse dHJ dissolution in vitro  [  49  ] , it seems highly likely that these cruciform 
structures represent dHJ intermediates that are preferentially resolved by dissolu-
tion; however, other non-mutually exclusive explanations are possible (see  [  90  ]  for 
further discussion). In cells lacking the RTR complex, such structures are instead 
cleaved by HJ-resolvases theoretically yielding a 1:1 ratio of crossovers and non-
crossovers, which would explain the increased crossover rate observed in   D sgs1  
mutants  [  85  ] . 

 Several lines of investigation in vertebrate cells suggest that the role of the RTR 
complex in the late stages of HR, revealed in yeast, is conserved through evolution. 
Depletion of RMI2 or TOPOIII a  in human cells leads to an increase in spontaneous 
chromosome breaks, and RMI1-depleted cells show hypersensitivity to MMS  [  53  ] . 
A second study in chicken DT40 cells showed that inactivation of RMI2 leads to 
increased SCE frequency, mirroring to the BLM-de fi cient phenotype in the same 
assay  [  54  ] . A  BLM RMI2  double mutant displayed the same level of SCEs as the 
 BLM  single mutant, showing that both proteins act in the pathway  [  54  ] . Depletion 
of the MUS81-EME1 or SLX1-SLX4 HJ resolvases in human BLM-de fi cient cell 
lines signi fi cantly reduces SCE levels, indicating that the increase in SCEs in 
Bloom’s cells occurs through a HJ resolvase-dependent mechanism  [  91  ] . 
Furthermore, depletion of HJ resolvases in Bloom’s cells leads to a severe defect in 
chromosome segregation with chromosome failing to condense and remaining teth-
ered together  [  91  ] . Taken together, these data indicate that HR structures in verte-
brate cells have the same basic genetic requirements for resolution as in yeast, which 
suggests that dHJ-like structure is also found in vivo in vertebrate cells.   

   A Role for RecQ Helicases at Perturbed DNA Replication Forks 

 DSBs are not the only cellular lesion that may require HR for resolution. HR factors 
are also implicated in the restart or resolution of stalled replication forks. A con-
served feature of both Sgs1 and BLM mutant cells is an increased sensitivity to 
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replication stalling agents like hydroxyurea (HU), aphidicolin and MMS, showing 
that RecQ helicases are required for coping with replication stress. Upon treatment 
with HU, BLM rapidly accumulates at sites of stalled replication forks  [  92  ] . This 

  Fig. 8.4    Proposed roles of RecQ helicases during DNA replication. ( a ) Resolution of late replica-
tion intermediates. Convergence of two replication forks generates positive supercoiling in front of 
the replication forks and eventually replication is stalled by torsional stress in the template. The 
RTR complex could mediate the decatenation of this structure in order to allow separation of the 
sister chromatids during the anaphase of mitosis. Subsequently, the remaining non-replicated tract 
is repaired via ssDNA gap  fi lling. ( b ) BLM mediated fork regression. Synthesis of one strand, in 
this case on the leading strand, is blocked by a DNA adduct, depicted by a  blue triangle . BLM is 
proposed to catalyse regression of the fork into a so-called chicken-foot structure, which allows 
synthesis past the lesion using the nascent lagging strand as the template. Reversal of the chicken-
foot beyond the point of the blocking lesion allows DNA synthesis to reassume. The lesion can 
then be removed later by the relevant repair system       
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re-localisation is dependent on a functional RTR complex and is abrogated by RMI2 
knock-down  [  53  ] . Similarly Sgs1 also associates with HU-stalled forks  [  93  ] . Studies 
in yeast showed that   D sgs1  cells fail to keep Pol a  and Pol e  associated with replica-
tion forks stalled by HU treatment  [  93  ] . Helicase de fi cient Sgs1 cannot suppress this 
phenotype, suggesting that active remodelling of the stalled fork by Sgs1 is required 
for extended polymerase retention  [  93  ] . Top3 is also required for Pol e  retention at 
stalled forks and is epistatic with Sgs1, suggesting that a functional RTR complex is 
required to process a stalled fork into a stabilised form  [  94  ] . Both   D top3  and   D sgs1  
cells display defects in replication restart after HU treatment leading to decreased 
survival  [  94  ] . In  mec-100  mutants that lack a functional replication checkpoint, 
Sgs1 becomes completely essential for Pol e  and RPA retention at stalled forks  [  95  ] . 
In addition, a drastic 667-fold increase (compared to 4.4-fold in   D sgs1  single 
mutants) in chromosomal rearrangements is seen after recovery from 2 h of HU 
treatment in the double mutant, demonstrating the importance of active modulation 
of stalled forks in vivo  [  95  ] . 

 In human cells BLM co-localises at stalled forks together with the ATR check-
point kinase, which phosphorylates BLM on threonine T99 and T122  [  96  ] . Cells 
expressing an unphosphorylatable T99A/T122A mutant form of BLM fail to recover 
from HU treatment and enter an extended G2/M-arrest  [  96  ] . DNA  fi bre analysis 
revealed that replication restart after removal of HU or apidicolin is reduced in 
BLM-de fi cient cells and cannot be rescued by a helicase-defective BLM mutant, 
mirroring the results from yeast  [  97  ] . The T99A/T122A mutant BLM also showed 
defective fork restart, showing that checkpoint signals are essential for BLM-
mediated fork stability  [  97  ] . 

 Recently, RIF1 has been identi fi ed as a novel partner of the RTR complex 
involved in fork restart in vertebrate cells. RIF1 possesses DNA binding activity 
towards HJs and forked DNA structures  [  98  ] . Analysis in chicken cells shows that 
RIF1 and BLM are recruited to stalled forks with similar kinetics and that RIF1 
recruitment is delayed in BLM-de fi cient cells. Epistasis analysis suggests that both 
proteins function in the same pathway and are required for ef fi cient fork restart after 
HU treatment  [  98  ] . How RIF1 modulates BLM function at stalled fork, however, 
awaits more detailed studies. Indeed, the mechanistic details of how Sgs1/BLM 
stabilise stalled forks are not known. However, one attractive model is that they act 
by catalysing the regression of stalled forks into a “chicken-foot” structure, thus 
stabilising the ssDNA by pairing of nascent strands (Fig.  8.4b ). In vitro, BLM is 
capable of regressing between 260 and 300 bp of a model replication fork structure, 
thus generating a Holliday junction containing “chicken-foot”  [  99  ] . Active fork 
regression has, however, yet to be proven in vivo.   

   A Role for BLM in Mitosis 

 BLM has recently been shown to play a novel role in the faithful segregation of 
sister chromatids in mitosis in unperturbed human cells. During anaphase, BLM 
localises speci fi cally to a novel class of ultra- fi ne DNA bridges (UFBs) that connect 
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sister-chromatids  [  100  ] . UFBs cannot be stained by conventional DNA dyes, but 
immuno-staining revealed that they are almost completely coated by BLM, 
TOPOIII a  and RMI1, with the recruitment of the latter two depending on BLM. 
UFBs are present in early anaphase in around 90% of early, unperturbed anaphase 
cells and their number gradually decreases through anaphase, while the length of 
the bridge increases. UFBs are also coated by Plk1-interacting checkpoint helicase, 
PICH  [  101  ] , which allows for visualisation of UFBs in BLM-de fi cient cells. 
In  BLM  −/−  cells the number of UFBs is signi fi cantly increased, showing that BLM is 
required for their suppression  [  100  ] . The majority of UFBs arise from centromeric 
DNA and a signi fi cant increase is seen upon inactivation of TOPOII a  by inhibitor 
treatment  [  100  ]  or depletion  [  102  ] , suggesting that these bridges consist of cate-
nated dsDNA. The abundance of UFBs at centromeres suggests that these may be 
physiological structures, possibly acting to assist in centromeric cohesion before the 
onset of anaphase  [  103  ] . A second group of UFBs link chromosomal arms. FISH 
analysis revealed that these bridges arise from chromosomal fragile sites (CFS), 
which are dif fi cult to replicate areas of the genome  [  104  ] . Induction of replicative 
stress by aphidicolin, HU or mitomycin C treatment signi fi cantly increases the 
number of cells displaying non-centromeric UFBs and also the average number per 
cell. This subclass of UFBs is characterised by the presence of a discrete FANCD2 
and FANCI focus at each end of the UFB. These FANCD2/I foci arise already in G2 
phase, and then in anaphase de fi ne where a UFB will form  [  104  ] . The RTR complex 
has previously been shown to form a complex with the  fi ve Fanconi Anemia pro-
teins (A, C, E, F, G) that make up part of the FA-core complex in vivo  [  105  ] . The FA 
pathway is activated by aphidicolin and HU and, in addition, it is required to sup-
press chromosome breakage at CFSs during replicative stress  [  106  ] . Moreover, the 
frequency of replication stress-induced non-centromeric UFBs has been shown to 
be increased in FANCA, FANCG and FANCI de fi cient cells, which are all essential 
for FA pathway function  [  107  ] . The presence of both the RTR and FA complexes on 
these structures suggests that DNA replication/repair is still ongoing at CSFs even 
as cells enter mitosis. Knock-down of RAD51 does not reduce the frequency of 
non-centromeric UFBs  [  104,   108  ] , suggesting that these structures do not represent 
recombination intermediates. One possible interpretation is that non-centromeric 
UFBs arise from late replication intermediates in areas where DNA replication has 
not been fully completed prior to mitosis  [  103,   109  ] . As the sister chromatids are 
pulled apart, hemicatenanes are left at these sites, which require RTR activity for 
their unlinking. This interpretation is supported by the observation of small RPA 
tracts within UFBs, showing that at least a subset of these contain some ssDNA 
 [  104  ] .  E. coli  RecQ in conjunction with Top3 and SSB has been shown to speci fi cally 
catalyse the resolution of converging replication forks in vitro  [  110  ] . So far, a simi-
lar activity has not been shown for BLM; however, it is tempting to speculate that 
the RTR complex is recruited to non-centromeric UFBs in order to catalyse the 
resolution of late replication intermediates and/or hemicatenes in unreplicated DNA 
(Fig.  8.4a ). 

 Under conditions of replicative stress, 53BP1 foci, which are markers of DNA 
damage, are formed symmetrically in daughter cells at FSs. These foci persist until 
the next S-phase, arguing that many daughter cells are “born” with DNA damage 
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 [  111  ] . The formation of 53PB1 foci is signi fi cantly increased in BLM-de fi cient 
cells, mirroring the situation seen with non-centromeric UFBs  [  111  ] . This is highly 
suggestive of a model where unreplicated CFSs are decatenated by RTR in mitosis 
and then shielded in the daughter cells by 53BP1 until they can be fully replicated 
by gap- fi lling repair in the next S-phase  [  103  ] . To date, UFBs have only been 
observed in human cells, however a potentially similar structure has been observed 
in  S. pombe  cells arising from a strong replication blocking  lacO -LacI array  [  112  ] . 
Chromosomal regions equivalent to CFSs, known are replication slow zones, are 
found in yeast  [  113  ] . It remains to be determined if UFB like structures also arise 
from endogenous replication slow zones under certain conditions or mutant strain 
backgrounds.  

   Regulation of BLM by SUMOylation 

 A large and growing body of work has shown that modi fi cation of proteins by the 
small ubiqutin-like modi fi er (SUMO) plays a major role in the cellular response to 
DNA damage (reviewed in  [  114  ] ). SUMO modi fi cation typically regulates subcel-
lular localisation and protein–protein interactions, and provides cells with a fast 
adaptive response to challenges. Both Sgs1 and BLM are known to be modi fi ed by 
SUMO  [  115,   116  ] . SUMOylation was  fi rst recognised for BLM, which can be 
SUMOylated on at least four different lysines, with K331 being a major site  [  116  ] . 
In vitro SUMOylation is dependent on BLM residues 212–237, which probably 
mediate the interaction with the SUMO conjugating enzyme Ubc9. BLM mutated 
in two SUMO sites, K317 and K331 (BLM-SD), fails to localise as normal to PML 
nuclear bodies in unperturbed cells, but instead forms damage-like foci that co-
localise with  g H2AX in the absence of exogenous DNA damage. Cells expressing 
the BLM-SD mutant display signi fi cantly higher levels of SCEs and micronucleus 
formation than wild-type BLM-expressing cells, showing that SUMOylation is 
required for normal BLM function  [  116  ] . Further characterisation of the BLM-SD 
mutant showed that this mutant displays a signi fi cant increase in  g H2AX foci, DSBs 
and cell death following HU treatment, suggesting that SUMOylation is required 
for BLM function at stalled forks  [  117  ] . Furthermore, formation of RAD51 foci 
upon HU treatment is signi fi cantly impaired in BLM-SD cells, indicating that the 
mutant fails to initiate HR repair at stalled and/or broken forks. In vitro, RAD51 
preferentially binds to SUMO-BLM over unmodi fi ed BLM, which could explain 
the decrease in focus formation  [  117  ] . 

 The dynamics of BLM association with PML-bodies has been closely studied 
using  fl uorescence recovery after photobleaching (FRAP). The turnover of BLM in 
PML bodies is very rapid; the entire pool is exchanged within 1 min  [  118  ] . Kinetic 
modelling suggests that two distinct pool of BLM exists; >80% is exchanged rapidly 
at the surface, while the remaining protein is retained within PML-bodies for longer 
time  [  118  ] . Taken together the data indicates that SUMOylation regulates multiple 
aspects of BLM functions in both a pro- and anti-recombinogenic fashion. SUMO-
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dependent localisation to PML bodies would sequester BLM and thus be anti-
recombinogenic, while SUMOylation at stalled forks would activate HR by 
facilitating interaction with RAD51. SUMOlyation of Sgs1 has also been observed, 
with K621 being the preferred site of modi fi cation  [  119  ] . Sgs1 is speci fi cally 
SUMOylated in response to treatment with the DNA damaging agents, bleomycin, 
IR, MMS or EMS, but not treatment with HU or H 

2
 O 

2
 . However, cells expressing 

SUMOylation-de fi cient Sgs1 do not display any defects in chromosomal HR  function 
or regulation, but are speci fi cally defective in telomere–telomere recombination 
 [  119  ] . The regulation of Sgs1 by SUMOylation is clearly different from that seen 
with BLM, and it is possible that, in yeast, SUMOylation instead directs a proportion 
of Sgs1 to speci fi c telomere function, while not affecting core HR functions.  

   Concluding Remarks 

 The RecQ helicase family is one of the most extensively studied groups of proteins. 
This has led to a burgeoning literature on human RecQ enzymes and their homologs 
in lower organisms. There has been signi fi cant recent progress in understanding 
how RecQ proteins function during HR and other DNA metabolic processes. 
However, it would be fair to say that our current knowledge is still quite rudimen-
tary. It seems clear that BLM in human cells ful fi ls many of the roles of RecQ heli-
cases that are conserved in bacteria and yeast, particularly those that require the 
action of Top3, RPA and Rmi1. Nevertheless, we really have very little knowledge 
of the precise roles of the other four human RecQ helicases. Given that WRN and 
RECQ4 are important for suppression of human disease conditions that are associ-
ated with premature cancer development and ageing, it is important that this 
de fi ciency is corrected as soon as possible.      
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  Abstract   Homologous recombination (HR) is an evolutionarily conserved process 
that eliminates DNA double-strand breaks from chromosomes, repairs injured DNA 
replication forks, and helps orchestrate meiotic chromosome segregation. Recent 
studies have shown that DNA helicases play multifaceted roles in HR mediation and 
regulation. In particular, the  S. cerevisiae  Sgs1 helicase and its human ortholog BLM 
helicase are involved in not only the resection of the primary lesion to generate single-
stranded DNA to prompt the assembly of the HR machinery, but they also function in 
somatic cells to suppress the formation of chromosome arm crossovers during HR. On 
the other hand, the  S. cerevisiae  Mph1 and Srs2 helicases, and their respective func-
tional equivalents in other eukaryotes, suppress spurious HR events and favor the 
formation of noncrossovers via distinct mechanisms. Thus, the functional integrity of 
the HR process and HR outcomes are dependent upon these helicase enzymes. Since 
mutations in some of these helicases lead to cancer predisposition in humans and 
mice, studies on them have clear relevance to human health and disease.      

   Prologue 

 By separating the strands in duplex DNA, processing DNA structures, and 
 remodeling nucleoprotein complexes, DNA helicases are indispensable for different 
facets of DNA metabolism. Here, we review recent research on helicases involved 
in homologous recombination, one of the two main pathways that eliminates dou-
ble-strand breaks in DNA. We focus on the RecQ helicases and the Hef-like heli-
cases, which belong to the SF2 helicase superfamily, as well as the SF1 family 
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member Srs2. Mutations in RecQ and Hef-like helicases cause several human 
 syndromes that predispose patients to cancer, highlighting the importance of these 
enzymes in genome maintenance and mutation avoidance.  

   DNA    Double-Strand Break Repair Pathways 

 Double-strand breaks (DSBs) are extremely toxic because of their propensity to 
induce genome alterations and rearrangements, including deletions and transloca-
tions. DSBs can be eliminated either by nonhomologous DNA end joining (NHEJ) 
or homologous recombination (HR). During NHEJ, the broken ends are  fi rst aligned, 
processed to reveal microhomology between them, and then ligated  [  1  ] . In HR, 
which is mechanistically much more complex, a homologous DNA sequence, 
located within either the sister chromatid or the chromosome homolog, is used as 
the template to direct the repair reaction  [  2,   3  ] . Herein, we will focus on the roles of 
DNA helicases in HR mediation and regulation.  

   Homologous Repair Pathways 

 HR-mediated DSB repair is initiated by the nucleolytic degradation of the 5 ¢  strands 
of the break ends, referred to as DNA end resection. The nucleases Mre11, Exo1, 
and Dna2 participate in this resection process  [  4–  6  ] . The 3 ¢  tails derived from 
resection (Fig.  9.1 ) are engaged by the Rad51 recombinase, which catalyzes the 
search for a homologous duplex sequence and the invasion of the sequence to form 
a DNA joint called the displacement loop, or D-loop  [  3  ] . DNA synthesis is initiated 
from the 3 ¢  end of the invading strand. At this stage, the D-loop structure can be 
disassembled via the action of a specialized helicase, thus allowing the newly syn-
thesized DNA to anneal with the other 3 ¢  ssDNA tail derived from end resection. 
This recombination path, termed synthesis-dependent strand annealing (SDSA), 
yields only noncrossover products (Fig.  9.1 ). Alternatively, as in the DNA double-
strand break repair (DSBR) pathway, the displaced strand in the  D -loop structure 
pairs with the other resected end, forming a DNA intermediate termed the double 
Holliday junction (dHJ), which is processed endonucleolytically by one of several 
resolvases (Fig.  9.1 )  [  7  ] . This type of resolvase-mediated dHJ resolution has the 
probability of generating chromosome arm crossovers in the recombinants made. 
As will be discussed at length later, the dHJ can also be resolved by the combined 
action of a specialized DNA helicase and topoisomerase in a process termed dHJ 
dissolution to form noncrossover recombinants exclusively (Fig.  9.1 ). As alluded 
to above and expounded upon below, helicases play a critical catalytic or regula-
tory role in nearly every step of the HR reaction, highlighting their importance in 
genome maintenance.   
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  Fig. 9.1    DNA break repair by either the synthesis-dependent strand annealing ( SDSA ) pathway or 
the double-strand break repair ( DSBR ) pathway. Double-strand breaks induced by DNA damage 
are  fi rst resected to produce 3 ¢  DNA tails, which become coated by the ssDNA-binding protein 
RPA. Recombination mediator proteins, such as Rad52 in yeast and BRCA2 in humans, promote 
the exchange of RPA by a helical  fi lament of Rad51. DNA synthesis occurs after strand invasion 
catalyzed by the Rad51-ssDNA nucleoprotein  fi lament. The resulting DNA joint can be processed 
through either the SDSA pathway or the DSBR pathway. In the former, the invading strand is 
ejected by Mph1/FANCM/Fml1 and then becomes annealed with the other ssDNA end. The SDSA 
pathway generates exclusively noncrossover recombinants. In the DSBR pathway, the second DSB 
end is captured to yield a double Holliday junction ( dHJ ), which is either resolved by a HJ resolvase 
to generate crossover or noncrossover products, or it can be dissolved by the concerted action of 
the Sgs1–Top3–Rmi1 complex in yeast and BLM–Topo III a –RMI1/2 complex in humans to gen-
erate noncrossover products exclusively       
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   Multifaceted Roles of RecQ Helicases in HR 

   General Biochemical Properties of the RecQ Helicases 

 The RecQ family of helicases is named after the founding member, the product of 
the  E. coli recQ   +   gene, which prevents replication fork demise and suppresses ille-
gitimate recombination in bacteria  [  8  ] . While  fi ve such helicases exist in mammals 
(BLM, WRN, RECQ1, RECQ4, and RECQ5), Sgs1 is the sole ortholog in 
 Saccharomyces cerevisiae . The RecQ helicases share a common domain structure, 
including a conserved central region of 350–400 residues that harbor the seven clas-
sical helicase motifs. Besides this helicase domain, most RecQ helicases also con-
tain the RecQ C-terminal (RQC) domain, believed to mediate protein–protein 
interactions. The RNase D C-terminal (HRDC) domain (~80 amino acids), which 
has been implicated in the recognition of various DNA structures, is found in Sgs1, 
BLM, and WRN but absent in RECQ1, RECQ4, and RECQ5. All RecQ helicases 
examined to date translocate on ssDNA with a 3 ¢  → 5 ¢  polarity.  

    S. cerevisiae  Sgs1 

   Genetic Characteristics 

 The  SGS1  gene was isolated as a suppressor of the slow-growth phenotype of 
mutants of the  TOP3  gene, which encodes a type IA toposiomerase  [  9  ] . Sgs1 pro-
tein forms a stable complex with Top3 and another protein called Rmi1  [  10,   11  ] . 
Mutations in  SGS1  also lead to hypersensitivity to different DNA-damaging agents, 
such as ultraviolet (UV) light and methylmethane sulfonate (MMS), and also to 
replicative stress caused by exposure to hydroxyurea (HU)  [  12,   13  ] . These pheno-
types indicate a role of Sgs1 protein in DNA repair and are suggestive of an involve-
ment in replication fork maintenance. Detailed analysis of HR ef fi ciency and 
pathway choice in mutants has revealed a pro-recombination role of Sgs1 and also 
a role in the suppression of crossover formation  [  14–  16  ] . Remarkably, recent genetic 
and biochemical studies have revealed that Sgs1 also functions in DSB end resec-
tion  [  4–  6  ] .  

   Role of Sgs1 in DNA End Resection 

 Studies on the genetic requirements and control of DNA end resection are typically 
conducted in mutants of  RAD51 , which codes for the recombinase enzyme responsi-
ble for DNA strand invasion, so as to uncouple DNA resection from the subsequent 
steps of HR  [  3,   17  ] . The Mre11–Rad50–Xrs2 (MRX) complex has long been associ-
ated with resection in  S. cerevisiae . However, the observation that resection is not 
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abolished in MRX mutants indicated that additional proteins are involved  [  18  ] . Recent 
studies by three groups in  S. cerevisiae  and human cells revealed a multiplicity of 
resection pathways. Deletion of either  SGS1  or  EXO1 , the latter being a 5 ¢ -3 ¢  exonu-
clease, slows the rate of ssDNA formation several kilobases away from a DSB, but 
little long-range resection occurs in the  sgs1Δ exo1Δ  double mutant  [  4–  6  ] . Interestingly, 
the double retains the ability to resect DNA closer to the break site, and further analy-
sis showed that the short-range resection depends on the MRX complex and its com-
panion protein Sae2  [  5,   6  ] . Based on these results, a model was proposed in which the 
MRX/Sae2 ensemble initiates DSB processing at the break, then parallel pathways 
involving either Sgs1 or Exo1 conduct extensive resection independently. 

 The nuclease that functions together with Sgs1 is Dna2  [  6  ] , which contains both 
5 ¢   fl ap endonuclease and 5 ¢  → 3 ¢  helicase activities and functions in Okazaki frag-
ment processing  [  19,   20  ] . Interestingly, while the helicase activity of Sgs1 is essen-
tial for end resection, that of Dna2 is dispensable  [  5,   6  ] . Two groups have reconstituted 
the Sgs1-Dna2 pathway using puri fi ed MRX complex, Sgs1–Top3–Rmi1 complex, 
Dna2, and the heterotrimeric ssDNA-binding protein RPA  [  21,   22  ] . The results 
from these studies demonstrate that DNA strand separation during resection is 
mediated by Sgs1, in a manner that is enhanced by the Top3-Rmi1 and MRX com-
plexes  [  21,   22  ] . In congruence with genetic observations, although the Dna2 nucle-
ase activity is critical for resection, the Mre11 nuclease activity is dispensable  [  5, 
  22  ] . Interestingly, the topoisomerase activity of Top3, although crucial for the sup-
pression of crossover recombination, is not needed for resection either in cells or in 
the reconstituted system  [  22  ] . Importantly, these studies have unveiled a multifac-
eted role of RPA. Aside from stimulating Sgs1-mediated DNA unwinding, RPA 
regulates the Dna2 nuclease activity by promoting 5 ¢  end cleavage while attenuating 
3 ¢  cleavage, to help impose the 5 ¢  resection polarity observed  [  21,   22  ] .  

   Suppression of Mitotic Crossover Formation 
by the Sgs1–Top3–Rmi1 Complex 

 A dramatic increase in crossover recombination is a hallmark phenotype of  sgs1Δ  
strains, which stems from altered processing of the dHJ recombination intermedi-
ate. Even though crossover events are important for orchestrating the segregation of 
chromosome homologs in the  fi rst cell division during meiosis, they can also lead 
to chromosomal translocations. By suppressing mitotic crossovers, Sgs1 helps min-
imize gross chromosome rearrangements and the loss of heterozygosity during 
DNA repair by HR. Importantly,  top3Δ  and  rmi1Δ  mutants also exhibit elevated 
HR-associated chromosome crossovers, and genetic analyses have provided evi-
dence for epistasis among these mutants and the  sgs1Δ  mutant  [  11  ] . Insights into the 
anti-crossover activity of the Sgs1–Top3–Rmi1 complex have originated from stud-
ies on its human equivalent, the BLM–Topo III a –Rmi1–Rmi2 complex (see Section 
C below)  [  16,   23  ] . Speci fi cally, the BLM-associated complex and subsequently the 
Sgs1 protein ensemble have been shown to possess the ability to dissolve the dHJ 
intermediate into products that are exclusively noncrossover in nature  [  24–  27  ] .  
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   Role of Sgs1 in Meiotic HR Regulation 

 Unlike in mitotic cells, HR during meiosis is geared toward the production of 
 crossover products between non-sister homologous chromatids, to ensure the proper 
segregation of homolog pairs in the  fi rst division. A series of protein factors, includ-
ing Zip1, Zip2, Zip3, Zip4, Mer3, Msh4 and Msh5, constrain the activity of Sgs1 to 
promote crossover formation  [  28,   29  ] . It should be noted that Sgs1 does ful fi ll 
important HR regulatory roles during meiosis, by ensuring the proper distribution of 
crossovers and suppressing the formation of complex DNA joint molecules involv-
ing multiple chromatids  [  30  ] . It remains to be established whether these meiotic 
functions of Sgs1 are mediated via dHJ dissolution.  

   Sgs1 and Homeologous Recombination 

 Occasionally, recombination can occur between moderately divergent DNA 
sequences, a process known as “homeologous recombination.” Homeologous 
recombination is actively suppressed via a Sgs1-dependent mechanism. Herein, 
Sgs1 functions in conjunction with the DNA mismatch repair proteins (mainly the 
MutS a  complex harboring Msh2 and Msh6 proteins) in discriminating against non-
identical DNA sequences during HR  [  31  ] . Thus, deletion of  SGS1  leads to defects 
in rejecting heteroduplexes containing divergent sequences  [  32  ] . A more recent 
study has found that when both  SGS1  and  MPH1,  which also codes for a DNA heli-
case discussed in detail below, are mutated, the resulting strain is further compro-
mised in the ability to discriminate homeology during HR repair  [  33  ] . These results 
suggest that both Sgs1 and Mph1, in an independent fashion, reject heteroduplex 
intermediates that harbor homeologous sequences.   

   Bloom Syndrome and the BLM Helicase 

   Bloom Syndrome and Cellular Phenotypes 

 BLM is the human RecQ helicase most closely related to Sgs1 in structure and function 
(see also Chap.   8    ). Mutations in BLM lead to the rare disease Bloom syndrome (BS). 
Patients exhibit an abnormally small stature and are highly cancer-prone, with a mean 
age onset of 24 years  [  34  ] . The cancers in BS patients are not restricted to any particular 
organ or type, indicative of a housekeeping role of BLM in genome maintenance. 

 Chromosomal aberrations, including chromatid gaps, breaks, and rearrangements, 
occur frequently in BS  [  35  ] . BS cells exhibit an abnormality in HR regulation, mani-
fested as a striking increase in sister chromatid exchanges (SCEs)  [  35  ] . Ablation of the 
BLM gene is lethal in the embryonic stage, but heterozygous animals can be obtained 
 [  36,   37  ] . These BLM+/- animals do not show increased cancer predisposition unless 
crossed with mice carrying a mutation in the Apc tumor suppressor gene  [  37  ] .  

http://dx.doi.org/10.1007/978-1-4614-5037-5_8
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   Biochemical Properties of the BLM Helicase Activity 

 BLM unwinds a variety of DNA structures including double-stranded DNA with a 
3 ¢  overhang, forked structures, bubbles, G quadruplexes, and recombination inter-
mediates such as D-loops and Holliday junctions  [  38–  43  ]   . BLM can also branch 
migrate Holliday junctions  [  44–  46  ] .  

   BLM–Topo III a –RMI1–RMI2 Complex and its dHJ Dissolution Activity 

 BLM is stably associated with Topo III a , RMI1, and RMI2 in a complex analogous 
to yeast Sgs1-Top3-Rmi1. Topo III a  is the ortholog of  S. cerevisiae  Top3, but Rmi2 
is not present in  S. cerevisiae   [  10,   26,   47,   48  ] . Importantly, BLM in conjunction with 
Topo III a  can dissolve the dHJ in a manner that yields exclusively noncrossover 
recombinants  [  16  ] . In this dHJ dissolution reaction, BLM catalyzes the convergent 
branch migration of the two Holliday junctions, to process the dHJ into a hemicat-
enane structure that is resolved by the topoisomerase activity of Topo III a   [  16  ] . The 
RMI1–RMI2 complex greatly stimulates the dHJ activity of the BLM–Topo III a  pair 
 [  16,   25,   26,   47  ] , and this functional synergy requires the physical interaction between 
Rmi1 and Topo III a , as revealed by examining mutations in RMI1 that ablate its 
interaction with Topo III a   [  49–  51  ] . As alluded to earlier, the  S. cerevisiae  Sgs1–
Top3–Rmi1 complex also possesses a robust dHJ dissolvase activity  [  22,   52  ] .  

   Multifaceted Role of BLM in DNA End Resection 

 Like Sgs1, BLM cooperates with human DNA2 to promote long-range resection 
(Fig.  9.2 )  [  4,   53  ] . As in the case of Sgs1–Dna2, the ef fi ciency of resection mediated 
by the BLM–DNA2 pair is enhanced by the MRE11–RAD50–NBS1 (MRN) com-
plex, which is the equivalent of  S. cerevisiae  MRX complex  [  53  ] . RPA exerts func-
tions in the reconstituted human resection system similar to what have been reported 
for  S. cerevisiae  RPA, namely, by enhancing BLM-mediated DNA unwinding and 
imposing a preference for 5 ¢   fl ap cutting by DNA2  [  21,   22,   53  ] . However, the role 
of Topo III a –Rmi1–Rmi2 in end resection has not yet been examined. Interestingly, 
BLM also interacts with and enhances the activity of hEXO1  [  54  ] . Thus, in addition 
to being an integral component of the BLM–DNA2 resection path, BLM may also 
function in hEXO1-dependent resection.    

   RECQ5 Helicase and its Role on HR Regulation 

   Genetic Characterization 

 RECQ5 has not been linked to a human disease, but its ablation in mice results in 
cancer susceptibility  [  55  ] . RECQ5-de fi cient cells exhibit elevated SCEs and HR 
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events and are prone to gross chromosomal rearrangements upon genotoxic stress 
 [  55,   56  ] . Depletion of BLM on top of RECQ5 deletion exacerbates the SCE phe-
notype, indicating that the two proteins function in parallel pathways to regulate 
HR  [  55  ] .  

   Anti-Recombinase Activity of RECQ5 

 To gain insights into its HR regulatory function, RECQ5 protein was puri fi ed 
and examined in conjunction with the RAD51 recombinase. RECQ5 was found 
to physically interact with RAD51 and inhibits the recombinase activity of 
RAD51  [  56  ] . The RAD51 inhibitory activity of RECQ5 is potentiated by RPA. 
Extensive biochemical analysis and electron microscopy have shown that 

  Fig. 9.2    Multiplicity of DNA end resection means. A limited amount of 5 ¢  resection is catalyzed 
by the MRX–Sae2 complex in yeast or the MRN–CtIP complex in humans. Two parallel pathways 
are responsible for long-range resection, with one being mediated by Exo1 and the other by the 
Sgs1 or BLM-associated protein ensemble.  MRX  Mre11-Rad50-Xrs2;  MRN  MRE11-RAD50-
NBS1;  STR  Sgs1-Top3-Rmi1       
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RECQ5 displaces RAD51 from ssDNA, in a reaction that is linked to ATP 
hydrolysis by the former. RPA enhances this anti-recombinase attribute of 
RECQ5 by preventing the  renucleation of RAD51 onto ssDNA  [  56  ] . Mutants of 
RECQ5    impaired for RAD51 interaction have been generated, and characteriza-
tion of these mutants has furnished evidence that physical interaction with 
RAD51 is being indispensable for the anti-recombinase function  [  57  ] . Together, 
these  fi ndings implicate RECQ5 as a tumor suppressor that acts by preventing 
inappropriate HR events via the disruption of RAD51-ssDNA nucleoprotein 
 fi laments.  

   Prevention of Transcription-Induced Genome Instability 

 RECQ5 also associates with RNA polymerase II in a complex distinct from that 
which harbors RAD51. In this context, RECQ5 seems to be important for minimiz-
ing transcription-associated genome instability  [  58–  60  ] . Thus, loss of RECQ5 leads 
to the accumulation of spontaneous DSBs during DNA replication that is linked to 
RNA Pol II transcription  [  60  ] . While the speci fi c role of RECQ5 is not yet known 
in this case, a reasonable assumption is that the helicase activity of RECQ5 unwinds 
DNA structures or clears DNA of proteins when the transcription and replication 
machineries collide.    

   The Hef Family of Helicases 

   Conservation and Biochemical Properties of Hef 

 Several conserved DNA helicases/translocases related to archaeal Hef (Helicase-
associated endonuclease for fork-structured DNA) have been shown to play an 
important role in HR regulation. These proteins are members of the SF2 helicase 
superfamily.  S. cerevisiae  and humans contain one member of this family, Mph1 
and FANCM, respectively. The latter is associated with complementation group 
M of the cancer-prone syndrome Fanconi anemia (FA)  [  61  ] . The Hef protein 
from  Pyrococcus furiosus  contains a conserved helicase domain and a C-terminal 
endonuclease domain that is structurally related to that found in the nucleases 
Mus81 and XPF  [  62  ] . The crystal structure of the helicase and endonuclease 
domains of Hef has been solved  [  63  ] . Hef is able to process DNA fork and four-
way junction structures to produce splayed duplexes  [  64  ] . The Hef nuclease, 
which homodimerizes as revealed in the crystal structure, preferentially cleaves 
replication fork structures in a manner that is stimulated by the helicase activity 
 [  64  ] . Taken together, these results suggest a role of Hef in processing injured 
replication forks.  
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   Yeast Mph1 and its HR Regulatory Role 

   Genetic Characteristics 

 The yeast  MPH1  gene was identi fi ed in a screen for mutants that exhibit a mutator 
phenotype  [  65  ] . Cells lacking Mph1 are hypersensitive to genotoxic chemicals 
such as MMS, EMS, 4-NQO, and camptothecin  [  65  ] . Interestingly, the  mph1Δ  
spontaneous mutator phenotype depends on  REV3,  which encodes the catalytic 
subunit of the translesion synthesis DNA polymerase  z   [  66  ] . Further studies have 
shown that the  mph1Δ  mutation is epistatic to the HR mutants  rad51Δ ,  rad52Δ , 
and  rad55Δ  in terms of spontaneous mutation rates and DNA damage sensitivity 
 [  66  ] . These results suggest that Mph1 functions with HR proteins to promote the 
error-free bypass of DNA lesions. Additional evidence supporting this premise 
comes from recent studies on the  S. cerevisiae  Smc5/6 complex, one of the three 
conserved structural maintenance of chromosomes (SMC) complexes. Mutations 
in  SMC5  or  SMC6  render yeast cells hypersensitive to agents that interfere with 
DNA replication, such as HU or MMS. Upon treatment with MMS, accumulation 
of Rad51-dependent X-shaped DNA intermediates occurs in the  smc5  or  smc6  
mutant  [  67  ] . Importantly, deletion of  MPH1  or inactivation of the helicase activity 
of Mph1 protein largely eliminates X-shaped intermediates in  smc5  or  smc6  
mutants and suppresses the sensitivity of the mutant cells to HU or MMS 
 [  67,         69  ] . On the other hand, overexpression of  MPH1  further exacerbates some of 
the phenotypes observed in  smc5/6  mutants  [  69  ] . These results suggest that Mph1 
functions in HR-mediated replication fork repair, but the activity of Mph1 must be 
restrained by the Smc5/6 complex to prevent the generation of toxic DNA 
intermediates. 

 In a study that examined mutations capable of intensifying the HR regulatory 
phenotype of  srs2Δ  cells,  MPH1  was discovered as a suppressor of spontaneous 
unequal SCEs and DNA double-strand break-induced chromosome crossovers  [  70  ] . 
Importantly, Mph1 protein functions in crossover control via a novel mechanism 
independent of the Srs2 and Sgs1 helicases, which is consistent with the biochemi-
cal  fi nding that Mph1 dissociates Rad51-catalyzed  D -loops to promote DSB repair 
via SDSA (see below)  [  70  ] .  

   Biochemical Properties of the Mph1 Helicase Activity 

 While archaeal Hef contains helicase and endonuclease domains, Mph1 has only 
the helicase domain. Puri fi ed Mph1 exhibits a ssDNA-dependent ATPase activity 
and a 3 ¢ -5 ¢  helicase activity that is enhanced by the single-strand DNA-binding pro-
tein RPA  [  71  ] . Recently, our laboratory and others have demonstrated that Mph1 
possesses a robust branch migration activity on replication fork and four-way junc-
tion structures and can mediate extensive branch migration of a sigma structure that 
mimics a DNA replication fork  [  72,   73  ] . The biochemical results suggest a role of 
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Mph1 in processing replication fork structures, similar to Hef. This premise is 
 further supported by the recent  fi nding that cleavage of 5 ¢ - fl ap structures by the 
Fen1 nuclease, which is needed for Okazaki fragment processing and maturation, is 
stimulated by Mph1  [  72  ] .  

    D -Loop Dissociative Activity of Mph1 

 Since genetic studies have implicated  MPH1  in the suppression of crossovers, 
puri fi ed Mph1 was examined for activities relevant for this HR regulatory activity. 
The protein binds  D -loop structures and is particularly adept at unwinding these 
structures. Importantly, Mph1 dissociates Rad51-made D-loops with high ef fi ciency 
 [  70  ] . D-loop dissociation is linked to ATP hydrolysis by Mph1, as the D209N muta-
tion in the helicase motif II of Mph1 that abolishes its ATPase activity is inactive in 
this regard  [  70  ] . Dissociation of D-loops by Mph1 can explain how it suppresses 
crossover formation by promoting the SDSA pathway of HR, which only leads to a 
noncrossover outcome (Fig.  9.1 ). The  S. pombe  ortholog, Fml1, appears to function 
similarly  [  74  ] . We note that this HR regulatory function of Mph1 distinguishes it in 
mechanism from Sgs1 and Srs2, which suppress crossover formation by dHJ dis-
solution (see above) and displacing the Rad51 recombinase from DNA (see below), 
respectively.   

   FANCM and its Genetic and Biochemical Properties 

 As mentioned above, the protein FANCM is the likely human ortholog of Mph1 and 
Hef  [  61  ] . It is part of the large multi-subunit FA complex, which is necessary for the 
ef fi cient repair of interstrand crosslinks  [  75  ] . Like Mph1, FANCM lacks nuclease 
activity. While FANCM does not possess a classical helicase activity, it can, as in 
the case of Mph1, utilize its DNA-dependent ATPase activity to translocate along 
DNA and to promote the migration of Holliday junctions and replication fork rever-
sal  [  61,   76,   77  ] . Importantly, FANCM can also ef fi ciently disrupt protein-free 
D-loops, although it remains to be established whether it can do so within the con-
text of a homologous pairing reaction mediated by Rad51  [  77  ] . As expected, the 
FANCM-K117R mutant that is defective in ATPase activity is unable to process the 
Holliday junction or replication fork and is similarly defective in D-loop dissocia-
tion  [  77  ] . Importantly, FANCM-de fi cient human and chicken DT40 cells exhibit 
elevated SCEs, but the phenotype is not as severe as that caused by BLM depletion 
 [  78,   79  ] . Simultaneous ablation of FANCM and BLM does not further increase SCE 
levels beyond BLM alone, consistent with a role of FANCM in preventing some 
SCEs in a BLM-dependent manner  [  78  ] . It seems reasonable to propose that 
FANCM favors noncrossover formation during HR via its D-loop dissociative 
activity.   
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   The Srs2 Helicase and its HR Regulatory Function 

   SRS2 Identi fi cation and Genetic Characteristics 

 A mutant allele of  SRS2  was identi fi ed as a suppressor of the sensitivity of  rad6  and 
 rad18  mutants, defective in post-replicative DNA repair, to ultraviolet light-induced 
DNA damage  [  80  ] . The suppression depends on HR, and  srs2  mutants show a 
hyper-recombination phenotype  [  81,   82  ] . Taken together, the above genetic obser-
vations suggest that Srs2 functions to restrain HR in cells, and an enhanced ability 
of  srs2  cells to conduct HR can override the DNA repair de fi ciency of a  rad6  or 
 rad18  mutation. Mutations in  SRS2  also cause severe synthetic grow defects with 
mutations in genes that encode factors involved in recombination intermediate pro-
cessing, such as  SGS1  and  RAD54   [  82,   83  ] . This and other phenotypes of  srs2  
mutants can be suppressed by mutating  RAD51   [  14  ] . Interestingly,  Srs2  also attenu-
ates crossover formation by promoting the use of the SDSA pathway, and this occurs 
independently of  Sgs1  and  Mph1 [  15  ] . These genetic results reinforce the idea of 
Srs2 acting as a negative regulator of HR and a promoter of DNA break repair by 
SDSA.  

   Anti-Recombinase Activity of Srs2 

 The mechanism by which Srs2 negatively regulates Rad51-mediated HR was 
revealed in biochemical studies. Puri fi ed Srs2 displays ssDNA-dependent ATPase 
and 3 ¢ -5 ¢  helicase activities and physically interacts with Rad51  [  84,   85  ] . 
Importantly, the addition of a catalytic quantity of Srs2 to Rad51-mediated homol-
ogous DNA pairing reactions strongly inhibits these reactions. Further analysis 
showed that Srs2 acts by dislodging Rad51 from ssDNA, and that this attribute of 
Srs2 is enhanced by RPA, which, by occupying ssDNA sites made available as a 
result of Rad51 eviction, minimizes the reassembly of the Rad51–ssDNA complex 
 [  84,   86  ] . These  fi ndings thus provide evidence that Srs2 attenuates HR via disman-
tling the Rad51-ssDNA complex. Examination of mutant Srs2 proteins that are 
impaired for complex formation with Rad51 revealed that the ef fi ciency of the 
anti-recombinase function is dependent on interaction with the later  [  87,   88  ] . It has 
been proposed that interaction of Srs2 with Rad51 triggers ATP hydrolysis within 
the Rad51 protein  fi lament assembled on ssDNA, causing Rad51 to dissociate from 
the DNA  [  87  ] . 

 Two HR mediators, namely, Rad52 protein and Rad55-Rad57 heterodimer, 
capable of enhancing the assembly or stability of the Rad51-ssDNA nucleopro-
tein complex have been described  [  3  ] . Rad52 can antagonize the Srs2 anti-recom-
binase activity by reloading Rad51 onto RPA-coated ssDNA  [  89  ] , while the 
Rad55-Rad57 complex attenuates the activity of Srs2 via a direct interaction with 
it  [  90  ] .  
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   Anti-Recombinase Function of Srs2 at the DNA Replication Fork 

 Studies conducted in  S. cerevisiae  have unveiled distinct means of lesion bypass 
during DNA replication, and the choice of DNA damage tolerance pathway is 
dependent on the ubiquitination or SUMOylation of the DNA polymerase clamp 
PCNA  [  91  ] . SUMOylation of PCNA also occurs in the absence of exogenously 
induced DNA damage during S phase. Genetic analysis has shown that SUMO-
modi fi ed PCNA helps recruit Srs2 to the DNA replication fork, where it inhibits HR 
by disrupting Rad51 protein  fi lament assembled on ssDNA stemming from fork 
stalling  [  91–  93  ] . Srs2 interacts directly with the SUMO-modi fi ed form of PCNA, 
via SIM and PIP motifs located in the C-terminal region of Srs2 that speci fi cally 
recognize SUMO and PCNA, respectively  [  92–  94  ] . These  fi ndings suggest that 
SUMO-modi fi ed PCNA recruits Srs2 to prevent undesirable HR events from occur-
ring during DNA replication. The high-resolution structure of the C-terminal region 
of Srs2 bound to SUMO-PCNA has been solved recently  [  94  ] .   

   RTEL and its D-Loop Dissociative Properties 

 To search for the Srs2 equivalent in higher organisms, a genetic screen for synthetic 
lethality with the  SGS1  ortholog  HIM-6  was performed in  C. elegans , which led to 
the identi fi cation of RTEL-1, a helicase  [  95  ] . RTEL-1 is orthologous to the previ-
ously identi fi ed murine Rtel protein shown to be a regulator of telomere length  [  96  ] . 
 rtel-1 him-6  double mutant worms show a drastic increase in RAD51 foci, indicat-
ing an accumulation of recombination intermediates  [  95  ] . Loss of  rtel-1  alone 
causes sensitivity to DNA-damaging agents and elevated crossover recombination 
in meiosis  [  95,   97  ] . siRNA against human RTEL also leads to increased recombina-
tion  [  95  ] . In vitro, RTEL can disrupt RAD51-mediated D-loops in a manner that is 
dependent on RPA, but it cannot disassemble RAD51-ssDNA nucleoprotein 
 fi laments, unlike Srs2 and RECQ5  [  95,   97  ] . Thus, RTEL appears to employ the 
same mechanism as  S. cerevisiae  Mph1 in the regulation of HR  [  70  ] .  

   Epilogue 

 Concerted efforts in model organisms, such as  S. cerevisiae  and  C. elegans , and com-
panion studies in humans and other vertebrate species have helped identify three dis-
tinct means of HR regulation, each of which is mediated by a DNA helicase. These 
include the disassembly of the RAD51-ssDNA nucleoprotein  fi lament by Srs2/
RECQ5, D-loop dissociation by Mph1/RTEL, and dHJ dissolution by the BLM and 
Sgs1 protein ensembles. These mechanisms function in parallel to ensure that the 
conservative SDSA mechanism is used predominantly during HR in mitotic cells. 
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 Aside from the known HR regulators as reviewed above, there are tantalizing 
clues that additional players are involved in HR regulation. Recent evidence sug-
gests that Fbh1, a SF1 helicase that also possesses a ubiquitin E3 ligase activity, 
may act as an anti-recombinase similar to Srs2 and RECQ5  [  98,   99  ] . The other 
RecQ family members WRN and RECQ1 may also in fl uence HR (LeRoy et al., 
2005; Opresko et al., 2009; Sharma et al., 2005)  [  46,   100  ] . Further investigation will 
be needed to clarify the HR role of these helicases.      
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  Abstract   Different DNA repair mechanisms have evolved to protect our genome 
from modi fi cations caused by endogenous and exogenous agents, thus maintaining 
the integrity of the DNA. Helicases often play a central role in these repair pathways 
and have shown to be essential for diverse tasks within these mechanisms. 
In prokaryotic nucleotide excision repair (NER) for example the two helicases UvrB 
and UvrD assume vastly different functions. While UvrB is intimately involved in 
damage veri fi cation and acts as an anchor for the other prokaryotic NER proteins 
UvrA and UvrC, UvrD is required to resolve the post-incision complex leading to 
the release of UvrC and the incised ssDNA fragment. For the XPD helicase in 
eukaryotic NER a similar function in analogy to UvrB has been proposed, whereas 
XPB the second helicase uses only its ATPase activity during eukaryotic NER. In 
prokaryotic mismatch repair (MMR) UvrD again plays a central role. The different 
tasks of this protein in the different repair pathways highlight the importance of 
regulative protein–protein interactions to  fi ne-tune its helicase activity. In other 
DNA repair pathways the role of the helicases involved is sometimes not as well 
characterized, and no helicase has so far been described to assume the function of 
UvrD in eukaryotic MMR. RecQ helicases and FancJ interact with eukaryotic MMR 
proteins but their involvement in this repair pathway is unclear. Lastly, long-patch 
base excision repair is linked to the WRN helicase. Many proteins within this path-
way interact with the WRN helicase leading to increased activity of the interacting 
proteins as observed for pol  b  and FEN-1 or the helicase itself is negatively regu-
lated through the interaction with APE-1. However, compared to the precise func-
tions described for the helicases in the other DNA repair mechanisms the role of 
WRN in BER remains speculative and requires further analysis.      
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  Würzburg ,  Germany    
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   Helicases in DNA Repair 

 The genetic information stored in our DNA is constantly challenged by endogenous 
and exogenous agents. In order to maintain genomic stability and preserve the 
genetic information, diverse DNA repair mechanisms have evolved  [  1  ] . Within 
these repair mechanisms DNA helicases assume a pivotal role for successful dam-
age repair. In this chapter the repair mechanisms affecting a single strand of the 
double-stranded DNA (dsDNA) helix will be discussed in greater detail. Nucleotide 
excision repair (NER), base excision repair (BER), and MMR all prefer damaged 
substrates where the damage is usually con fi ned to one of the two DNA strands, 
leaving the other one as a template for repair. In the case of MMR the situation is 
more complicated since there is no “real” damage present but mismatched bases 
have been generated after replication or recombination events. The importance of 
helicase action and the speci fi c activities of helicases implicated in these pathways 
differ greatly and in some cases seem to be speci fi cally tailored to a task rather than 
a more generic unwinding of substrates. All the helicases involved either belong to 
superfamily 1 (SF1) or superfamily 2 (SF2) helicases. SF1 and SF2 helicases share 
a common layout consisting of two RecA-like motor domains that are arranged in a 
tandem repeat and in addition contain other domains contributing to the speci fi c 
function of the particular protein. The motor domains comprise the composite ATP-
binding domain, where ATP hydrolysis takes place and transfers the chemical 
energy into motion (for a detailed overview, see Chaps.   2     and   3    ).  

   Nucleotide Excision Repair 

 NER is one of the most versatile among the DNA repair pathways  [  2–  5  ] . Its mech-
anism is conserved among the kingdoms of life and consists of initial damage 
recognition, subsequent damage veri fi cation, and excision of a ssDNA fragment 
containing the damaged base (Fig.  10.1 ). In NER the initial lesion detection is most 
likely facilitated by an unusual conformation of the DNA backbone, which is sub-
sequently identi fi ed by the different damage recognition proteins  [  6  ] . However, 
this process does not seem to be suf fi cient to con fi rm the actual presence of a DNA 
damage. In order to ensure that excision only takes place when a damage is 
present, a slower kinetic proofreading process is initiated. Within these intricate 
processes the action of helicases is mandatory for the successful continuation of 
the repair process. Although the general mechanism of NER is similar between 
eukaryotes and prokaryotes, the number of proteins and complexities of the differ-
ent systems varies greatly. Furthermore, the NER process has to be divided into 
two different mechanisms: (1) global genome repair (GGR) in which the entire 
genome is actively scanned for lesions and (2) transcription coupled repair (TCR) 
which is initiated by a stalled RNA polymerase at an actively transcribed gene. 

http://dx.doi.org/10.1007/978-1-4614-5037-5_2
http://dx.doi.org/10.1007/978-1-4614-5037-5_3
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Both pathways share the same downstream processes after initial damage recogni-
tion has been achieved (Fig.  10.1 ).   

   Prokaryotic NER 

 The prokaryotic NER pathway consists of three main proteins named UvrA, UvrB, 
and UvrC. An additional helicase activity, however, is required for successful repair, 
which is provided by UvrD (Fig.  10.2 ). Within prokaryotic NER two essential activ-
ities can be associated with helicase activity. One is the actual damage veri fi cation 
process that is carried out by the UvrB protein. The other is the removal of the 
excised fragment containing the damage and the post-incision complex facilitated 
by UvrD or PcrA. In  Escherichia coli  this activity is provided by the UvrD protein, 
in Gram-positive bacteria this role is attributed to the PcrA helicase  [  7,   8  ] . UvrB is 
an SF2 helicase whereas UvrD and PcrA are  bona  fi de  examples of SF1 helicases. 
The substrate speci fi city of UvrB has not been characterized in greater detail but it 
displays a high af fi nity for ssDNA (0.5  m M)  [  9  ] . UvrD and PcrA have a broader 
substrate range including duplex DNA but prefer 3 ¢  overhangs and partially 

  Fig. 10.1    Schematic representation of the two possibilities how a lesion is initially recognized in 
nucleotide excision repair. In global genome repair (GGR) the genome is scanned by the XPC/
HR23B complex in search for damages whereas a stalled RNA polymerase on an actively tran-
scribed gene is the initial signal in transcription coupled repair (TCR) to initiate the repair process. 
Both mechanisms converge into the same pathway with the recruitment of TFIIH followed by the 
subsequent steps of damage veri fi cation, incision, and resynthesis as well as religation       
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 double-stranded DNA containing hairpin structures or  fl aps, respectively,  in vitro  
 [  10–  12  ] . Although all of the crystal structures available for UvrD and PcrA suggest 
that they act as monomers, there is evidence suggesting that both helicases have to 
be activated by another protein or act as multimers to develop full helicase activity 
 in vitro   [  11,   13  ] .  

 The damage recognition process is carried out by the heterotetrameric UvrA 
2
 –

UvrB 
2
  complex  [  14,   15  ]  (Fig.  10.2 ). This complex consists of the homodimeric 

ABC ATPase UvrA, and each UvrA monomer provides a UvrB-interacting domain 
to which one UvrB monomer is bound. This initial damage recognition complex is 
actively scanning the genome for lesions. UvrA cycles between different nucleotide 
bound states thus undergoing domain movements that allow the productive binding 
of a DNA lesion  [  14  ] . The UvrA scanning mechanism thus provides a fast initial 
analysis of the bacterial genome but necessitates a proofreading mechanism prior to 
excision which is accomplished by the UvrB protein.  

   The UvrB Helicase 

 UvrB is an SF2 DEAD-box family helicase that exhibits only weak helicase and 
ATPase activity  [  16  ] . Apart from the classical SF2 RecA-like domains (1a and 3, 
see also Fig.  10.3 ) harboring the conserved helicase motifs, UvrB contains three 
auxiliary domains that most likely aid to its speci fi c function (Fig.  10.3 ). Domain 
1b facilitates additional interactions with the DNA and domains 2 and 4 provide 

  Fig. 10.2    Prokaryotic global genome nucleotide excision repair. UvrA (shown in  green ) forms a 
homodimer and assembles to a heterotetramer with UvrB (shown in  yellow ). After initial damage 
detection is achieved by the heterotetrameric complex UvrA dissociates. UvrB stays bound to the 
DNA and forms the so-called pre-incision complex to which UvrC (shown in  purple ) is recruited. 
UvrC catalyzes the 3 ¢  and 5 ¢  incisions. Removal of UvrC and the incised ssDNA fragment requires 
the presence of the helicase UvrD. UvrB stays bound to the DNA until resynthesis is initiated by 
Pol I and the repair process is completed upon sealing of the nick by DNA ligase       
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 interaction interfaces with other proteins in the NER cascade. Domain 2 exclu-
sively interacts with UvrA, whereas domain 4 interacts with both partners in the 
NER cascade, UvrA and UvrC  [  17  ] . UvrB also contains the so-called N-terminal 
Q-motif that is present in a number of different functionally unrelated DNA and 
RNA helicases. The Q-motif is involved in nucleotide binding and positioning 
which is also exempli fi ed in the UvrB–ATP complex structure  [  18  ] , where it was 
shown that N6 and N7 of the adenine form hydrogen bonds to the side chain of the 
conserved glutamine within the Q-motif thus explaining the speci fi city for adenine. 
Another very prominent and unusual feature of UvrB is a so-called  b -hairpin that 
bridges subunits 1a and 1b. The  b -hairpin is a structural motif within UvrB that is 
directly implicated in the damage veri fi cation process  [  18,   19  ] , and several studies 
showed that   speci fi c residues within the  b -hairpin are essential for damage 

  Fig. 10.3    Structures of the helicases involved in pro- and eukaryotic NER. The RecA-like motor 
domains are shown in all four structures in  yellow  and red, respectively. Above all structures the 
polypeptides are shown schematically using the same color codes and the helicase motifs are indi-
cated in  orange . The auxiliary domains are shown in  blue ,  green , and  cyan ; additional parts are 
shown in  gray ; and the DNA is shown in  gray  as well       
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veri fi cation  [  20–  22  ] . In the structure of a UvrB–DNA complex where the DNA 
substrate adopted a hairpin structure, the  b -hairpin directly interacts with the sub-
strate providing a structural basis for the damage veri fi cation process  [  23  ] .   

   Damage Veri fi cation by UvrB 

 As outlined above, initial damage identi fi cation/scanning has to be followed by dam-
age veri fi cation to achieve accurate damage detection in NER, thus the presence of a 
damage has to be veri fi ed prior to excision. In prokaryotic NER the three  proteins 
described above have to communicate within this process in order to successfully 
excise a damaged DNA fragment. The main anchor between the subsequent events is 
the UvrB helicase. It interacts with both UvrA and UvrC and only dissociates from the 
DNA once resynthesis of the excised DNA fragment has been initiated. UvrB is thus 
involved both in the early processes of detection and veri fi cation but also guides the 
endonuclease UvrC to the site where it has to perform the incision reactions  [  17  ] . The 
ATPase and as such also the helicase activity of UvrB are highly regulated by its sub-
domain 4. Removal of subdomain 4 results in a higher af fi nity for ssDNA and activa-
tion of UvrB’s ATPase activity which is further stimulated by the presence of ssDNA 
 [  24  ] . However, its helicase activity seems not to be activated indicating the necessity 
of another factor which is the UvrA protein. The UvrA–UvrB complex has been 
shown to display weak helicase activity  [  25  ]  that can be attributed to the UvrB protein. 
UvrA interacts with UvrB via UvrB’s domain 4 leading to an activation of its ATPase 
and DNA-binding abilities, while the interaction with domain 2 might ultimately trig-
ger the helicase activity of UvrB. After UvrA has identi fi ed the damage, UvrB could 
be placed up to 80 Å away from the lesion  [  14  ]  suggesting that UvrB has to unwind 
the dsDNA until it encounters the damage. However, the exact nature of the handover 
between UvrB and UvrA has remained elusive so far. It is clear that UvrB uses its 
destabilizing ability to further unwind a certain stretch of dsDNA until it encounters a 
damage where it remains bound to the DNA. The damage sensing factor in UvrB is 
the  b -hairpin. The  b -hairpin is inserted into the opening of the dsDNA that has been 
created by UvrA and is subsequently used as a ploughshare to separate the dsDNA as 
seen in other helicases where a small hairpin- or wedge-like feature is used for this 
task. The  b -hairpin of UvrB, however, is unique in its size and positioning with respect 
to the helicase scaffold, which has prompted the theory of a padlock mechanism for 
damage veri fi cation  [  16  ] . In addition more recent studies revealed that a  b -hairpin 
feature is used in several damage-recognizing proteins as a damage sensor  [  6  ] . At the 
base of the  b -hairpin of UvrB several aromatic residues are involved in base-stacking 
interactions  [  23  ]  and seem to be essential for proofreading. For example, if either 
Tyr92 or Tyr93 in the  E. coli  enzyme are mutated to alanine a “lethal” enzyme is gen-
erated since nondamaged DNA is incised. However, although the crystal structures of 
UvrB with a DNA substrate and with ATP have provided a wealth of information on 
the UvrB action, it is still not clear if the damage resides on the translocated or the 
nontranslocated strand during the  recognition process. The two possibilities will be 
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described below. The crystal structure of the UvrB–DNA complex indicates a proof-
reading process where a base is  fl ipped into a hydrophobic pocket during DNA trans-
location. This pocket could be used for the recognition of a damaged substrate due to 
sterical hindrance, since it is located between domain 1b and the  b -hairpin. This model 
would also suggest that the damage is located on the translocating strand of the UvrB 
helicase, which is further supported by data showing that UvrB alone is able to create 
a pre-incision complex when loaded on a DNA substrate containing a 5 ¢  overhang on 
the damaged strand  [  26  ] . It cannot be excluded, however, that the damage resides on 
the nontranslocated strand. Tyr95 in the UvrB enzyme form  Bacillus caldotenax  is 
solvent exposed in the crystal structure and has been implicated in interactions with 
the damaged base  [  23,   27  ] . It has also been shown that a CPD damage is still recog-
nized by photolyase whilst still engaged with UvrB, indicating accessibility of the 
lesion  [  28  ] . Another observation in favor for this theory is the fact that UvrB remains 
bound to the DNA until it is removed by PolI. This indicates that at least after incision 
and the removal of the damaged fragment UvrB still interacts with the nondamaged 
DNA. It is clear, however, that the engagement of UvrB with the lesion creates a 
trapped state for the helicase, rendering it incapable for further translocation while 
ATP hydrolysis is maintained. This trapped state triggers increased ATP consumption 
which is accompanied with the release of UvrA and the recruitment of UvrC for 3 ¢  and 
5 ¢  incision. UvrA and UvrC both utilize domain 4 of UvrB as interaction interface. 
After the incision reaction UvrB remains bound and the next helicase, UvrD is 
recruited to remove UvrC and the incised ssDNA fragment.  

   The UvrD Helicase 

 UvrD is a SF1A helicase (Fig.  10.3 ) that unlike UvrB ful fi lls its task in more than 
one DNA repair process. It consists of four domains that can be grouped into two 
RecA-like motor domains (1a and 2a) characteristic for SF1 or SF2 helicases and 
two auxiliary domains that emerge from each motor domain, respectively (1b and 
2b). The auxiliary domains are both involved in DNA binding (Fig.  10.3 )  [  29  ] . 
Domain 2b can undergo large movements as indicated by a UvrD apo-structure 
where this domain is rotated by approximately 160°  [  30  ]  in comparison to the DNA-
bound state (Fig.  10.4a ). Together with PcrA it is one of the mechanistically most 
studied helicases and several structures representing different snapshots of the 
enzymes combined with biochemical data led to deep insights into their helicase 
translocation mechanisms.  

 In NER the task of UvrD is to resolve the structures of the post-incision complex 
leading to the release of UvrC and the lesion containing DNA fragment of about 12 
bases marked by the 3 ¢  and 5 ¢  nicks and to enable resynthesis of an unaltered DNA 
sequence  [  3  ] . UvrD contains an N-terminal and an unstructured C-terminal region 
that interacts with different regions of UvrB. It has been shown that the unstructured 
C-terminus of UvrD interacts with domains 1a and 2 from UvrB  [  8  ] . The N-terminal 
part of UvrD consisting of domains 1a and 1b interacts with domains 1b and 3 of 
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UvrB. Truncation of the C-terminal unstructured region of UvrD abolishes the 
 in vitro  interaction with UvrB but still permits the removal of the post-incision com-
plex  in vitro   [  8  ] .  In vivo  this truncation leads to an increased UV sensitivity of an 
affected  E. coli  strain  [  8  ] . It seems that UvrD’s activity is regulated by UvrB to 
achieve a successful NER event. It has been shown that the UvrA–UvrB complex 
signi fi cantly enhances the activity of UvrD on branch or no branch substrates 
containing nicks  [  31  ] . Although the exact mechanism of UvrD stimulation by either 
UvrA–UvrB or UvrB remains elusive so far, it displays a striking similarity to one 
of UvrD’s other tasks in MMR where it ful fi lls a similar task that is triggered by the 
MutL protein. This mechanism will be described below in greater detail.  

   Eukaryotic NER 

 Eukaryotic NER albeit mechanistically similar to prokaryotic NER is in fi nitely 
more complex since at least 30 different proteins have been identi fi ed that partici-
pate in this process  [  4  ] . Although there is still some debate about the speci fi c 
 contributions of the individual proteins, a general scheme of action has emerged 

  Fig. 10.4    ( a ) Superposition of the UvrD apo-structure onto the DNA-bound structure. To high-
light the domain movement only domain 2b is colored ( light green  = apo,  dark green  = DNA-bound 
structure). The  arrow  indicates the movement of domain 2b which is rotated by approximately 
160° upon DNA binding. ( b ) Modeling of the open to the closed state of afXPB. The closed state 
is achieved by a rotation of approximately 170° around a glycine in the linker region between the 
two RecA-like domains       
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(Fig.  10.5 ). In the following we will refer to the human GGR–NER pathway and the 
nomenclature used therein. A damage is initially recognized by the XPC–HR23B 
complex which subsequently recruits the general transcription factor TFIIH to the 
site of the lesion. TFIIH consists at this stage of ten subunits, two of the subunits are 
the helicases XPB and XPD. TFIIH can be divided into a core that harbors the two 
helicases and  fi ve other subunits, and the CAK subunit that consists of the kinase 
CDK7 in complex with cyclin H and the Mat-1 protein. After the recruitment of 
TFIIH by XPC the helicase XPB is responsible for the correct loading of TFIIH 
onto the DNA; however, for this step only the ATPase activity of XPB is required 
whereas its helicase activity is expendable  [  32  ] . After this loading step the helicase 
activity of XPD is required leading for further unwinding of the DNA presumably 
until it encounters the damaged site. The arrival of XPA triggers the release of the 
CAK subunit which leads to the recruitment of further factors and eventually the 
nucleases catalyzing the incision reactions. The gap is then  fi lled by DNA poly-
merases  d  and  k  or DNA polymerase  e  bound to PCNA  [  33  ] . The nick is eventually 
sealed by DNA ligase IIIa or DNA ligase I  [  34  ] .  

  Fig. 10.5    Eukaryotic global genome nucleotide excision repair. Initial damage recognition is 
achieved by the complex formed between XPC and HR23B, leading to the recruitment of TFIIH. 
In the subsequent processes the helicase activity of XPD is essential whereas the helicase activity 
of XPB is not required. XPA most likely triggers the release of the CAK subunit followed by the 
recruitment of additional factors including the two nucleases XPG and ERCC1/XPF which per-
form the two incision reactions 3 ¢  and 5 ¢  to the lesion. Repair is completed after resynthesis and 
sealing of the nick has been achieved       
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 Structural information on the eukaryotic helicases involved in NER has been scarce, 
due to the inaccessibility of the proteins to structural studies. However, many archaeal 
organisms contain XPB and XPD homologs that could be utilized for structural studies 
and have greatly advanced our understanding of these important helicases. A lack of 
NER activity results in four different hereditary diseases with severe phenotypes: xero-
derma pigmentosum (XP), trichothiodystrophy (TTD), XP combined with Cockayne’s 
syndrome (XP/CS), and cerebro-oculu-facio-skeletal (COFS) syndrome (please also 
see Chap.   6    ), thus underlining the importance of this unique DNA repair pathway.  

   The XPB Helicase 

 XPB is an SF2A family helicase that consists of four domains. The crystal structure 
of an XPB homolog from  Archaeoglobus fulgidus  (afXPB) revealed the overall lay-
out of this helicase. AfXPB consists of two RecA-like motor domains (HD1 and 
HD2), a thumb domain (ThM), and the so-called DRD (damage recognition domain) 
(Fig.  10.3 ). In analogy to UvrD the two auxiliary domains emerge each from one of 
the motor domains. In addition the HD1 domain contains the so-called strictly con-
served RED motif that seems to play a key role in DNA unwinding (Fig.  10.3 )  [  35  ] . 
The crystal structure revealed an “open” conformation for afXPB that could be 
modeled into a “closed” form by a rotation of approximately 170° around a glycine 
in the linker region between HD1 and HD2 (Fig.  10.4b ). The “closed” state most 
likely represents the active state of the helicase that is induced by nucleotide and 
DNA binding. Studies on the DRD of the human XPB revealed no speci fi c af fi nity 
for damaged DNA probably excluding the previously proposed role in damage 
veri fi cation or recognition  [  36  ] . However, the importance of the ThM and the RED 
motif for the role of XPB could be veri fi ed. It has been shown that both elements are 
involved in the DNA-dependent ATPase activity of XPB. These studies also indi-
cated that XPB might not act as a conventional helicase during NER. Based on the 
results obtained from the crystal structure of afXPB and the mutational analysis of 
the RED and ThM domains (see above), as well as the analysis of mutants speci fi cally 
disrupting the helicase or ATPase activity of XPB, it became evident that the heli-
case activity of XPB is dispensable whereas the ATPase activity is essential for 
NER. These results led to the proposal that XPB ful fi lls a role in analogy to the 
Swi2/Snf family of molecular switches  [  36  ] . XPB is the  fi rst anchoring point of 
TFIIH when it is recruited to the lesion by XPC. The proposed domain motion 
between HD1 and HD2 could be utilized to hook up the complete TFIIH to the site 
of the lesion. In this process of placing TFIIH the RED motif and the ThM domain 
are of vital importance. 

 Being integrated into a large complex like TFIIH the in fl uence of other TFIIH 
members on XPB has to be considered as well. So far no cross talk has been 
identi fi ed between the two helicases. However, other subunits of TFIIH could mod-
ulate the activity of XPB. In  in vitro  experiments so far only p52 seems to directly 
stimulate the ATPase activity of human XPB suggesting a direct interaction between 

http://dx.doi.org/10.1007/978-1-4614-5037-5_6


21310 DNA Helicases in NER, BER, and MMR

these two TFIIH subunits. Human XPB contains an N-terminal extension compared 
to afXPB. In this extension the two disease causing mutations F99S and T119P, 
leading to XP/CS and TTD, respectively, are located. Detailed biochemical analysis 
has shown that these mutations alter the p52-induced ATPase activity which led to 
the conclusion that this N-terminal part of the protein is involved in the p52–XPB 
interaction. As a chain of events it has been proposed that after the initial damage 
recognition has been completed, XPC recruits TFIIH through direct interactions. 
This triggers a stronger association of TTDA with the TFIIH complex. TTDA is a 
small subunit (8 kDa) of TFIIH which was only recently discovered but is vital for 
the repair activity. It has been shown that the presence of NER lesions results in a 
tighter association of TTDA to TFIIH which is otherwise also present as an isolated 
subunit in the nucleus and the cytoplasm  [  37  ] . TTDA in turn can activate p52, which 
eventually ampli fi es XPB’s ATPase activity thus achieving a correct loading of 
TFIIH to the lesion site followed by the concomitant steps in the cascade. This 
intricate interaction pattern exempli fi es how    NER helicases are highly regulated 
parts of larger macromolecular machines.  

   The XPD Helicase 

 It has been an enigma of eukaryotic NER why two SF2 helicases with opposite 
polarities should be necessary for successful damage recognition, veri fi cation, and 
excision. In parallel to the discovery of the role that XPB assumes in the repair 
pathway great progress has been made towards the elucidation of the function of 
XPD within TFIIH and in particular during the damage veri fi cation process. XPD is 
an SF2B family helicase. Structural data have been obtained recently by elucidating 
the structures of XPD homologs from the archaeal organisms  Solfolobus tokodaii  
(stXPD),  Sulfolobos acidocaldarius  (saXPD), and  Thermoplasma acidophilum  
(taXPD)  [  38–  40  ] . The crystal structures revealed the overall fold of the XPD protein 
consisting of two RecA-like domains termed HD1 and HD2 and two auxiliary 
domains. One of the auxiliary domains was of special interest since it contains an 
iron sulfur cluster (Fig.  10.3 )  [  41  ] . The iron sulfur cluster could be readily identi fi ed 
in two of the structures whereas in the third structure this domain was disordered 
due to oxidation of the cluster leading to a destabilization of the surrounding protein 
environment. However, the cluster was unambiguously identi fi ed as a 4Fe4S cluster 
(FeS) in the two structures where it was present. The other auxiliary domain was 
termed arch domain because it builds an arch or bridge-like feature that forms an 
additional connection between HD1 and the FeS domain thereby creating a pore 
(Fig.  10.3 ). XPD also contains a Q-motif at the N-terminus  [  42  ] . The overall archi-
tecture resembles that of UvrB since both auxiliary domains emerge from HD1 as 
well and it also contains a Q-motif. Archaeal XPD can readily unwind substrates 
 in vitro  containing a 5 ¢  overhang, a Y fork, or a bubble  [  43  ] . Recently, the structure 
of taXPD was solved in the presence of a short ssDNA fragment revealing a 
 high-af fi nity DNA-binding site and also the polarity of the ssDNA strand with 
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respect to the helicase scaffold. In addition it was shown that ssDNA extends through 
the pore-like feature created by HD1, the arch domain, and the FeS domain  [  42  ] . 

 Within TFIIH the helicase activity of XPD is stimulated by a direct interaction 
with the p44 subunit of TFIIH. The p44–XPD interaction is mediated via the 
N-terminus of p44 and the very C-terminus of XPD  [  44  ] . Notably, this interaction 
stimulates only the helicase activity of XPD but not its ATPase activity. XPD also 
interacts with the CAK subunit via Mat-1, and it was shown to be negatively regu-
lated by the CAK complex  [  45  ] . The release of the CAK complex is triggered by the 
arrival of XPA which allows the NER reaction to proceed  [  46  ] . This interaction pat-
tern places XPD in a central position for the regulation of NER, since it is also 
thought to be involved in the damage veri fi cation process (see below). Interestingly, 
it was shown that the two helicases XPB and XPD ful fi ll additional roles and have 
been identi fi ed in other macromolecular complexes apart from their role in tran-
scription and NER. Recently it has been shown that XPB is recruited to the cen-
trosome during mitosis  [  47  ] . XPD was identi fi ed in two other complexes. In the  fi rst 
it forms an independent free complex with the CAK subunit that is also involved in 
cell cycle regulation and in the second it is part of the MMXD complex where it 
directly interacts with MIP18 and MMS19 and is involved in chromosome segrega-
tion  [  48–  50  ] . The exact roles of the helicases within these recently identi fi ed com-
plexes remain elusive so far. However, these examples underline the high versatility 
of the two helicases XPD and XPB and also show the importance of protein–protein 
interactions for helicase action and activity.  

   The FeS 

 XPD is also the founding member of a special subgroup of helicases within this fam-
ily. This subgroup is characterized by the presence of a 4Fe4S (FeS) cluster as an 
auxiliary cofactor  [  41  ]  (Fig.  10.6 ). Other prominent members of this family in humans 
are represented by the regulator of telomere length helicase (RTEL), Fanconi anemia 
complementation group J (FancJ), and DDX11 (or hChlR1)  [  51,   52  ] . It is very likely 
that all of these proteins are also 5 ¢ –3 ¢  helicases. However, the tasks of these enzymes 
are diverse and exemplify once again that they should be analyzed in the context of 
their interaction partners; XPD is involved in NER, chromosome segregation, and 
transcription  [  48,   53,   54  ] , DDX11 plays a role in sister chromatid cohesion  [  55,   56  ] , 
FancJ is involved in homologous recombination events during double-strand break 
DNA repair  [  57  ] , and RTEL participates in maintaining the telomere length or cap-
ping  [  58  ] . Since all of these helicases share the unusual FeS cluster it is intriguing to 
speculate whether the cluster just assumes a structural role or whether the electro-
chemical properties of the FeS cluster participate in the proteins functions and how 
this could be modulated for the speci fi c tasks of each protein.  

 The most straightforward assumption for the cluster is a structural role, in which 
it stabilizes its harboring domain and thereby contributes to the formation of the 
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pore. This assumption is clearly supported through biochemical and structural stud-
ies. It was shown for saXPD that helicase activity is completely abolished upon loss 
of the FeS cluster whereas its ATPase activity is not affected  [  41  ] . Furthermore, the 
absence of the FeS cluster harboring domain in the structure of saXPD lacking 
the FeS cluster indicates the necessity of the cluster for correct folding and stabili-
zation of this domain  [  38,   39  ] . In addition the FeS cluster domain harbors the 
molecular ploughshare enabling XPD to unwind dsDNA  [  59  ] , thus de fi ning another 
role for this domain. 

 However, the described structural roles may be still too simplistic, and an addi-
tional function can be envisioned based on the electrochemical properties of the FeS 
cluster which could act as a sensor of the redox state within the cell and could there-
fore be required for the correct function of the protein. 

 Since XPD is involved in NER and has been proposed to play an important role 
in damage veri fi cation, the apparent question arises whether the FeS cluster partici-
pates in this process as well. Intriguingly, some similarities can be observed in the 
FeS cluster containing BER endonucleases EndoIII and MutY  [  40,   60–  62  ] . In MutY 
and EndoIII the FeS cluster is located in close vicinity to the DNA backbone and 
interacts with the DNA via a double arginine motif  [  61  ] . It has been proposed that 
both BER endonucleases utilize their cluster for DNA charge transfer (CT) along 
the DNA through the  p -stacked bases of the DNA. According to this proposal, the 
FeS cluster is oxidized when it binds to DNA and assumes the FeS 3+  state. The free 
electron can then be used for CT  [  63  ] . When a damage is encountered along the 
pathway of the electron the CT becomes short-circuited thus providing an ef fi cient 
method to identify damaged sites on the DNA (reviewed by  [  64,   65  ] ). If CT is not 
disrupted, one protein can reduce the other along the DNA and thus allow them to 

  Fig. 10.6    Schematic representation of different SF2B helicases which de fi ne a subgroup and are 
characterized by the presence of a 4Fe4S cluster as an auxiliary cofactor. In addition to XPD 
(taXPD indicates the XPD protein from  Thermoplasma acidophilum  and XPD the human helicase) 
the regulator of telomere length helicase (RTEL), Fanconi anemia complementation group J 
(FancJ), and DDX11 (or hChlR1) are shown       
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disengage from the DNA since they display a reduced af fi nity for DNA in the FeS 2+  
state. It is likely that the FeS cluster of taXPD, despite the lack of sequence or fold 
conservation in the FeS cluster domain with respect to the BER enzymes could 
ful fi ll a similar role through the highly conserved Arg88 as the double arginine 
motif in MutY or EndoIII (Fig.  10.6 ), thus providing the possibility for CT in this 
protein as well  [  40  ] . In strong support of this hypothesis it has been shown very 
recently that saXPD exhibits a similar DNA-bound redox potential as the BER 
enzymes MutY and EndoIII  [  66  ] . Moreover it could be shown that the current of the 
signal is increased in the presence of ATP but the potential is not affected. This is 
most likely related to motions at the protein/DNA interface during the activity cycle 
of the helicase  [  66  ] . Since it has been demonstrated that XPD is tightly bound to 
damaged DNA  [  67  ]  and is most likely involved in the damage veri fi cation process, 
the question can be asked whether XPD utilizes the electrochemical properties of 
the FeS cluster combined with its helicase activity either to sense the damage or for 
signaling with other NER factors. XPD is able to redistribute on a DNA containing 
a mismatch in a CT-dependent manner and also communicates with the BER EndoIII 
via CT  [  68  ] . These observations strongly support the notion of CT and the cross talk 
between different FeS-containing proteins. Interestingly it has been shown that 
FancJ can also sense oxidative damage in  in vitro  studies in a similar fashion com-
pared to XPD, although the damage is recognized on both strands  [  69  ]  in FancJ 
whereas Mathieu et al. showed a preference for the translocating strand in faXPD 
when a cyclobutane pyrimidine dimer is present  [  67  ] . Combined, these observations 
suggest that the possible CT properties of FeS cluster containing helicases might 
currently be underestimated. Since all of the above described family members could 
comprise a comparable layout concerning the FeS cluster domain, the arch domain, 
and the two RecA-like domains it is tempting to speculate that all family members 
display similar electrochemical properties when bound to DNA. Intriguingly, all 
family members are also involved in genomic maintenance or damage detection 
suggesting that the FeS cluster might not only be a structural feature but also a func-
tional entity for damage detection or signaling.  

   Prokaryotic Mismatch Repair 

 The MMR pathway can be divided into three steps: initiation, excision, and repair 
DNA synthesis  [  70  ] . In  E. coli  methyl directed MMR is the main pathway to correct 
replication errors and faulty recombination events  [  71  ] . The MutS homodimer rec-
ognizes the mismatched bases in an ATP-dependent fashion. After this initial event 
the also homodimeric MutL protein is recruited and MutL and MutS form a hetero-
tetrameric complex. This complex activates MutH that is located at the nearest 
hemimethylated (GATC) site with respect to the mismatch. The activated MutH 
creates a nick that can be used to separate the parental from the daughter strand. 
This nick signals the initiation of unwinding by the UvrD helicase in 3 ¢ –5 ¢  direction 
toward the mismatch. UvrD is followed by an exonuclease that degrades the 
unwound ssDNA strand. Four ssDNA exonucleases are associated with MMR in  E. 
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coli : ExoI, ExoVII, ExoX, and RecJ. Depending on the position of the nick, relative 
to the mismatch, UvrD translocates either on the parental or the daughter strand. 
Which exonuclease is active depends on the polarity of the mismatched fragment 
(reviewed in  [  72  ] ). The resection of the DNA continues well past the mismatch and 
subsequently DNA polymerase III is recruited to the gap and the resulting nick is 
sealed by DNA ligase.  

   UvrD in MMR 

 As in NER the initial substrate for UvrD is a nicked dsDNA. It seems peculiar that 
a helicase with a moderate processivity of about 40–50 bp  [  73,   74  ]  is involved in the 
unwinding reaction of DNA fragments that can be up to 1–2 kb in size. In NER 
the fragment that is removed is only about 12 bases long (see above in prokaryotic 
NER). In analogy to the UvrD stimulation by UvrB the MutL protein stimulates or 
alters the activity of UvrD to ensure a suf fi ciently high processivity  [  72  ] .  In vitro  
studies revealed that MutS, MutL, and UvrD are required on an arti fi cial substrate 
for proper activation  [  75  ] . Similarly to the XPD activation by p44 MutL also stimu-
lates only the helicase activity and not the ATPase activity of UvrD  [  76  ] . The inter-
action site of MutL with UvrD could be mapped to the C-terminus and a region 
comprising residues 397–438  [  77  ] . The exact interaction sites on UvrD have not 
been characterized so far. 

 The enhanced processivity of UvrD is most likely accomplished by an increased 
af fi nity of the UvrD–MutL complex for DNA. When one UvrD molecule is loaded 
it initiates the unwinding reaction and MutL continues to load UvrD monomers that 
together facilitate an enhanced and more ef fi cient unwinding of the substrate  [  78  ] . 
This observation is well in line with the fact that UvrD is a highly ef fi cient translo-
case but fails to act as a helicase in its monomeric state; instead the  in vitro  helicase 
activity requires the presence of a dimer  [  73  ] . The MutL-dependent stimulation of 
UvrD is activated through the presence not the hydrolysis of ATP in MutL which 
was shown by a MutL variant that was unable to hydrolyze ATP and led to much 
stronger activation of UvrD  [  72  ] . Since MutL displays a rather weak ATPase activ-
ity, the system seems to be delicately balanced thus ensuring a reasonable activation 
of UvrD. A rationale for this limited activation might be the associated exonuclease 
catalyzing the strand resection. If UvrD would unwind the DNA too fast the nucle-
ase might not be able to keep up resulting in reannealing of the substrate with detri-
mental effects on the repair process  [  72  ] . Also the catalyzed loading would guide 
UvrD onto the correct strand for the reaction to prevent nonspeci fi c unwinding. 

 The action of UvrD in MMR and NER is an important example how protein–
protein interactions modulate the action of a helicase in order to ful fi ll a speci fi c 
task. Helicase action alone would in these cases not be suf fi cient to maintain the 
biological function, and the different requirements of UvrD in NER and MMR make 
this evident. In both cases a partner protein is required to engage UvrD and stimu-
late its activity; one interaction results in the removal of UvrC and a short DNA 
fragment, whereas the other results in the unwinding of dsDNA as long as 2 kb.  
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   Eukaryotic MMR 

 Eukaryotic MMR is highly similar to prokaryotic MMR and employs analogous 
strategies for damage recognition and repair. Instead of the hemimethylated site 
eukaryotic MMR requires a nick as starting point after the mismatch has been 
recognized  [  71  ] . MMR de fi ciency results in hereditary nonpolyposis colorectal 
cancer that is characterized by a so-called microsatellite instability due to 
inef fi cient repair of small insertion deletion loops (IDLs)  [  70  ] . As in NER the 
eukaryotic MMR system follows in principle a similar scheme as the prokaryotic 
MMR pathway but it is more complicated with respect to the number of proteins 
and its substrate speci fi city. There are at least three homologs for MutS which 
form heterodimers (MutS a  [MSH2–MSH6], MutS b  [MSH2–MSH3], and 
MSH4–MSH5). For MutL the situation is similar and there are also three homolo-
gous complexes present: MutL a  (MLH1–PMS2), MutL b  (MLH1–PMS1), and 
MutL g  (MLH1–MLH3). The three different MutS homologs all exhibit different 
substrate speci fi cities. MutS a  seems to recognize both, mismatches and IDLs, 
whereas MutS b  mainly recognizes IDLs  [  70  ] . MSH4–MSH5 is most likely 
involved in double-strand break repair and also in suppression of nonspeci fi c 
excision after mismatch removal  [  70  ] . There is no known MutH homolog present 
in eukaryotes which led to the proposal that eukaryotic MMR uses the nicks of 
Okazaki fragments or the 3 ¢  end of the leading strand during replication as a start-
ing point  [  79  ] . Other proteins involved are Exo1, RPA, DNA polymerase  d , RFC, 
and PCNA  [  79  ] . Interestingly no helicase has been directly associated with 
eukaryotic MMR. In a reconstituted  in vitro  system the above-mentioned compo-
nents are suf fi cient to drive a successful MMR reaction  [  80–  82  ] . However, MMR 
proteins have been shown to interact with a number of helicases mostly belonging 
to the RecQ family of helicases  [  70  ] . The RecQ helicases belong to the SF2A 
helicases and contain in addition to the RecA-like domains a domain called RQC 
(RecQ C-terminal, not present in RecQL4). However, this family is intensively 
discussed in Chap.   8     and will not be covered here. Another interaction partner is 
the FancJ helicase  [  70  ] . FancJ belongs to the family of FeS-containing helicases 
described above. Although the interactions have been partly mapped to speci fi c 
domains and characterized, the involvement of these helicases in MMR remains 
enigmatic at best and is more likely important in other mechanisms maintaining 

   Table 10.1    Interactions between different MMR proteins and 
helicases in eukaryotes   

 Helicase  Interacting MMR protein(s) 

 WRN  MutS a , MutS b , MutL a , RPA 
 BLM  MutS a , MLH1, RPA 
 RecQL1  MutS a , MLH1, RPA 
 FancJ  MLH1 

http://dx.doi.org/10.1007/978-1-4614-5037-5_8
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genome stability. Table  10.1  summarizes the different helicases and their respec-
tive interaction partners.   

   BER and WRN Helicase 

 BER protects the genome from damages caused by oxidation, alkylation, or deami-
nation  [  83–  85  ] . BER can be divided into two different subpathways: short-patch 
BER and long-patch BER. Short-patch BER comprises the repair of one base 
whereas in long-patch BER a longer DNA fragment of several bases is replaced. In 
principle BER consists of a simple elegant mechanism that is highly conserved 
between pro- and eukaryotes and only four proteins are required for completion of 

  Fig. 10.7    The BER pathway. In short-patch BER damage recognition is achieved by a DNA gly-
cosylase which removes the base by cleavage of the N-glycosidic bond. Subsequently AP endonu-
clease creates a 5 ¢  nick which is  fi lled by DNA polymerase  b  and sealed by DNA ligase III. In 
long-patch BER DNA pol  b  or  d  is recruited to the site created by APE1 and a longer stretch of 
DNA is unwound which is subsequently a substrate for the endonuclease FEN-1 that speci fi cally 
recognizes  fl ap structures and is required for long-patch BER. Possible roles of the WRN helicase 
are indicated. The WRN protein stimulates DNA pol  b  strand displacement and synthesis in a 
helicase-dependent manner. In addition WRN is negatively regulated by APE1 thereby impairing 
unspeci fi c unwinding. Lastly, WRN directly stimulates the activity of FEN-1       
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repair  [  86  ] . At  fi rst the DNA damage is recognized by one of the many DNA glyco-
sylases, which is cleaving the N-glycosidic bond thus removing the damage and 
leaving an apurinic or apyrimidinic site (AP). The AP site is a substrate for the 
AP-speci fi c endonuclease APE1 which incises the AP site and generates a 3 ¢ OH 
and a 5 ¢ -deoxyribose phosphate (5 ¢ dRP). In short-patch repair DNA polymerase  b  
removes the 5 ¢ dRP and utilizes the 3 ¢  end for replication. The resulting nick is sealed 
by a DNA ligase (DNA ligase III). In long-patch BER DNA pol  b  or  d  is recruited 
to the site created by APE1. A longer stretch is then unwound that is subsequently 
a substrate for the endonuclease FEN-1, which speci fi cally recognizes  fl ap struc-
tures and is required for long-patch BER  [  87–  89  ] . 

 Werner syndrome (WS) is an autosomal recessive disorder that causes segmental 
progeria and was mapped to the WRN protein. WRN is a SF2A helicase that also 
contains exonuclease activity. WS patients are characterized by premature develop-
ment of atrophic skin, thin gray hair, osteoporosis, type II diabetes, cataracts, arte-
riosclerosis, and cancer  [  90,   91  ] . WRN helicase has been shown to interact with 
many of the proteins involved in BER  [  92  ] , and it has been suggested that aging is 
correlated to a defect in the repair of oxidative damage  [  93–  97  ] . WRN interacts with 
DNA pol  b  and  d , PCNA, RPA, and FEN-1  [  92  ] . The WRN helicase activity itself 
stimulates DNA pol  b  strand displacement and synthesis  [  92  ]  in a helicase-depen-
dent manner. WRN is also negatively regulated by APE1 prohibiting unspeci fi c 
unwinding thus providing a basis for WRN involvement in BER  [  98  ] . Also WRN 
directly stimulates the activity of FEN-1  [  92  ] . The possible roles of WRN helicase 
are exempli fi ed in Fig.  10.7 . However, compared to the precise functions described 
for the helicases in the other DNA repair mechanisms the role of WRN in BER 
remains speculative and requires further analysis.       
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  Abstract   On the basis of the familial name, a “helicase” might be expected to have 
an enzymatic activity that unwinds duplex polynucleotides to form single strands. 
A more encompassing taxonomy that captures alternative enzymatic roles has de fi ned 
helicases as a sub-class of molecular motors that move directionally and processively 
along nucleic acids, the so-called “translocases”. However, even this de fi nition may 
be limiting in capturing the full scope of helicase mechanism and activity. Discussed 
here is    another, alternative view of helicases—as machines which couple NTP-
binding and hydrolysis to changes in protein conformation to resolve stable nucleo-
protein assembly states. This “molecular switch” role differs from the classical view 
of helicases as molecular motors in that only a single catalytic NTPase cycle may be 
involved. This is illustrated using results obtained with the DEAD-box family of 
RNA helicases and with a model bacterial system, the ATP-dependent Type III 
restriction-modi fi cation enzymes. Further examples are discussed and illustrate the 
wide-ranging examples of molecular switches in genome metabolism.      

   What Is a Helicase and What Is Its Relationship to a Motor? 

 As introduced in Chap.   1      [  1–  5  ]  helicases comprise a large and important group of 
molecular machines that play numerous roles in genome maintenance. They are 
modular and are often combined with other domains and enzyme activities. Their 
diverse roles have arisen from this adaptability  [  6  ] . Helicases are commonly per-
ceived as exclusively strand-separation enzymes, unwinding duplex polynucleotides 
to produce ssDNA or ssRNA as intermediates for genetic processes. It is perhaps 
less well appreciated that helicases can also play additional roles: as motor enzymes 
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that translocate intact dsDNA (i.e. without any  bona   fi de “helicase” activity)  [  7–  9  ]  
(Chaps.   12     and   13    ); or as non-processive molecular switches (i.e. without any  bona  
 fi de “motor” activity)  [  3,   10–  12  ] . It is the latter role that is the subject of this 
chapter. 

 On the basis of bioinformatic analysis, helicases can be identi fi ed from the pres-
ence of characteristic amino acid motifs and subdivided into Superfamily groups 
(e.g., SF1, SF2, etc.)  [  1,   2,   13  ] . This categorization can, to some extent, help de fi ne 
the activity of these enzymes, i.e., sharing speci fi c motifs with a known and charac-
terised enzyme can be a strong predictor of activity. However, SF de fi nitions cannot 
always predict whether a helicase will be a true helicase or not. All helicase-based 
proteins, regardless of their role, are built around a similar core protein architecture 
 [  2,   5  ] ; they all contain at least two adjacent RecA-like folds which, in combination 
with the characteristic motifs, form one or more ATP-binding clefts. A shared 
mechanistic feature is that ATP binding drives conformational changes that alter the 
relative positions of the RecA folds which are then coupled to mechanical manipu-
lation of a polynucleotide  [  14  ] . Subsequent ATP hydrolysis and ADP/phosphate 
release allows the enzyme to re-set. This can be viewed as a single kinetic cycle. 
The question of whether the helicase is a motor or a switch comes down to how this 
cycle is coupled to the DNA or RNA, and the number of cycles required for the 
biological role of the enzyme. 

 An ATP-fuelled molecular motor can be de fi ned on the basis of repetitive ATPase 
cycles that produce processive and directional movement along a polymer track. For 
many of the true helicases the underlying motor activity involves directed move-
ment on ssDNA or ssRNA that leads to unwinding of a downstream duplex region. 
Convincing models have been proposed for how such coupling can occur (see 
below)  [  2,   14–  17  ] . For other helicases, the underlying motor activity is coupled to 
directed movement along intact dsDNA or dsRNA. These helicases are not required 
to unwind the duplex but instead use the processive motion to remodel polynucle-
otide structures  [  18  ] , or nucleoprotein complexes  [  19  ] , or to move protein domains 
along a genome (see below)  [  9  ] . It has been suggested that the helicases would be 
better de fi ned as “translocases”  fi rst, with a subset being helicases in the true sense 
 [  2  ] . However, there are also helicases being characterised that do not have measure-
able translocase activity—they do not move directionally along a track—and where 
even a single catalytic cycle and thus a single ATP may be suf fi cient for their bio-
logical role. These are the helicases acting as molecular switches.  

   What Is a Molecular Switch and What Is Its 
Relationship to a Motor? 

 The concept of a molecular switch is most commonly illustrated based on the activ-
ity of the small monomeric GTPases (the G-proteins), for which such activity was 
 fi rst de fi ned  [  20  ] . These enzymes can switch between bistable states as a function of 
GTP hydrolysis and GDP release, and so in fl uence signalling cascades (Fig.  11.1 ). 

http://dx.doi.org/10.1007/978-1-4614-5037-5_12
http://dx.doi.org/10.1007/978-1-4614-5037-5_13
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It has been long appreciated that molecular switches and motors share many  common 
features  [  21,   22  ] . At one level, there is a common underlying protein fold; they can 
all be classi fi ed as P-loop NTPases  [  23,   24  ] ,  a - b  proteins that contain  fi ve  b -strands 
arranged in a central core sandwiched by  a -helices on both sides. This large and 

  Fig. 11.1    Comparison of the domain motions and metastable states in the kinetic cycles of molecu-
lar switches and motors. In both examples the rate-liming transitions are in  grey . ( a ) Diagrammatic 
representation of a monomeric small GTPase  [  20  ] . The nucleotide-free form of the G-protein has a 
relaxed and open nucleotide binding cleft. GTP binding to four distinct regions (G-1 to G-4, not 
shown) by a network of cooperative hydrogen bonds closes the cleft. The G-protein is now “switched 
on”. The cleavage of the b–g phosphoanhydride bond is rate-limiting but NTPase activating proteins 
(GAPs) can accelerate this step  [  25  ] . Phosphate release is fast, leading to the stable ADP-bound 
state. Speci fi c residues in G-2 and G-3, Switch I and II respectively, act as phosphate sensors and 
swing out in response to phosphate release. This partial disordering leads to conformational changes 
and the G-protein is now “switched off”. Dissociation of GDP is rate-limiting but can be accelerated 
by nucleotide exchange factors (NAPs). At the end of the cycle the protein returns to the nucleotide-
free ground state. ( b ) Diagrammatic representation of the ATPase cycle of monomeric PcrA during 
a single nucleotide step along an ssDNA  [  14,   26  ] . The 1A (N-core) and 2A (C-core) RecA folds are 
shown in  light  and  dark blue , respectively. For illustrative purposes the connection between the 
RecA folds and other domains involved in coupling to unwinding is not shown. DNA is shown as a 
series of  boxes , with each nucleotide numbered. In the nucleotide-free state, the cleft between the 
RecA core is open. DNA contacts are made as shown across a 5 nt footprint, with DNA base #3 
 fl ipped into an amino acid pocket, shown in 1A ( white triangle ). ATP binding causes domain rota-
tion and closure, altering the DNA contacts including ejecting base #3 from the pocket. ATP 
 hydrolysis is rate-limiting but is accelerated by DNA binding through conformation changes that 
favours Mg 2+  binding and a concomitant repositioning of the g-phosphate  [  27  ] . Fast phosphate 
release following the hydrolysis step leads to a stable ADP-bound state. The structural details of this 
state are unknown so the cartoon is speculative. Rate-limiting ADP release opens the cleft and 
recti fi es the DNA contacts, with a new base (#4) entering the pocket in 1A. The enzyme has moved 
one nucleotide 3 ¢ -5 ¢  along the DNA       
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populous grouping can be further divided in two; in one sub-group, which includes 
the GTPases, the strand leading to the P-loop (containing the Walker A consensus 
sequence) and the Walker B strand are direct neighbours; in the other sub-group, 
including the helicases as well as AAA+ and ABC enzymes, there is an additional 
strand inserted between the P-loop strand and the Walker B strand. Within the 
GTPase sub-group, motors and switches even share some amino acid motifs  [  21  ] ; 
the switch I and II residues of the G-proteins are important sensors of the catalytic 
state (Fig.  11.1 ) and equivalent residues are also found in the cytoskeletal kinesin 
and myosin motors.  

 At a second level, the switches and motors share mechanistic features, in that 
they both cycle between metastable states in which nucleotide binding and hydroly-
sis drive protein conformational changes which can be summarised as the closing 
and opening of an NTP-binding cleft. For the G-proteins, the major states (those 
most occupied during the catalytic cycle) are the GTP- and GDP-bound states (cor-
responding to the “on” and “off” states, respectively, with regards to the activation 
of downstream signalling partners)  [  20  ] . GTP hydrolysis is relatively slow (10 −2  to 
10 −3  min −1 ), but is accelerated by many orders of magnitude by interaction with 
NTPase activating proteins (NAPs). This activation results from the NAPS supply-
ing  in trans  a catalytically important arginine residue (the “arginine  fi nger”) that 
coordinates the g-phosphate of the bound nucleotide and stabilises the transition 
state  [  25  ] . Phosphate release is then rapid leaving the stable GDP bound state. Rate-
limiting GDP release is then accelerated by NDP exchange factors (NEFs)  [  20  ] . At 
physiological GTP concentrations, re-binding is rapid and the nucleotide-free state 
is short-lived. 

 The helicases also cycle between metastable states  [  14  ] . For example, during 
translocation on ssDNA, the UvrD/PcrA class of SF1A helicases occupies two 
major states  [  26  ] . ATP hydrolysis is rate-limiting, so that the ATP bound state is 
long-lived. This step is accelerated by DNA binding  [  27  ] . Although the DNA is not 
an NAP in the G-protein sense—it does not supply a catalytic residue, the equiva-
lent arginine  fi nger residue being found in Motif VI in the C-core RecA fold  [  15  ] —
it can be considered as such by its overall role. This analogy of the polymer track 
acting as an NAP for a translocating motor has been forwarded previously  [  21  ] . 
Following the hydrolytic step, phosphate release by the helicase is fast, leading to 
an ADP-bound state which decays at a similar rate to the hydrolytic step  [  26  ] . It is 
not clear if the DNA acts as a NEF at this stage. Rather than being coupled to “on” 
and “off” states per se, the ATP cycle is coupled to changes in DNA contacts which 
drives the motor along the track  [  14  ] , in this case in a 3 ¢ -5 ¢  direction. With changes 
to the nucleic acid contacts, a similar cycle can also drive a motor in the opposite 
polarity, 5 ¢ -3 ¢   [  17  ] . 

 It could be argued that one feature that distinguishes a motor from a switch is that 
by the end of the cycle the helicase has advanced one step along a track to a new 
location, whereas a switch returns to the beginning. Nonetheless, some switches 
may act as part of larger complexes and at the end of their catalytic cycle may also 
be in a new state, a later conformational switch being required to dissemble the 
complex. The difference is that a motor is poised to make a further step. Additionally, 
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by making multiple directed steps a motor can do work against an increasing load, 
which can cause alterations in cycle rates or even back steps  [  28  ] , that may not be 
observed with switches. Generally speaking, the hydrolytic rates of switches are 
signi fi cantly lower than translocating motors. But caution needs to be used as some 
 bona  fi de  helicases are studied in an autoinhibited state. Inclusion of the correct 
substrate or protein partner is required to unmask a more vigorous ATPase activity. 
Even so, some motors can have quite modest activated NTPase activities  [  29  ] . 

 Clearly, parallels can be drawn at a number of levels between motors and 
switches. However the textbook view of a helicase is nearly always of an enzyme 
that ploughs through dsDNA or dsRNA, separating the strands in a stepwise man-
ner. Can a true helicase ever be a single step switch? Or alternatively, could molecu-
lar switch activity allow alternative roles for a helicase other than unwinding or 
translocation? As it turns out, the answer to both these questions can be yes.  

   DEAD-Box Helicases as Molecular Switches 
That Unwind and Remodel RNA 

 The DEAD-box helicases are the largest family of closely related helicases and 
belong within the SF2 classi fi cation  [  3,   10  ] . They have a broad genetic remit in RNA 
metabolism, in fl uencing the folding of RNA and the assembly of RNPs in many 
processes, including transcription, mRNA splicing, ribosome biogenesis, RNA stor-
age transport and decay, and translation. Whilst other SF2 enzymes are ssRNA trans-
locases (e.g., hepatitis C virus NS3 helicase)  [  30  ]  and others appear to be dsRNA 
translocases (e.g., RIG1)  [  31  ] , there is mounting evidence that the DEAD box heli-
cases act as single-step molecular switches  [  3,   10  ] . They can be characterised by up 
to 12 speci fi c amino acid motifs—the nomenclature of this group deriving from the 
primary amino acid sequence of the Walker B Motif/Motif II (rather than any allu-
sion to apoptosis or cell death). Structurally they fold to form the familiar dual RecA 
cores but interact with a bent RNA conformation entirely through sugar-phosphate 
backbone contacts  [  32  ] . Additional RNA interactions can be made by associated 
RNA recognition motifs (RRMs). They are believed to act as monomeric machines, 
although they are often found as part of much larger enzyme systems. 

 Some DEAD box enzymes are  bona  fi de  helicases—their role in the cell is to 
unwind short segments of dsRNA. RNA unwinding by these helicases is generally 
limited to segments of no more than 10–12 bp, consistent with their cellular sub-
strates. As noted above, one of the hallmarks of a translocating motor is directional 
motion along the polynucleotide track, 3 ¢ -5 ¢  or 5 ¢ -3 ¢ . However, whilst many DEAD 
box helicases are stimulated by ssRNA overhangs, there is no polarity preference 
and the ssRNA segments do not even need to be covalently connected to the dsRNA 
as long as they are proximal in space  [  33–  35  ] . It appears that the ssRNA merely acts 
to load the helicase onto the dsRNA. These studies also con fi rmed that whilst these 
helicases can unwind dsRNA, they do so without apparent translocation. Instead the 
strands are pulled apart in a single-step process termed “local strand separation” 
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(Fig.  11.2 )  [  35  ] . DEAD box helicases that remodel RNPs by displacing the protein 
component appear to also act without necessity for polar translocation and similar 
mechanisms may be involved  [  3  ] .  

 The kinetic cycle of RNA unwinding by a number of DEAD box helicases has 
been examined with varying degrees of detail  [  36–  40  ] . For all of these enzymes, 

  Fig. 11.2    Molecular switch activity of the DEAD box RNA helicases. ( a ) A diagrammatic repre-
sentation of the ATPase cycle during dsRNA unwinding by DEAD box helicases  [  3,   37  ] . The N-core 
and C-core RecA folds are shown in  light  and  dark blue , respectively. For illustrative purposes the 
connection between the RecA folds and other domains involved in RNA and protein binding are not 
shown. ATP binding to the dsRNA-bound helicase produces domain rotation and closure leading to 
a stable state in which the RNA is distorted. The route of the next step depends on the enzyme 
examined. For Cyt19 and Ded1  [  34,   35,   38,   40  ] , the ATP binding leads directly to RNA distortion 
and spontaneous strand separation  without  ATP hydrolysis. The enzyme is then stuck in a metasta-
ble ssRNA-ATP state and hydrolysis/product release is required for turnover. Alternatively for 
DbpA  [  36,   37  ] , a reversible hydrolytic step cycles between states with different degrees of RNA 
distortion. The hydrolysed state is suf fi ciently distorted to allow spontaneous dissociation of the 
unwound strand. Phosphate release is rate-limiting, leading to a second long-lived state. ADP 
release is then rapid, allowing dissociation of the second RNA strand and enzyme recycling. ( b ) A 
molecular clamp role for the Dbp5 helicase and the role of activating factors  [  3,   45  ] . Binding of 
mRNA and ATP by Yeast Dbp5 in the nucleus causes conformation transitions that remodel the 
RNA and associated proteins. Following transport to the cytoplasm via the nuclear pore (not shown), 
ATP hydrolysis and phosphate release lead to a metastable ADP·RNA state. Rate-limiting release of 
the RNA is accelerated by the binding of inositol hexakisphosphate (IP 

6
 ) and nuclear pore associ-

ated protein Gle1. The rate-limiting release of ADP is then accelerated by binding of nucleoporin 
Nup159. The protein cofactors are released and Dbp5 recycles to the nucleus       
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ATP stabilises a tight RNA-binding state. What happens next depends on the enzyme 
(Fig.  11.2a ). For Cyt19, YxiN and Ded1, distortions in the dsRNA in the ATP-
bound state cause local strand separation which, given the small number of base 
pairs, leads to spontaneous strand separation (Fig.  11.2a )  [  38–  40  ] . The role of ATP 
hydrolysis is to release the enzyme from the ssRNA to allow another catalytic cycle. 
Consequently non-hydrolysable ATP analogues can bring about unwinding but not 
enzyme turnover. The ATPase cycle can also become uncoupled from unwinding, 
so that the number of ATPs consumed per unwinding event can be >1. Nonetheless 
the coupling ratio is independent of duplex length, up to a maximum beyond which 
the enzymes cannot unwind  [  3  ] . The actual structural transitions that bring about 
strand separation have yet to be captured although some specialised roles for protein 
structural elements have been proposed  [  41  ] . 

 In contrast, for the DbpA helicase ATP binding  and  hydrolysis is required for unwind-
ing (Fig.  11.2a )  [  36,   37  ] . A reversible ATP hydrolysis step cycles the enzyme between 
two major states, with the dsRNA being distorted in the ATP-bound state and being 
partially unwound in the ADP·Pi state. Fast spontaneous dissociation of the partially 
unwound strand then produces a long-lived ADP·Pi·ssRNA state which decays by rate-
limiting phosphate release. The ADP·ssRNA form then rapidly dissociates to turnover 
the enzyme and release the ssRNA. A similar pathway with slightly different occupancy 
of the states has been shown for Mss116  [  42  ] . It is argued that unwinding events in the 
absence of ATP hydrolysis may represent slower off-pathway states that are not accessed 
under optimised conditions. Thus there are conceptual differences in these models as to 
the extent of DNA unwinding in the ATP state and whether ATP hydrolysis is required 
for unwinding in the cell. It remains to be seen whether there is a common mechanism 
or whether individual enzymes have unique mechanisms where unwinding is either 
coupled exclusively to ATP hydrolysis, or to either hydrolysis or binding. 

 As with the G-proteins, the timing of exit from a stable state can be altered. 
Whilst RNA binding stimulates ATP hydrolysis (possibly acting as an NAP by 
removing an autoinhibitory domain contact  [  43  ] ), other proteins factors can inhibit 
the hydrolysis, extending the lifetime of the ATP·RNA state. By arresting the cycle 
at this point, an “RNA clamp” can be produced which will only progress when a 
particular biochemical cue is available  [  3  ] . For example, eIF4AIII plays an impor-
tant role in assembling core protein factors onto the exon-junction complex (EJC) 
and this role requires ATP binding  [  44  ] . The binding by a heterodimer of two of 
these core factors, MAGOH and Y14, inhibits completion of ATP hydrolysis, pos-
sibly at the ADP/Pi release step. This may play a role in maintaining the nucleopro-
tein complex during export into the cytoplasm. 

 Alternatively, the DEAD box ATPase may require activation to overcome auto-
inhibition  [  3  ] . For example, Dbp5 which is involved in the remodelling of nucleo-
proteins on mRNA and assists in its export from the nucleus, needs to interact with 
inositol hexakisphosphate, and the protein cofactors Gle1 and Nup159 in the cyto-
plasm to facilitate mRNA release and enzyme turnover following ATP hydrolysis 
(Fig.  11.2b )  [  45  ] . These factors can be considered as NEFs, facilitating exit from a 
tightly-bound product state. 
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 The DEAD box helicases are a fascinating example of the diversi fi cation of heli-
case function and mechanism. As more of this enzyme family is examined, the 
number of roles is likely to also increase, promising to reveal additional roles for 
helicase domains. It will be important to pursue in-depth structural analysis of the 
different states during the catalytic cycle, to identify how the switch between those 
states can be accelerated or inhibited to elicit cellular control.  

   The Bacterial RM Enzymes as Models for Helicase-Driven 
Long-Range Motion on DNA 

 Restriction-modi fi cation (RM) enzymes are widely distributed in the kingdom 
Monera and defend against bacteriophage infection  [  46,   47  ] . They can be classi fi ed 
into different “Types” on the basis of gene composition, cofactor requirements and 
mechanism  [  48  ] ; the Type I and III RM enzymes both contain domains with SF2 
helicase motifs and folds  [  49,   50  ] . (It should be noted that there are nonetheless dis-
tinctive differences in the sequences of the motifs and in the arrangement of domain 
insertions in the RecA fold)  [  50  ] . Type I enzymes consist of a core methyltransferase 
(MTase), comprised of HsdM and HsdS subunits in the ratio M 

2
 S 

1
 , and two HsdR 

subunits  [  51–  53  ] . The HsdR polypeptides are the fusions of an endonuclease domain, 
an SF2 helicase domain and an MTase-interaction domain  [  50,   54,   55  ] . 

 The Type III enzymes have a similar architecture, consisting of two core Mod 
MTase subunits and either one or two Res subunits, the latter containing the heli-
case-nuclease domains  [  56,   57  ] . The nuclease activities of both Type I and III 
enzymes are ATP-dependent—mutations in the characteristic SF2 motifs prevent 
both ATP and DNA hydrolysis  [  58–  60  ] . The role of the helicase domains is to facili-
tate the long-range communication between pairs of RM enzymes, which may occur 
over many thousands of base pairs. This communication event is required to trigger 
the cleavage activity and has likely evolved as a “double-check” mechanism to help 
prevent accidental cleavage of host DNA when unmodi fi ed recognition sites arise, 
i.e. two or more unmodi fi ed sites must be present to allow cleavage  [  61  ] . 

 The Type I and III systems were the  fi rst RM enzymes to be puri fi ed in 1968 and 
were shown to require ATP for DNA cleavage  [  62–  69  ] , although it was more than 
20 years before they were identi fi ed as having helicase domains  [  49  ] . It was noted 
early on that the ATPase activity of the Type III enzymes was >1,000-fold lower 
than the Type I enzymes  [  68,   70  ] , although it was unclear if ATP hydrolysis or just 
ATP binding was required by the Type III enzymes. Both Types recognised asym-
metric sequences but cleaved DNA at non-speci fi c loci which in some cases could 
be thousands of base pairs distant from the site  [  71  ] . On this basis a role for ATP 
hydrolysis in moving the enzymes along DNA was suggested as early as 1974  [  72  ] . 
Subsequent EM analysis with the Type I enzymes provided evidence for the forma-
tion of DNA loops, and a model for motion on DNA by loop translocation was 
formulated (Fig.  11.3 )  [  73–  76  ] . In this model a Type I RM enzyme forms a tightly 
bound complex with its recognition site whilst an HsdR subunit is attached on 
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either side of the complex. The helicase domains of the HsdR subunits then start to 
 translocate along the DNA away from the site, so pumping the DNA into two 
expanding loops of negatively supercoiled DNA (Fig.  11.3 ). Cleavage occurs when 
two converging motors collide  [  77  ] .  

 The loop translocation model has been robustly demonstrated for the Type I 
enzymes using in vivo assays  [  78,   79  ] , and both ensemble and single molecule 
assays  [  9,   80–  83  ] . However, no evidence for strand separation has been found and 
translocation on interstrand crosslinked DNA has been taken as evidence that the 
Type I enzymes are monomeric dsDNA translocases, i.e. they move on intact duplex 
DNA  [  9  ] , similar to the chromatin remodelling enzymes (Chap.   13    ). One ATP was 
required to move one base pair  [  81  ] , suggesting that similar domain motions drive 
dsDNA motion as suggested for ssDNA motion by the SF1 unwinding enzymes 
(Fig.  11.1b ). This 1:1 coupling explains the high ATPase activity of Type I enzymes, 
since cleavage often requires DNA communication between a pair of sites over 
thousands of base pairs, hence requiring the consumption of thousands of ATPs. 

 The mechanism of long-range communication for the Type III enzymes has 
proven much more elusive  [  11,   84  ] . Early work was hampered by the low ATPase 
activity and dif fi culties in coupling ATPase rates with cleavage rates. This was 
partly a problem with the use of DNA substrates with different numbers and arrange-
ments of sites, but was subsequently clari fi ed when DNA cleavage was shown to 
strictly require a pair of recognition sequence in inverted repeat orientation (i.e. 

  Fig. 11.3       Helicase domains in Type I restriction-modi fi cation enzymes catalyse dsDNA translo-
cation. The mechanism of helicase-dependent dsDNA translocation for the Type I RM enzymes  [  9, 
  53,   73–  76,   81,   83,   97  ] . Initial recognition of an asymmetric speci fi c DNA site ( grey box ) by the 
MTase domain ( green box ) loads the monomeric helicases (HsdR,  blue circle ) onto the adjacent 
DNA on both sides of the site. This open conformation then changes to the closed conformation, 
producing the initiation state. This transition may or may not require ATP binding/hydrolysis. In 
the initiation state, each helicase starts to translocate away from the complex, principally using 
contacts to the 3 ¢ -5 ¢  strand of intact dsDNA, whilst the MTase remains bound at the site. Each 
helicase acts as an independent motor, using one ATP to move 1 bp. As translocation continues, 
two different-sized expanding loops of DNA are produced. Because the helicase moves in 1–2 bp 
steps, the DNA is rotated during translocation and the expanding loops are negatively supercoiled. 
Upon collision with a converging Type I enzyme, the nuclease domains are activated to cleave 
DNA at the distant collision site (not shown)  [  77  ]        
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arranged head-to-head or tail-to-tail), with sites in direct repeat (i.e. head-to-tail) 
resistant to hydrolysis  [  85–  87  ] . The sites need to be on the same DNA but could be 
thousands of base pairs apart  [  88  ] . This is a form of “site orientation selectivity” as 
also observed in some recombinases where DNA topology rather than ATP is used 
to bias the interactions. 

 The production of homogeneous Type III enzyme preparations of suf fi cient 
activity in the 1990s allowed the absolute requirement for ATP hydrolysis to be 
con fi rmed  [  85  ] . The communication between a pair of sites was tested by binding a 
Lac repressor between the sites  [  85  ] . This inhibited cleavage, suggesting a 1-D route 
for communication. By analogy with the Type I communication scheme, it was 
proposed that Type III RM enzymes communicate via a loop translocation mecha-
nism in which the helicase domains (in Res) translocate in one direction from the 
site whilst the DNA recognition domain (in Mod) remains at the site. Rather than 
the bidirectional model shown in Fig.  11.3 , it was expected that translocation would 
have a de fi ned polarity based on the recognition site orientation. A related model 
based on stepwise translocation without looping has also been suggested  [  89  ] . 

 Evidence supporting a role for DNA loop formation during translocation has 
been obtained using Atomic Force Microscopy  [  90–  92  ] . However, other ensemble 
and single molecule experiments have, despite much effort, been unable to corrobo-
rate the formation of loops. In particular, a magnetic tweezers assay showed that 
DNA stretched by up to 1.5 pN is cleaved at a rate equivalent to that of relaxed DNA 
without evidence for the formation of loops of >1 s lifetime  [  93  ] . Regardless of loop 
formation, it has also not been possible to  fi nd any other evidence for processive 
dsDNA translocation  [  87,   93,   94  ] . Firstly, although the movement along DNA of 
many  bona  fi de  dsDNA translocases can be measured using the triplex displacement 
assay  [  80  ] , Type III enzymes do not displace the triplexes and, in fact, can by-pass 
them ef fi ciently  [  93  ] . Secondly, the recurrent problem with applying translocation 
schemes is that the ATPase activity is lower than expected  [  11  ] . For example, PstII 
hydrolyses ~40 ATP/min yet can cut a DNA with two sites 1,100 bp apart in <10 s 
 [  95  ] . For a translocation model this equates to ~80 bp moved per ATP, a ratio not 
easily reconciled to dsDNA translocation models based on our current understand-
ing of helicase structure and the coupling of metastable states to the nucleic acid 
track. Thirdly, it is dif fi cult to explain based on unidirectional translocation how the 
Type III enzymes can achieve their reported site orientation selectivity  [  11  ] . 

 The magnetic tweezers study also revealed another important observation  [  93  ] . 
In the microscope  fl ow cell where a linear DNA is attached at one end to a glass 
surface and at the other end to a magnetic bead, endonuclease activity was as 
ef fi cient as freely diffusing plasmid DNA. In comparison, linear DNA in bulk solu-
tion was a poor substrate for endonuclease activity unless the DNA ends were 
“capped”, for example with a bulky protein moiety. This suggested that DNA ends 
were a site of accelerated dissociation from the DNA, despite the fact that they were 
distant from the recognition sites and located both up- and downstream. These 
results suggested that motion on DNA was bidirectional. However, for the Type I 
enzymes, bidirectional loop translocation results in cleavage that is independent of 
relative site orientation  [  96,   97  ] . 
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 To account for these observations a new model was proposed in which the Type 
III helicase domain acts a molecular switch rather than a processive translocase 
(Fig.   11.4 )  [  11,   93  ] . In this model the role of ATP hydrolysis is to enable a confor-
mational switch from a speci fi c DNA binding mode into a non-speci fi c “DNA slid-
ing” mode. Sliding is a process in which a protein remains bound to DNA, most 
likely via weak electrostatic interactions, but where the activation energy to move 
from one site to an adjacent site without releasing the DNA is less than ~2•k 

B
  T  

 [  98–  100  ] . Sliding is therefore thermally activated, and results in both “backwards” 
and “forwards” steps with equal probability (assuming a uniform energy landscape, 
which may not always be the case on DNA).  

 Upon hydrolysing ATP, the Type III enzyme leaves its site, and starts to move 
randomly on the DNA (Fig.   11.4 ). Because sliding is thermally activated and thus 
directionally randomised, on linear DNA the enzyme will occasionally approach a 
DNA end. If uncapped, the enzyme will dissociate and thus cleavage is less ef fi cient 
as the total sliding lifetime (the time to search for another Type III enzyme) is 
shorter (Fig.   11.4 ). Occasionally the enzyme will collide with a second Type III 

  Fig. 11.4    Possible role for the helicase domains in the Type III restriction-modi fi cation enzymes as 
a molecular switch that initiates DNA sliding  [  11,   93  ] . ( Upper panels ) Recognition of an asymmet-
ric speci fi c DNA site by the Mod subunits ( green rectangle ) leads to directional loading of the 
helicase Res subunit(s) ( blue ellipsoid ) onto the adjacent non-speci fi c DNA on  one side  of the site. 
This forms a stable recognition state that activates ATP hydrolysis, leading to a conformational 
switch into the sliding mode, shown here as release of Mod from the site (although the exact details 
are unknown). ATP hydrolysis is no longer required as motion is random, driven by thermal energy. 
Because the Res subunit does not release the DNA, the directionality of the original loading orienta-
tion is maintained (note the order of the blue segments). ( Lower panels ) Upon reaching a free DNA 
end, the motor can lose DNA contacts and dissociate more rapidly than from internal sites. Upon 
reaching another Type III enzyme bound to a site  in the opposite  orientation, interaction of the Res 
subunits and further ATP hydrolysis produces DNA cleavage, the motor at the site cutting the “top” 
strand, the sliding motor cutting the “bottom” strand. This produces a dsDNA break 25–27 bp away 
from one side of the site. Upon reaching another Type III enzyme bound to a site  in the same  orienta-
tion, the Res subunits cannot interact correctly and DNA cleavage cannot occur       

 



236 M.D. Szczelkun

enzyme bound to a site. Where this enzyme is correctly oriented, further ATP hydro-
lysis leads to DNA cleavage (Fig.   11.4 )  [  56  ] . Because ATP is only consumed at 
initiation and cleavage, and sliding requires no chemical input, the ATPase rates 
will appear low and independent of distance  [  93  ] . Where collision occurs with an 
incorrectly oriented enzyme (Fig.   11.4 ), the    Res subunits cannot interact and cleav-
age is not activated. Collisions between sliding enzymes away from their sites is 
either rare (due to the large differences in rates for initiation and sliding)  [  93  ]  or 
non-productive. The role of the ATP hydrolysis at the cleavage step may be a check 
to ensure that one enzyme is bound to a site. 

 The sliding model is consistent with much of the published data in the literature, 
and provides a straightforward explanation for site orientation selectivity as well as 
for cleavage site preference  [  11,   94  ] . The notable exceptions are the AFM studies 
which support a more important role for DNA loop formation and DNA transloca-
tion  [  84,   90–  92  ] . These anomalies remain to be reconciled. To provide direct dem-
onstration of DNA sliding, single molecule  fl uorescence microscopy has been used 
to observe single labelled proteins. Similar studies are now underway with the Type 
III RM enzymes (Ralf Seidel and Friedrich Schwarz, unpublished data). 

 At a fundamental level, almost every protein that interacts with DNA will do so 
via multiple interactions with random non-speci fi c sites and will move between 
those sites by “facilitated-diffusion”  [  101,   102  ] . DNA Sliding is one pathway for 
facilitated-diffusion and there has been a heated debate as to its relative contribu-
tion compared to alternative 3-D routes (“hopping”, “jumping”, etc.)  [  102,   103  ] . 
A central criticism of sliding is that it is an inef fi cient way to get from A to B. 
Because there is a quadratic dependence between the numbers of steps needed to 
move a given distance, sliding could be inexorably slow. However, measurements 
of putative 1-D sliding events suggest stepping rates of 1 × 10 7 –1 × 10 9  min −1   [  100, 
  104–  106  ] . Returning to the PstII example  [  95  ] , this would correspond to 0.6–30 s 
to move 1,100 bp between the sites. This is similar to what Type I motors can 
achieve using fewer, but slower, directed steps and only by consuming thousands 
of additional ATPs. 

 Even if sliding is fast, the off-rate must be correspondingly slow, e.g., PstII would 
need to remain on the DNA long enough to take the ~1.2 × 10 6  steps required to 
move 1,100 bp. Many obligatory sliding factors, such as the replication processivity 
factors, achieve high processivity by forming a ring structure clamped around the 
DNA  [  107  ] . It is tempting to speculate that whilst sliding may only play a short-
range role in searching for a site  [  103  ] , when communication must occur with a 
de fi ned orientation and initiate from a de fi ned location, the sliding process must be 
licensed by ATP binding and hydrolysis (see below). 

 The question of how conformational changes in the Type III helicase domain(s) 
produce the switch from recognition to sliding remains open. It is possible that the 
ATPase activity is used to assemble a toroidal protein structure to increase DNA 
binding lifetime whilst reducing DNA contacts. It may be that the helicase subunits 
form the clamp (Fig.   11.4 ). Recent data suggests that only a single Res subunit is 
required for ef fi cient cleavage activity  [  57  ] , and monomeric “sliding clamps” do 
exist  [  104  ] . Alternatively, the helicase may act to remodel the methyltransferase 
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domain. There is currently no X-ray crystallographic structure of a Type III RM 
enzyme. Although there are differences in the helicase motifs between the Type I 
and III enzymes  [  50  ] , it is likely that the helicase domains will look similar. Only a 
structure of the full protein complex bound to dsDNA will suf fi ce in explaining how 
a helicase can produce an ef fi cient sliding machine.  

   Other ATPases with Switch and Clamp Roles 

 There are many other examples of NTP hydrolysing protein machines for which it 
is dif fi cult to explain a role for chemical energy in producing directional stepwise 
translocation, and in which molecular switch roles have instead been invoked  [  12, 
  108  ] . Some of these are closely related to the RecA-based NTPases and share struc-
tural folds  [  23  ] , for example the ABC transporter family. Others such as the GHKL 
(gyrase, Hsp90, histidine kinase, MutL) superfamily are unrelated to the canonical 
ATP binding folds  [  24  ] . Some of these ATPases collaborate with helicases as part of 
larger nucleoprotein complexes. A noteworthy observation is that many of these 
switch mechanisms seem to involve protein complexes with multiple ATP binding 
sites  [  12  ] . Whilst some nucleotide may be required for hydrolysis, others may be 
used in purely allosteric roles. 

 Of particular relevance to the developing story of the Type III RM sliding mecha-
nism are the bacterial mismatch repair proteins MutL (GHKL family ATPase) and 
MutS (ABC family ATPase) and their eukaryotic homologues  [  109,   110  ] . In both 
proteins the nucleotide binding pockets are composite being formed by the sharing 
of catalytic residues from separate domains across a dimer interface  [  111,   112  ] . 
Thus binding of one or two nucleotides bridge the dimers, and initiate changes in 
protein–protein and protein–DNA interactions, with hydrolysis and ADP/Pi release 
allowing turnover of the interactions. Recognition of the base pair mismatch by a 
MutS dimer requires ATP and may result in the formation of a sliding clamp  [  113  ] . 
This state allows stable binding and communication between the mismatch and the 
strand scission site which may be thousands of base pairs away. ATP-bound MutL 
interacts with the MutS−DNA complex, later acting to load and activate the UvrD 
helicase at the strand scission  [  109,   110  ] . The exact sequential series of ATP bind-
ing/hydrolysis steps in the complete repair pathway is unclear, and, similarly to the 
Type III enzymes, more needs to be done to test the robustness of the sliding mecha-
nism over other roles for the ATP switch of MutS. 

 Also of relevance to the Type III RM enzymes are the clamp loaders—the g/� 
complex in bacteria and the replication factor–C (RFC) in eukaryotes—which act to 
load sliding clamp processivity factors onto DNA  [  107  ] . Here is a clear-cut example 
of the necessity for an energy input (from the loader) in order to establish a hyper-
stable and correctly oriented sliding state (the clamp). Acting as a molecular switch, 
ATP binding is suf fi cient to stabilise the clamp–clamp loader complex and support 
loading of the clamp around DNA  [  114  ] . To release the clamp and recycle the loader 
however requires DNA-stimulated hydrolysis of three ATPs  [  107,   115  ] . The clamp 
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loaders are classi fi ed as AAA+ proteins, a broad and diverse family of ATPases with 
roles in many cellular processes  [  116  ] . Typically they assemble into hexamers, 
although the clamp loader complexes are pentameric. A great many AAA+ proteins 
act as molecular switches regulated by the binding of target substrate which acti-
vates the NTPase activity via a “glutamate switch”  [  108  ] . However, other AAA+ 
enzymes—for example RuvB  [  117  ]  and HPV E2 helicase  [  118  ] —are  bona  fi de  
 processive ssDNA and dsDNA translocases. Nevertheless, as discussed above, the 
same underlying processes probably produce the different activities. 

 Another example of multiple ATPase modules within one complex is the bacte-
rial UvrAB complex which operates in nucleotide excision repair and in which a 
molecular switch may act to load a helicase  [  119  ]  (see also Chap.   10    ). UvrA (ABC 
family ATPase) is a DNA damage sensor which forms a homodimer where each 
monomer contains two composite ABC modules  [  120  ] . Therefore there are four 
possible ATP binding/hydrolysis centres. This arrangement differs from the MutS 
example above in that ATP binding does not directly act to tether the monomers in 
the dimer, but likely regulates dimerization indirectly. The functional signi fi cance 
of ATP binding and hydrolysis and the role of the resulting conformational changes 
in UvrA are not entirely clear. It is likely that cycles of ATP binding, hydrolysis 
and release allow handoff between damage recognition and replacement with the 
second ATPase module, the SF2 helicase UvrB, but the precise details remain to be 
resolved.  

   Summary and Outlook 

 A perplexing feature of many molecular switches is that the hydrolysis of the high 
energy phosphoanhydride bond of a nucleoside triphosphate is required to drive 
reactions that appear energetically neutral or even favourable. For example, there 
are plenty of examples of restriction enzymes that can readily cut DNA without 
requiring ATP hydrolysis  [  47  ] . What then might be the role of NTP binding and 
hydrolysis in a molecular switch? 

 There are recurring themes in the above systems that help to provide answers to 
this question: (1) Directionality—ATP hydrolysis drives the reaction in one direc-
tion through the cycle by helping to interchange hyperstable intermediate states; (2) 
Positioning—a requirement for activation of sequential ATP binding, hydrolysis 
and product release ensures that the next reaction step only occurs when the com-
plex is present at the correct location and/or that the correct protein cofactors are 
present; (3) Timing—the hydrolysis step can act as a molecular clock, ensuring that 
the next step is held up until the suitable conditions are met. One conclusion there-
fore is that an NTP-switch allows a  fi ner level of metabolic control. 

 As more helicases are studied in molecular detail, fascinating new mechanisms 
and roles are being revealed. The future challenges come in dealing with the 
increasing molecular complexity—especially, in determining the reaction mecha-
nism when there are multiple ATP binding sites. Carefully designed and clever 
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combinations of ensemble and single molecule experiments will be required to 
allow complete biological processes to be followed in real time.      
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  Abstract   Interest for proteins of the FtsK family initially arose from their implication in 
many primordial processes in which DNA needs to be transported from one cell com-
partment to another in eubacteria. In the  fi rst section of this chapter, we address a list 
of the cellular functions of the different members of the FtsK family that have been so 
far studied. Soon after their discovery, interest for the FstK proteins spread because of 
their unique biochemical properties: most DNA transport systems rely on the assem-
bly of complex multicomponent machines. In contrast, six FtsK proteins are suf fi cient 
to assemble into a fast and powerful DNA pump; the pump transports closed circular 
double stranded DNA molecules without any covalent-bond breakage nor topological 
alteration; transport is oriented despite the intrinsic symmetrical nature of the double 
stranded DNA helix and can occur across cell membranes. The different activities 
required for the oriented transport of DNA across cell compartments are achieved by 
three separate modules within the FtsK proteins: a DNA translocation module, an 
orientation module and an anchoring module. In the second part of this chapter, we 
review the structural and biochemical properties of these different modules.      

   Introduction 

 In eukaryotic cells, the existence of active mechanisms for the transport of DNA was 
inferred from the observation of chromosomes during mitosis in the early twentieth 
century (see  [  1  ]  for a review). It was soon after realized that spindle microtubules 
provide both the scaffold and the driving force for it. In brief, spindle microtubules 
attach to a complex protein structure, the kinetochore, which is assembled on a speci fi c 
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chromosomal region, the centromere. Chromosomes are then pushed/pulled by tubu-
lin polymerization/depolymerization in connection with the activity of kinesin and 
dynein cytoskeletal motors. Many bacterial plasmids and chromosomes harbour con-
ceptually equivalent DNA transport machineries, the partition systems (see  [  2,   3  ]  for 
a review): repeated DNA sequence motifs serve as nucleation sites for the polymeriza-
tion of a dedicated DNA binding protein, resulting in the formation of a nucleoprotein 
complex through which the driving force generated by a motor protein, generally an 
ATPase, is transmitted (Fig.  12.1a ). However, bacteria also possess a conceptually 
different chromosomal transport machinery, in which the driving force is provided by 
the direct contact of a motor protein with the DNA molecule: the motor protein, which 
runs along the DNA molecule similarly to DNA helicases or translocases, behaves as 
a DNA pump because it is anchored to a  fi xed position within the cell (Fig.  12.1b ). 
Interest for this DNA transport machinery initially arose from its crucial importance 
for the equal partition of genetic information between the mother cell and the pre-
spore during sporulation in  Bacillus subtilis   [  4,   5  ] , between sister cells during chro-
mosome dimer resolution in  Escherichia coli   [  6,   7  ]  and between cell  fi laments during 
the conjugative transfer of some plasmids in streptomyces  [  8,   9  ] . However, the discov-
ery of the unique structural and biochemical properties of this transport system very 
soon raised a considerable interest for the study of its mode of action per se: (i) the 
DNA pumps transport DNA across nearly  [  10  ]  or fully closed  [  9,   11,   12  ]  cell mem-
branes, which is reminiscent of classical conjugation and of natural transformation; 
(ii) however, circular double stranded DNA molecules are transferred without any 

  Fig. 12.1    Two main strategies for the transport of DNA. ( a ) DNA on a leash. A DNA binding 
protein ( red ) polymerizes over a speci fi c DNA motif ( red ). The following recruitment of a motor 
protein ( green ) provides the partitioning force, pushing or pulling the DNA in a speci fi c direction. 
( b ) Pumping DNA. The motor protein ( blue ) is anchored to a  fi x position and directionally trans-
locates on DNA. A DBA segment is depicted in  red  to indicate the orientation of translocation       
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 covalent-bond breakage and little alteration to the topology of the molecule  [  13  ]  
whereas a single DNA strand is transported after the introduction of a nick during 
natural transformation and conjugation; (iii) despite the intrinsic symmetrical nature 
of the double stranded DNA helix, transport is oriented  [  14–  17  ] ; (iv) most DNA trans-
port systems rely on the assembly of complex multicomponent machines. In contrast, 
the DNA pumps consist of a single multifunctional protein, which de fi nes a speci fi c 
family of P-loop NTPase: the FtsK family.  

 In this chapter, we  fi rst address a list of the biological observations made on the 
cellular functions of the different members of the FtsK family that have been so far 
studied. Second, we review the structural and biochemical properties of these pro-
teins that explain their cellular activities.  

   Cellular Functions Performed by the FtsK Family of Proteins 

 Interest for the FtsK family of proteins arose from the realization that it is impli-
cated in many primordial processes in which DNA needs to be transported from one 
cell compartment to another in eubacteria. 

   Sporulation 

 The  fi rst member of the FtsK family to be characterized was the  Bacillus subtilis  SpoIIIE 
protein, which is essential for sporulation (Fig.  12.2a ). At the onset of sporulation, the 
cell divides asymmetrically at one cell pole over a partially segregated copy of the chro-
mosome, trapping only one-third of it in the forespore. This allows for the activation of 
speci fi c transcription factors in each cell compartment. Initially,  s  F  is activated in the 
forespore, followed by  s  E  in the mother cell, then  s  G  is activated in the forespore and 
 fi nally  s  K  in the mother cell (see  [  18  ]  for a review). During spore development, SpoIIIE 
localizes at the division septum  [  19  ]  where it serves to pump the remaining 70% of the 
chromosome into the forespore  [  4,   5,   20  ] . A beautiful feature of SpoIIIE-dependent 
DNA transport is that the two arms of the chromosome are simultaneously pumped into 
the forespore  [  11  ] . Septal localization depends on the presence of trapped DNA, which 
acts as an anchor for the nucleation of the pump  [  11,   21  ] . Initial studies suggested that 
SpoIIIE acted as a DNA exporter and that the direction of transport depended on its 
speci fi c assembly on the mother cell side of the septum  [  22,   23  ] . However, later studies 
demonstrated that the orientation is primarily dictated by the DNA sequence itself  [  15, 
  17  ] . Spore development is accompanied by a strong distortion of the division septum, 
which curves out to eventually engulf the smaller cell. Engulfment is completed by the 
loss of attachment between the forespore and the mother cell. SpoIIIE is implicated in 
the engulfment process  [  24  ] , at least in part because it promotes membrane fusion  [  25  ] . 
SpoIIIE also promotes membrane fusion during cytokinesis  [  26  ] , which led to the idea 
that it transports DNA across fused septal membranes by creating a pore  [  11,   12  ] .   
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   Conjugation 

 Proteins of the FtsK family are also implicated in the conjugative transfer of numer-
ous plasmids from mycelial streptomycetes (Fig.  12.2b ). In contrast to most conju-
gative elements, which rely on Type IV secretion systems, these plasmids are 
transferred in the dsDNA form  [  8  ] . A single plasmid-encoded protein, hereafter 
referred to as TraB, is suf fi cient to promote conjugal plasmid transfer  [  27  ] . The 
plasmidic TraB proteins localize to the hyphal tips of the mycelia, where plasmid 
transfer occurs  [  27  ] . They speci fi cally recognize and bind to the dsDNA of their 
cognate conjugative plasmid  [  9  ]  and are able to translocate along dsDNA  [  27  ] . In 
addition, they form pores in lipid bilayers  [  9  ] .  

  Fig. 12.2    The three main functions attributed to members of the FtsK family of proteins. ( a ) 
Sporulation. SpoIIIE ( blue ) localizes on trapped DNA at the polar septum and pumps one copy of 
the chromosome from the mother cell into the forespore. The mother cell membrane then sur-
rounds the forespore in a process called engulfment. ( b ) Conjugation. TraB ( blue ) localizes to the 
hyphal tips of the mycelia and mediates the transfer of plasmid DNA between two mycelial strep-
tomycetes. ( c ) Cell proliferation. FtsK ( blue ) localizes at the division site where it directionally 
translocates septally trapped DNA and is involved in chromosome dimer resolution. The two sister 
chromatids are shown in  red  and  black  to emphasize the position of the crossover that resulted 
from homologous recombination events. The two  dif  sites of the chromosome dimer are indicated 
by two  inverted triangles        
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   Cell Proliferation 

 In addition to sporulation and conjugation, proteins of the FtsK family serve for the 
segregation of chromosomal DNA during vegetative growth, which probably 
explains their presence in the genome of most bacteria  [  28,   29  ] . The paradigm of 
these proteins is  E. coli  FtsK. FtsK was  fi rst identi fi ed as a cell division protein  [  30  ] . 
It interacts with many other cell division proteins  [  31  ] , most notably with FtsZ, 
which targets it to midcell at an early stage of septum formation, right after FtsA 
 [  32–  35  ] . FtsK is essential for cell division in  E. coli . In its absence, late cell division 
proteins fail to localize to the septum  [  36  ] , but the viability of null mutants is restored 
in cells overexpressing late cell division proteins such as FtsQ  [  37  ] . Recent studies 
further suggest that FtsK might be implicated in a checkpoint to control the  fi nal 
stages of cell division when DNA remains trapped in the septum  [  38,   39  ] . Initially, 
the involvement of FtsK in the transport of septally trapped chromosomes was 
guessed from the microscopic observation of cells carrying  ftsK  truncations  [  34  ] . 
However, chromosomal DNA is rarely trapped in the closing septum in  E. coli , and 
FtsK-dependent DNA transport becomes crucial for cell proliferation only when 
septum localization and nucleoid organization are altered  [  39,   40  ] . Indeed, DNA 
transport by FtsK is normally limited to cells harbouring a chromosome dimer in  E. 
coli   [  10,   41,   42  ] . As a consequence, most of our knowledge on FtsK derives from 
the discovery of its role in chromosome dimer resolution  [  6,   7  ] . Chromosome dim-
ers are created by odd numbers of crossovers due to homologous recombination 
between circular chromosomes. They block chromosome segregation and remain 
trapped in the dividing septum (Fig.  12.2c ). FtsK loads on dimer DNA in the regions 
where replication terminates  [  43  ] . Chromosome dimer resolution depends on the 
addition of a crossover at  dif , a 28 bp site located at the opposite of the origin of 
replication, by two related tyrosine recombinases, XerC and XerD. FtsK plays two 
roles in the process  [  44  ] . First, it brings together the two  dif  sites carried by the 
dimer at midcell by pumping the DNA in an oriented manner  [  6,   14,   45  ] . The orien-
tation of translocation is dictated by the sequence of the DNA  [  14,   46  ] . Second, it 
activates recombination at  dif  via a direct interaction with the XerCD complex  [  47–
  51  ] . The  Haemophilus in fl uenzae ,  Vibrio cholerae  and  Lactococcus lactis  FtsK 
homologs are similarly implicated in the activation of Xer recombination  [  28,   50, 
  52  ] . Evidence has also been found that the  V. cholerae  and  L. lactis  FtsK homologs 
can follow DNA sequence polarity  [  28,   53  ] . Two FtsK homologs are encoded in the 
genome of  B. subtilis , SpoIIIE and SftA  [  54,   55  ] . Both are implicated in chromo-
some segregation during vegetative cell division  [  54,   55  ] , notably because they syn-
ergistically affect dimer resolution, presumably by positioning the  dif  sites in close 
proximity  [  56  ] . However, it is important to stress that the role of FtsK proteins dur-
ing vegetative cell division is probably not restricted to chromosome dimer resolu-
tion. Because of the helical nature of DNA, replication of circular chromosomes 
results in the formation of two catenated molecules. In  E. coli , the chromosome 
dimer resolution system is able to remove catenation links when the activity of 
TopoIV, the major cellular decatenase, is compromised  [  57,   58  ] . In addition,  E. coli  
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FtsK has been directly implicated in the stimulation of the Topo IV activity  [  59–  61  ] . 
In  Caulobacter crescentus , FtsK is essential for chromosome segregation  [  62  ] . 
Results from the lab suggest that  V. cholerae  FtsK processes chromosomal DNA in 
the absence of chromosome dimers (Demarre and Barre, unpublished data).   

   Structural and Functional Analysis of the FtsK 
Family of Proteins 

 As can be seen from the wide range of cellular activities in which they are implicated, 
proteins of the FtsK family are multifunctional. This is re fl ected in their primary struc-
ture, the different activities being achieved by separate domains. Three modules can 
be delineated in the protein: a DNA translocation module, an orientation module and 
an anchoring/pore formation module. Most of what we have learned on the different 
modules of the FtsK family of proteins was obtained from studies of  E. coli  FtsK  [  50  ]  
and we will use the  E. coli  FtsK nomenclature to refer to each of these modules 
(Fig.  12.3a ). The  E. coli  FtsK anchoring module, FtsK 

N
 , consists of the  fi rst 641 

N-terminal aa residues of the protein  [  38  ] . The orientation module, FtsK 
 g 
 , consists of 

the last 69 C-terminal aa residues of the protein  [  63  ] . A long ~200 aa residue linker, 
rich in proline and glutamine, and a short ~15 aa  fl exible linker separate the transloca-
tion module of the protein, FtsK 

 a  b 
   [  64  ] , from FtsK 

N
  and FtsK 

 g 
 , respectively.  

   The DNA Translocation Module 

 FtsK 
 a  b 

  belongs to the P-loop NTPase superfamily (CL0023). Members of this 
superfamily are characterized by a conserved nucleotide phosphate-binding motif, 

  Fig. 12.3    Structure of the  E. coli  FtsK protein.  Numbers  indicate the aa residue at the beginning 
or end of each the different FtsK modules       
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the P-loop or Walker A motif, and a Walker B motif, whose  fi rst acidic residue 
serves to coordinate the Mg 2+  cation involved in NTP hydrolysis. FtsK 

 a  b 
  is structur-

ally related to proteins of the type IV secretion systems (T4SS), the TrwB-like pro-
teins involved in the conjugal transfer of plasmids and the archeal HerA bi-directional 
DNA helicases, suggesting that a common DNA pumping mechanism might be 
operational in both cellular and viral genome segregation  [  65  ] . FtsK 

 a  b 
  functions as 

a multimer  [  51  ] , like TrwB  [  66  ] . However, FtsK 
 a  b 

  de fi nes a speci fi c structural fam-
ily (Pfam 01580) of very powerful ATP-dependent translocases  [  20,   51  ]  that do not 
unwind DNA but translocate along it  [  13  ] . Indeed, peptides encompassing the com-
plete translocation modules of  E. coli  FtsK and  B. subtilis  SpoIIIE translocate at 
over 5 kb/s and against a stall force of over 60 pN at room temperature  [  67,   68  ] . At 
37 °C, the velocity of the  E. coli  translocation module increases to 17.5 kb/s  [  69  ] . In 
vivo, the full length proteins can strip off proteins from the DNA on their passage 
 [  70,   71  ] . In vitro, FtsK can displace various roadblocks such as triplex oligonucle-
otides, streptavidin attached on biotinylated DNA and fork DNA structures  [  72–  74  ] . 
A notable exception is its inability to displace the Xer recombinases, which  fi ts with 
its role in chromosome dimer resolution  [  75  ] . 

 Understanding of the DNA pumping mechanism of FtsK came with the determi-
nation of the structure of the  Pseudomonas aeruginosa  FtsK 

 a  b 
  module. It crystal-

lized as a hexamer, forming a closed ring of 120 Å in outer diameter and a central 
annulus of 30 Å in diameter, which is large enough to encompass the double stranded 
DNA helix  [  64  ] . Electron microscopy, ultracentrifugation analysis, millisecond-
resolution biochemical experiments and the higher activity of covalent dimers and 
trimers con fi rm the hexameric structure of the FtsK pumps  [  64,   73,   74,   76  ] . In vitro, 
hexamerization depends on protein concentration and on the presence of DNA but 
not on ATP  [  64  ] , which  fi ts with in vivo studies on the timing of activity of the FtsK 
pumps and on the conditions of assembly of the SpoIIIE pumps  [  21,   77  ] . 

 Structural studies suggested a rotary inchworm model of translocation, in which 
each subunit sequentially translocates    of ~1.6 bp by hydrolyzing a single ATP mol-
ecule  [  64  ] . Millisecond-resolution biochemical experiments agree with a 2 bp step 
size for each subunit  [  73  ] , which implies that each subunit of the hexamer only 
needs to contact DNA every ~12 bp. This is close to the helical pitch of the DNA 
helix. It  fi ts with the observation that FtsK translocates along the DNA with mini-
mal perturbations to the supercoil density before or after the motor  [  13  ] . A nicety of 
this rotational behaviour is that it would minimize in vivo disturbance to the chro-
mosomal supercoil density. 

 However, recent studies challenged the rotary inchworm model. Xer recombina-
tion activation of FtsK on short synthetic dsDNA substrates harbouring ssDNA gaps 
between the FtsK loading site and  dif  suggests that FtsK can bypass gaps of up to 30 
nucleotides during translocation  [  72  ] . Covalent trimers with a catalytic mutation in the 
central subunit were found to form hexamers with two mutated subunits that had 
robust ATPase activity, activated XerCD recombination at  dif  and displayed wild-type 
translocation velocity  [  74  ] . In contrast, they had lost much of their capacity to displace 
triplex oligonucleotides, or streptavidin linked to biotin-DNA during translocation 
along DNA, suggesting that they could not work against high forces  [  74  ] . Based on 
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these results, the authors suggested an escort model of translocation, as proposed for 
some hexameric ring helicases  [  78  ] . In this model, ATPase-driven allosteric changes 
of a single subunit drive similar conformational changes in the  fi ve non-active sub-
units in a domino-like fashion, which moves the whole hexamer forward. Thus, maxi-
mum speed can be achieved with a single active subunit. In contrast, the maximal 
force against which the motor can  fi ght depends on the number of active subunits. An 
analogy can be drawn with rugby. During open phases of the game, the speed at which 
the ball advances in the  fi eld is given by the speed of the player that carries the ball, 
his/her teammates remaining at his/her back to recover the ball in case of interception 
by the opposing team. In other phases of the game, the players bind together to form 
a maul or a ruck. The team then advances thanks to the combined strength of all the 
members that are engaged in the maul or rug against the other team.  

   The Orientation Module 

 In  E. coli , the activity of the chromosome dimer resolution site,  dif,  is restricted to 
the terminus of the chromosome, the region where replication normally terminates 
 [  79  ] . The terminus is organized into a speci fi c chromosomal domain by the MatP/
matS site-speci fi c system, independently from the replication termination process 
 [  80–  83  ] . It is the last part of the chromosome to be segregated away from midcell 
and it has therefore the highest risk of being trapped in the septum. Correspondingly, 
it seems to be the loading region of FtsK in  E. coli   [  43,   84  ] . However, the activity of 
 dif  is restricted to a small zone within the terminus  [  79  ] , located at the junction of 
the two replichores of the chromosome  [  45,   85,   86  ] . This is because FtsK transloca-
tion is oriented by 8 bp polar sequence motifs, the KOPS (for FtsK-orienting polar 
sequences), which are repeated on the two replichores and point towards  dif   [  14  ] . 
KOPS directly orient the direction of translocation  [  14,   16,   68  ] . They are recognized 
by FtsK g   [  87  ] , which adopts a winged helix-turn-helix (wHTH) structure  [  63  ]  and 
binds to KOPS motifs as a trimer  [  76  ] . FtsK does not need KOPS to load on DNA 
 [  67  ]  and it was proposed in early models that KOPS served as translocation blocks. 
However, it is now clear that they dictate the direction of translocation by promoting 
the oriented loading of FtsK  [  46,   69,   73  ] . The role of KOPS is reminiscent of the 
role of the Chi motif, which controls homologous recombination  [  88,   89  ] . Motifs 
unrelated to the  E. coli  Chi motif but with a similar role in homologous recombina-
tion have been reported in other bacteria  [  90–  92  ] . 

 The consensus sequence of the  E. coli  KOPS is 5 ¢ -GGGNACCC-3 ¢   [  14  ] . Such 
sequences are also repeated and highly skewed on the two replichores of many bac-
terial circular chromosomes, such as on the two  V. cholerae  chromosomes  [  28  ] . In 
this particular case, genetic evidence has been obtained that they are recognized by 
the  V. cholerae  FtsK protein via its gamma domain  [  28  ] . However, the  E. coli  con-
sensus is not universal. Different over-represented and highly skewed sequences 
have been co-opted to serve as KOPS in other species. For instance, the  L. lactis  
FtsK protein recognizes the 5 ¢ -GAAGAAG-3 ¢  motif  [  53  ] . Nevertheless, the presence 
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of a sequence-speci fi c DNA binding domain is a conserved feature of the FtsK fam-
ily. For instance, translocation of  B. subtilis  SpoIIIE is oriented by the 
5 ¢ -GAGAAGGG-3 ¢  polar DNA sequence motif  [  15  ] . Even more strikingly, the  g  
domain of the TraB protein of the  Streptomyces venezuelae  pSVH1 conjugative 
plasmid speci fi cally binds to repeated 8 bp motifs, 5 ¢ -GACCCGGA-3 ¢   [  9  ] . 

 Oriented translocation by FtsK sorts sister chromosomes on either side of the 
septum, which  fi nally allows the formation of a recombination synapse by bringing 
the two  dif  sites carried by chromosome dimers together. In addition, FtsK promotes 
a complete Xer recombination reaction at  dif  by reversing the catalytic state of XerC 
and XerD in the synaptic complex. In the absence of FtsK, Holliday Junctions (HJs) 
are created and resolved back to the original substrate in cycles of XerC-mediated 
strand exchanges  [  6  ] . FtsK presumably modi fi es the conformation of the recombi-
national complex, allowing XerD to mediate a  fi rst pair of strand exchanges, creat-
ing a new HJ intermediate that is resolved into crossing over by XerC-strand 
exchanges  [  6,   28,   51  ] . Because FtsK is a DNA translocase, it was initially believed 
that activation of Xer recombination was a consequence of the topological changes 
translocation could impose on the DNA globally. Indeed, this may well be the case 
in some species like  L. lactis   [  52  ] . However,  E. coli  FtsK does not require to trans-
locate on DNA over long distances to activate Xer recombination  [  46,   49  ] . It can 
also activate recombination across single stranded gaps  [  72  ] . A functional study of 
FtsK revealed a species-speci fi c interaction between FtsK g  and the Xer recombi-
nases  [  50  ] , which led to the discovery of a functional interaction between FtsK g  and 
XerD  [  48  ] . Indeed, addition of FtsK g  in the absence of the translocase domain is 
suf fi cient to promote Xer recombination, clearly separating Xer activation from 
translocation  [  47  ] . Thus,  E. coli  FtsK g  plays two roles in Xer recombination.  

   The Anchoring Module 

  E. coli  FtsK is anchored to the inner membrane by four transmembrane segments at 
its N-terminus  [  93  ] . Likewise, four transmembrane helices are predicted on the 
N-terminus of FtsK in most other bacterial species. In addition, four transmembrane 
helices are also present at the N-terminus of  B. subtilis  SpoIIIE. Similarly, all TraB 
proteins contain predicted N-terminal transmembrane helices  [  9  ] . However, given 
the  fl uidity of membranes, it is doubtful that transmembrane domains could be 
suf fi cient for the anchoring of pumps working against high forces. Neither are they 
essential since an N-terminal truncation of  E. coli  FtsK lacking all four transmem-
brane helices, FtsK 

179–1329
 , is able to resolve chromosome dimers as ef fi ciently as the 

full length protein  [  10  ] . In addition, a second FtsK/SpoIIIE-like protein is encoded 
in the genome of  B. subtilis : SftA  [  54,   55  ] . SftA participates in chromosome segre-
gation during vegetative cell division, notably to resolve chromosome dimers. SftA 
lacks any predicted transmembrane helices, just like FtsK 

179–1329
   [  38  ] . 

 What provides the anchoring of the FtsK family of pumps?  E. coli  FtsK is an 
essential component of the cell division machinery. It interacts with both early 
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(FtsZ) and late (FtsQ, FtsL and FtsW) cell division proteins through multiple 
regions (FtsK 

1–179
 , FtsK 

179–331
  and FtsK 

332–641
 ), which anchors it to the septum  [  31, 

  38  ] . Even though a detailed map of molecular interactions is still lacking in  B. 
subtilis , a similar scenario is probably true for SftA, which colocalizes with FtsZ 
at nascent division sites  [  54,   55  ] , and for SpoIIIE, which targets to the septum of 
both tvegetative and sporulating cells in the presence of trapped DNA. In contrast, 
evidence has been obtained that the TraB proteins of the Streptomycetes conjuga-
tive plasmids localize at the hyphal tips of the mycelium through as yet unknown 
molecular interactions  [  27  ] . 

 What is the function of the transmembrane helices found on most proteins of the 
FtsK family? SpoIIIE was reported to transport DNA across fused septal mem-
branes during sporulation in  B. subtilis   [  11  ] . Along with its involvement in mem-
brane  fi ssion  [  12  ] , it suggests that it pumps DNA through a pore or a channel. This 
is also very likely for the conjugative plasmid DNA transfer observed in the 
Streptomycetes. Correspondingly, spontaneously insertion of the pSVH1 TraB pro-
tein into membranes was shown to create ionic channels  [  9  ] . Deletion of the trans-
membrane region of the protein abolished this phenomenon, strongly suggesting 
that the transmembrane domain of SpoIIIE and TraB are implicated in pore forma-
tion. The topological similarity between the integral transmembrane domains of 
SpoIIIE and  E. coli  FtsK and the presence of a small patch of 36% of identity 
around their fourth transmembrane helix  [  94  ]  suggested that FtsK 

1–179
  could also be 

involved in pore formation. However, fully ef fi cient chromosome dimer resolution 
was observed in  E. coli  cells lacking the integral membrane domain of FtsK, indi-
cating that pore formation is extremely rarely required  [  10  ] . This was all the more 
surprising as constriction initiation seems required for DNA translocation, which 
would leave little time for it before septum closure  [  77  ] . However, multiple regions 
along the FtsK protein are implicated in the progress of cell division  [  38,   41  ]  and 
inactivation of FtsK translocation led to aberrant cell morphologies in  E. coli  cells 
carrying chromosomes with highly asymmetric replichores  [  39  ] . It is therefore 
tempting to speculate that there is a reciprocal control between DNA translocation 
and septum constriction, FtsK translocation serving as a DNA sensor to delay sep-
tum closure until the end of chromosome segregation.   

   Perspectives 

 Our understanding of the structure and function of the DNA pumps of the FtsK family 
has pro fi ted from a combination of genetics, cellular biology, biochemical and bio-
physical studies, including single molecule experiments. Many of our initial questions 
on this family of protein have been answered. However, several of them remain to be 
solved and numerous additional questions have been raised with each advance.

    1.    The translocation module of FtsK proteins,    FtsK a  b , belongs to the P-loop 
NTPase superfamily. It assembles into a ring-shape hexameric motor with a 
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 central opening  [  64  ]  through which dsDNA is pumped at a high speed and against 
strong forces  [  67–  69  ] . The hexameric motor does not follow the helical groove 
of the DNA helix so that little distortion of DNA superhelicity is introduced dur-
ing translocation  [  13  ] . Energy for translocation comes from ATP hydrolysis. 
However, motors carrying several ATPase-de fi cient subunits still translocate at a 
high speed, albeit against lower forces  [  74  ] . This could be explained by an escort 
mechanism of translocation. However, we still lack structural and biochemical 
knowledge on the contacts made by each FtsK a  b  subunit with dsDNA during 
translocation, on the allosteric changes driven by ATP binding, ATP hydrolysis 
and ADP release of a single subunit, and on how such changes can affect the 
DNA contacts made by the other subunits.  

    2.    Orientation of translocation relies on the adjunction of a site-speci fi c DNA bind-
ing domain, FtsK g , to FtsK a  b , which serves to load the motor in a speci fi c ori-
entation on speci fi c repeated DNA motifs (Fig.  12.4 ,  [  46,   63,   87  ] ). Although it 
remained a matter of debate and controversy for a long time, it is now widely 
admitted that FtsK motors do not recognize the orientation motifs in the course 
of translocation, whether they are in the correct or opposite orientation with 
respect to the direction of translocation of the motor (Fig.  12.4 ). What prevents    
FtsK g  from contacting DNA during translocation? Future work will need to 
assess the properties of FtsK motors lacking the FtsK g  module or carrying mod-
ules that cannot recognize the motifs.   

    3.    The DNA molecules that are transported by FtsK pumps are circular, which cre-
ates a topological problem for their loading and unloading, and for the comple-
tion of DNA transport across membranes. Both in vivo and in vitro experiments 
suggest that the  E. coli  FtsK a  b  hexamerizes only at high concentration and in the 
presence of DNA  [  21,   64,   73  ] , which explains how it can load on circular DNA 
molecules (Fig.  12.4 ). However, it remains to be understood how FtsK pumps 
fall apart at the end of translocation. Is the disassembly passive or is there a 
speci fi c active mechanism? In this aspect, it is interesting to note that  E. coli  
FtsK stops translocating when it encounters XerC and XerD at  dif   [  75  ] . In con-
trast, it seems to be able to eject most other DNA binding proteins  [  70,   71  ] . As 
FtsK g  interacts with XerD  [  48  ] , it is tempting to imagine that contacts with the 
recombinases affect the stability of the motor, thereby facilitating its unloading 
at the end of translocation (Fig.  12.4 ). Understanding how motors unload is all 
the more important for DNA pumps that transport DNA across a membrane pore, 
like SpoIIIE and TraB, since the membrane creates a physical barrier for the 
transfer of DNA  [  9,   11  ] . Two models have been proposed for the transport of 
circular DNA molecule across fully closed membranes. In the  fi rst one, a pore for 
a single DNA duplex is formed by the six integral domain of hexameric pumps 
(Fig.  12.5a ). Two pumps are required for the simultaneous transfer of the two 
dsDNA arms of a single circular DNA molecule  [  11  ] . Translocation stops when 
the DNA pumps collide against each other. The motors then unload and the two 
pores fuse to allow for the passage of the remaining dsDNA segment by a passive 
mechanism. In the second model, it is proposed that the integral domains of doz-
ens of FtsK proteins create a channel large enough to accommodate two DNA 
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duplexes (Fig.  12.5a ). Several hexameric pumps are connected to this DNA 
channel and they take charge of the DNA molecule simultaneously. An advan-
tage of this model is that it can be applied to proteins that create pores like TraB 
and SpoIIIE, but also to proteins for which pore formation is dispensable like 
FtsK and SftA. Transport of chromosomes across an incompletely formed  septum 
is compatible with the observation that active SpoIIIE molecules are only found 
on the side of the septum from which DNA is exported  [  17,   22,   23  ] : because of 
the expected inertia of chromosomes, FtsK a  b  modules should initially move 
away from the septum after loading. This movement should persist until the 

  Fig. 12.4    Assembly and disassembly of the FtsK pumps. (1) Oriented loading on KOPS. Three 
FtsK g  bind one KOPS (in  red ). (2) Hexamerization of FtsK a  b . (3) Translocation. FtsK g  domains 
do not    contact the DNA. The  blue arrow  shows the orientation of the translocation. (4) XerD acti-
vation. When the FtsK hexamer reaches XerCD (respectively in  light  and  dark green ) bound to  dif  
site ( green  DNA), translocation is stopped, allowing one FtsK g  domain to interact with XerD. (5) 
Unloading of the pump via the disassembly of the FtsK hexamer       

  Fig. 12.5    Topology of the pores formed by FtsK pumps. ( a ) The one pore-one pump model. 
( b ) The one channel-multiple pumps model       
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linker arms are fully extended so that they should end up on the side from which 
DNA is exported (Fig.  12.5b ).   

    4.    Excision of small DNA cassettes inserted in the  E. coli  chromosome between 
two directly repeated  dif  sites has been used to estimate the frequency of activa-
tion of Xer recombination by FtsK in vivo, and hence the timing and zone of 
activity of the FtsK pumps  [  45,   77  ] . The frequency of  dif -cassette excision drops 
when homologous recombination is abolished  [  6,   77,   95  ]  suggesting that  E. coli  
FtsK loads very infrequently on monomeric chromosomes and that its role is 
mainly restricted to chromosome dimer resolution. Likewise, FtsK has been 
shown to control the XerCD/ dif  dimer resolution system of  V. cholerae ,  H. 
in fl uenzae  and Lactococci  [  28,   50,   52,   96  ] . SpoIIIE was shown to participate, 
together with SftA, in chromosome dimer resolution in  B. subtilis   [  56  ] . However, 
translocation by  E. coli  FtsK seems to be also required when TopoIV activity is 
compromised  [  57,   61  ] , when the organization and/or the packaging of the chro-
mosome are altered  [  39,   40  ]  or when chromosome replication is affected  [  97  ] . In 
addition, FtsK translocation seems to be essential in  C. crescentus   [  62  ] . In  V. 
cholerae,  we got evidence that it loads on monomeric chromosomes as frequently 
as on dimeric chromosomes (G. Demarre and F.-X. Barre, unpublished results). 
Correspondingly, cells harbouring FtsK mutants de fi cient in translocation are 
much sicker than cells in which Xer recombination is compromised (G. Demarre 
and F.-X. Barre, unpublished results). Therefore, we believe that the role of FtsK 
translocation is not limited to chromosome dimer resolution and that studying 
other model organisms should help us gain further insight into its multiple 
functions.  

    5.    Finally, we would like to emphasize our lack of knowledge on the mechanisms 
that coordinate the activity of the FtsK family of proteins with the other cellular 
processes. In  E. coli , excision of  dif -cassettes was found to occur shortly before 
or commensurate with septum closure  [  77  ] . Septum formation is a complex pro-
cess that involves the ordered recruitment of more than a dozen proteins. FtsK is 
recruited to the septum at an early stage of septum assembly, corresponding to 
the recruitment and stabilization of a ring of the tubulin-like FtsZ protein, but no 
visible constriction at midcell  [  32,   33  ] . Constriction occurs during the second 
stage of septum formation, after the recruitment of proteins involved in the syn-
thesis and degradation of the peptidoglycan (Fig.  12.6 ). Thus,  E. coli  FtsK activ-
ity seems to be delayed with respect to its septal recruitment, which leaves little 
time for chromosome dimer resolution before cell  fi ssion (Fig.  12.6 , green 
arrow). This is all the more intriguing as dimer resolution does not depend on the 
integral domain of the protein, ruling out models in which it would form a pore 
to pass chromosomal DNA through closed septal membranes  [  10  ] . However,  E. 
coli  FtsK participates in the recruitment and stabilization of the peptidoglycan 
synthesis and degradation machinery  [  30,   41  ]  and could delay septum closure 
until chromosome segregation is achieved  [  38,   39  ] . Correspondingly, SpoIIIE 
seems to be implicated in membrane fusion  [  12  ] . Thus, FtsK is ideally suited to 
create a cell cycle checkpoint, which would serve as a last safeguard to avoid 
division over partially segregated chromosomes (Fig.  12.6 , red arrow). Recent 
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progress has unravelled a variety of regulatory circuits that help synchronize 
DNA synthesis, chromosome segregation and cell division in bacteria (see  [  98  ]  
for a review). Most of them are not conserved or are effected by divergent 
machineries. For instance, different machineries serve to delay septum formation 
in the rod shaped  E. coli  and  B. subtilis  bacteria when DNA damages trigger the 
SOS response or when unsegregated DNA is still present at midcell. Likewise, 
the  minCD  system inhibits random septum formation along the long axis of the 
 E. coli  and  B. subtilis  rods by different mechanisms. In  C. crescentus , the  minCD  
system itself is functionally replaced by an interaction between an inhibitor of 
septation and a system controlling the position of the region surrounding the 
origin of replication of the chromosome. In contrast, the FtsK checkpoint could 
be a general feature of the bacterial cell cycle. Therefore, future studies should 
aim at deciphering the molecular mechanisms that allow for the control of the 
DNA translocation activity of FstK during septation and at establishing the exis-
tence and the generality of a checkpoint mechanism that could reciprocally con-
trol the progress of septation (Fig.  12.6 ).           
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  Fig. 12.6    Integration between cell division and chromosome segregation. In the scheme of the 
different divisome proteins, three early cell division proteins, FtsZ, FtsA and ZipA, are shown in 
 red ,  orange  and  yellow , respectively, and two late cell division proteins, FtsI and FtsW, are shown 
in  green        
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  Abstract   In the eukaryotic nucleus, processes of DNA metabolism such as tran-
scription, DNA replication, and repair occur in the context of DNA packaged into 
nucleosomes and higher order chromatin structures. In order to overcome the bar-
rier presented by chromatin structures to the protein machinery carrying out these 
processes, the cell relies on a class of enzymes called chromatin remodeling com-
plexes which catalyze ATP-dependent restructuring and repositioning of 
nucleosomes. Chromatin remodelers are large multi-subunit complexes which all 
share a common SF2 helicase ATPase domain in their catalytic subunit, and are 
classi fi ed into four different families—SWI/SNF, ISWI, CHD, INO80—based on 
the arrangement of other domains in their catalytic subunit as well as their non-
catalytic subunit composition. A large body of structural, biochemical, and bio-
physical evidence suggests chromatin remodelers operate as histone octamer-anchored 
directional DNA translocases in order to disrupt DNA–histone interactions and 
catalyze nucleosome sliding. Remodeling mechanisms are family-speci fi c and 
depend on factors such as how the enzyme engages with nucleosomal and linker 
DNA, features of DNA loop intermediates, speci fi city for mono- or oligonu-
cleosomal substrates, and ability to remove histones and exchange histone variants. 
Ultimately, the biological function of chromatin remodelers and their genomic tar-
geting in vivo is regulated by each complex’s subunit composition, association with 
chromatin modi fi ers and histone chaperones, and af fi nity for chromatin signals such 
as histone posttranslational modi fi cations.      
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   Chromatin: The Physiological Substrate for DNA Metabolism 

 The eukaryotic nucleus is faced with the challenge of containing chromosomal 
DNA approximately 2 m in length. This topological barrier is solved via packaging 
of DNA into chromatin nucleoprotein structures. The nucleosome is the fundamen-
tal structural unit of chromatin, comprising 145–147 bp of DNA wrapped 1.65 times 
in a left-handed superhelical spiral around a core histone octamer complex  [  1  ] . This 
octamer is comprised of two copies of each of four core histone proteins, H2A, 
H2B, H3, and H4, that assembles from a (H3–H4) 

2
  tetramer  fl anked on either side 

by a H2A–H2B dimer (Fig.  13.1a ).  
 The individual core histone proteins each contain a globular histone fold domain 

(80–90 amino acids) that shows strong structural homology across evolution despite 
little sequence conservation. The histone fold consists of two short helices  fl anking 
a longer central  a -helix, and provides the structural basis for dimer formation within 
the octamer by head-to-tail association of the fold portion of two chains in a charac-
teristic hand-shake motif  [  2  ] . The core histones also contain evolutionarily con-
served N- and C-terminal tail domains (20–35 residues) which are random coil in 
structure and contain many basic residues responsible for intra-nucleosomal elec-
trostatic tail–DNA interaction as well as inter-nucleosomal tail–DNA and tail–tail 
interactions in higher-order structures. The histone tails contain conserved residues 
that are subject to posttranslational modi fi cations (PTMs) such as acetylation, meth-
ylation, phosphorylation, and ubiquitylation which are involved in epigenetic regu-
lation of gene expression. 

 Details of histone–histone and histone–DNA interactions have been revealed 
through crystal structures of canonical and variant nucleosome core particles (NCPs) 
 [  3  ] . One of the key features is a twofold symmetry around a dyad axis originating at 
the half-way point in the DNA sequence. The (H3–H4) 

2
  tetramer interacts with the 

single DNA helix dyad region through a 4-helix H3–H3 ¢  bundle, and H2A–H2B 
dimers interact with the two DNA helices on the face opposite the dyad. While the 
interactions between the dimers are relatively minor, dimer–tetramer interaction 
interfaces are formed by a H2B–H4 4-helix bundle and by the H2A docking domain 
and the opposite arm of the tetramer  [  1,   4  ] . 

 In terms of histone–DNA interactions, there are 14 superhelical (SHL) regions of 
interaction between the histone core and the minor groove of DNA (numbered 0.5–
6.5 in either direction from the dyad (0)). These interactions are not sequence-
speci fi c and involve main chain and side chain phosphate interactions, additional 
ionic interactions, arginine insertion, and water-mediated H-bonds  [  3  ] . Crystal 
structures with satellite palindromic and 601 nucleosome positioning sequences  [  5  ]  
provide evidence for intrinsic site-speci fi c 1 bp stretching at SHL ±2 and SHL ±5 
which likely will affect recognition by regulatory proteins  [  4  ] . Another key factor in 
nucleosome positioning is the sequence propensity for highly  fl exible base pair 
steps. In vitro selection studies on nucleosome positioning sequences revealed 
enrichment of TA di-nucleotides at positions requiring maximal bending/compres-
sion of the minor groove. One particular narrow minor groove is achieved at SHL 



  Fig. 13.1    Nucleosome and chromatin structure. ( a ) Features of the nucleosome core particle (NCP). 
( Left ) Crystal structure of the NCP  [  1  ]    . DNA (146 bp) wraps in left-handed superhelix around an 
octamer of core histones (H2A ( yellow ), H2B ( red ), H3 ( blue ), H4 ( green )), that is composed of a 
two H2A–H2B dimers which  fl ank a central (H3–H4) 

2
  tetramer (comprised of two H3–H4 dimers). 

The tetramer contacts the dyad, the twofold axis of symmetry centered halfway through the DNA. 
( Center ) Each histone dimer in the nucleosome contacts three consecutive minor grooves, with the 
central contact made by  a 1 helix of each histone in the dimer ( a 1– a 1 motif) and the two side con-
tacts made by loops positioned before helix 2 of one histone and helix 3 of the other histone in the 
dimer (L1–L2 motif), thus contacting all 12 minor grooves in the nucleosome. ( Right ) Nucleosome 
superhelical locations (SHL) are de fi ned as alternating regions where DNA major and minor grooves 
face the histone core. Starting from the dyad, de fi ned as SHL0, consecutive major grooves are 
labeled SHL +1, +2, etc. (and SHL −1, −2 in the opposite direction), while minor grooves are simi-
larly labeled SHL ±0.5, ±1.5, etc. Therefore, H3/H4 dimers coordinate SHL ±0.5, ±1.5, ±2.5—the 
three minor grooves on either side of dyad, while H2A/H2B dimers contact SHL ±3.5, ±4.5, ±5.5. 
The N- and C-terminal tails of the core histones ( colored lines ) are unstructured and shown project-
ing from the nucleosome core. Additional minor groove contacts are also shown for the H3 
N-terminal tail and helix ( blue ). See text for further details. Reprinted from  [  89  ]  with permission 
from Elsevier Limited. ( b ) Levels of DNA compaction in eukaryotes range from naked DNA to 
fully condensed chromatid, with the nucleosome as the fundamental structural unit. The  fi rst inter-
mediate structure is the extended nucleosomal array or 10-nm  fi ber in which nucleosomes are 
spaced by ~200 bp. Histone N-terminal tail–tail and tail–DNA interactions facilitate formation of a 
moderately folded nucleosomal array. Addition of linker histones and other chromatin-binding pro-
teins promotes maximal folding of the nucleosomal array and formation of the 30-nm  fi ber via 
short-range internucleosomal interactions. Long-range  fi ber– fi ber interactions eventually compact 
the chromatin  fi ber an additional 500-fold into the transcriptionally inert metaphase chromosome. 
See text for further details. Reprinted from  [  19  ]  with permission from Elsevier Limited       
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±1.5 via a unique histone sugar clamp motif, and this region likely is responsible for 
positioning power of TTTAA elements in vitro (601 NCPs  [  5  ]  contain this sequence 
at SHL ±1.5) and TATAA sequence in vivo  [  6  ] . In terms of unwrapping potential, 
single-molecule experiments involving force-induced unzipping of nucleosomal 
DNA revealed three major regions of unwrapping with the most force required to 
unzip interactions at the dyad and less force required to unwrap exterior arms, con-
sistent with fewer histone–DNA contacts in these regions  [  7  ] . 

 The nucleosome itself is dynamic and can adopt various noncanonical conforma-
tions (reviewed in  [  8,   9  ] ) including structural isomers containing histone variants, or 
sub-nucleosomal particles such as the “tetrasome” and “di-tetrasome” (which con-
tain only the (H3–H4) 

2
  tetramer), and the “hexasome” which has lost one H2A/H2B 

dimer. These structures are relevant to the idea of “open” nucleosome states, recently 
supported by a single-molecule  fl uorescence study identifying a salt-induced 
nucleosome unwrapping intermediate in which the dimer/tetramer interface is dis-
rupted but the dimers are still associated with DNA  [  10  ] . Super-nucleosomal parti-
cles have also been proposed such as the “altosome”—asymmetric dinucleosomes 
with partially loosened DNA  [  11,   12  ] , and “reversome”—chromatin  fi bers contain-
ing histone octamers with DNA wrapped in a right-handed supercoil (R-octasome) 
 [  13  ] . Centromeric chromatin has been associated with “hemisomes”—heterotypic 
tetrasomes with one copy each of the core histones, with H3 replaced by the centro-
meric variant, CENH3  [  14  ] . Noncanonical nucleosome conformations are typically 
achieved during transcription or nucleosome assembly through the action of histone 
chaperones, chromatin remodeling complexes, and chromatin modifying enzymes 
(see sections “Families of Chromatin Remodelers,” “ATP-Dependent Activities of 
Chromatin Remodelers and Mechanisms for Chromatin Mobilization,” and 
“Regulation of Chromatin Remodeler Activity: Genomic Targeting and Interplay 
with Histone Modi fi cations and Modi fi ers”). 

 In the eukaryotic cell, the nucleosome (6 nm height × 10 nm width) provides the 
fundamental unit for condensation into higher order structures (shown schemati-
cally in Fig.  13.1b ) (reviewed in  [  15–  19  ] ). Two major types of chromatin  fi bers have 
been observed in interphase chromatin. The 10-nm diameter “beads-on-a-string” 
 fi ber spaces nucleosome “beads” every ~200 bp connected by linker DNA. In vitro 
models for this  fi ber have been reconstituted with 2–48 nucleosomes on arrays of 
repeated nucleosome positioning sequences and have been subject of several struc-
tural, biochemical, and biophysical studies. The 10-nm  fi ber is essentially an 
“unfolded”  fi ber observed experimentally and it is probably less relevant in vivo. 
Condensation of the unfolded  fi ber into the more physiologically relevant 30-nm 
diameter  fi ber (~40-fold compaction from naked DNA) is achieved via an intrinsic 
folding pathway involving core histones (speci fi cally H4 N-terminal domain) and 
linker histone (H1/H5)  [  16  ] . Electron microscopy (EM) studies of accurately posi-
tioned 48-mer arrays as well as models based on tetranucleosome crystal structure 
provide evidence that the nucleosomal arrays within the 30-nm  fi ber are organized 
as a zig-zag two-start helix as opposed to a one-start solenoid model  [  20  ] . The 
30-nm  fi ber undergoes an additional ~500-fold level of compaction in order to pack 
into the fully condensed and transcriptionally inert metaphase chromosome 
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(reviewed in  [  21  ] ). Models for intermediate tertiary structures include the (1) 
 radial-loop protein scaffold  [  21  ] , (2) chromonema  fi ber  [  21  ] , and (3) random-chain 
(beaded), based on microscopy studies of extracted metaphase chromosomes, tan-
dem arrays in live cells, and native chromatin in live cells  [  22  ] . 

 The large majority of interphase chromatin consists of decondensed, transcrip-
tionally active euchromatin in the form of nucleosomal arrays (10- and 30-nm 
 fi bers) that undergo dynamic rearrangements between various secondary and ter-
tiary structures  [  16  ] . Transcription is enabled through these structural dynamics in 
chromatin  fi bers through the action of chromatin remodelers and epigenetic regula-
tion (e.g., histone PTMs) that allow, for example, promoter regions to be nucleosome-
free. The remaining interphase chromatin is transcriptionally inert and sequestered 
into various heterochromatin structures such as telomeric and centromeric DNA. 
Recently, a number of studies have implicated architectural nucleosome-binding 
proteins such as MeCP2, MENT, Polycomb, and HP1 in forming unique 30-nm 
 fi ber repressive secondary structures present in more condensed heterochromatin 
 [  16  ] . The next sections (“Families of Chromatin Remodelers,” “ATP-Dependent 
Activities of Chromatin Remodelers and Mechanisms for Chromatin Mobilization,” 
and “Regulation of Chromatin Remodeler Activity: Genomic Targeting and Interplay 
with Histone Modi fi cations and Modi fi ers”) will focus on the energy-dependent 
activity of chromatin remodeling complexes which are largely responsible for 
nucleosomal structural dynamics, rearrangements and genomic positioning during 
transcription, and other DNA metabolic processes.  

   Families of Chromatin Remodelers 

 Genome packaging dynamics are dictated by a number of requirements of the 
eukaryotic cell. Some examples include (1) correct positioning of nucleosomes after 
DNA replication, (2) exposure of promoter sequences during transcription, (3) DNA 
and RNA polymerase activity in the face of nucleosomes, and (4) action of DNA 
repair and recombination machinery in a chromatin context. Such processes typi-
cally require displacement, component restructuring, and unwrapping/repositioning 
of nucleosomes, which are achieved through the ATP-dependent action of a class of 
enzymes called chromatin remodelers  [  23,   24  ] . Depending on the enzyme and cel-
lular process, remodeling can lead to varying outcomes that promote either chroma-
tin decondensation or condensation. 

 There are four evolutionarily conserved families of multi-subunit chromatin 
remodeling complexes—SWI/SNF, ISWI, CHD, INO80—which all share a com-
mon ATP hydrolyzing catalytic domain that allows for energy-dependent alterations 
in histone–DNA interactions  [  23,   24  ] . Each family’s ATPase or catalytic subunit has 
a common bipartite DExx and HELICc domain structure present in the SWI/SNF 
subfamily (named after  fi rst remodeler discovered) of the SF2 DNA helicase super-
family  [  25  ]  (also see Chap.   3    ). Each family is distinguished by the presence of 
unique domains inserted between and  fl anking these two regions of the ATPase 
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subunit (Fig.  13.2a ). Unique domains in the catalytic as well as associated subunits 
confer specialized functions to the remodeler depending on the cellular context. For 
example, while all remodeling complexes display enhanced af fi nity for nucleosomes, 
how they are targeted to nucleosomal regions depends on factors such as speci fi c 
recognition of nucleosomal DNA and PTMs and interactions with speci fi c tran-
scription factors and chromatin modi fi ers. Family-speci fi c domains in the catalytic 
subunit are also responsible for interaction with other subunits in the complex and 
allosteric regulation of activity. The subunit composition of the four families includ-
ing species orthologues is listed in Table  13.1  and described below.   

 The SWI/SNF family  [  24,   26–  29  ] , discovered through  S. cerevisiae  screening for 
suppression of transcriptional mutants with a  swi tching defective/ s ucrose  n on- f er-
menting phenotype, comprises 8–14 subunits forming two types of complexes (yeast 
SWI/SNF and RSC; drosophila BAP/PBAP; human BAF/PBAF) around one of two 
related catalytic subunits ( S. cerevisiae  Swi2/Snf2 and Sth1; drosophila BRM/
Brahma; human BRM/BRG1). Both ATPase subunits have an N-terminal helicase-
SANT (HSA) domain that interacts with actin-related proteins (ARP subunits), and 
a C-terminal Bromo/poly-Bromo domain that interacts with acetylated histones, con-
tributing to promoter targeting. In higher eukaryotes but not yeast,  b -actin is also a 
subunit of the remodeling complex, and has been postulated to act as a nucleotide 
exchange factor for the ATPase subunit in human BAF  [  30  ] . SWI/SNF remodeling 

  Fig. 13.2    Families of chromatin remodelers. ( a ) All chromatin remodelers contain a catalytic 
subunit with an SWI/SNF ATPase domain comprised of a DExx and HELICc motifs found in 
Superfamily 2 (SF2) DNA helicases. The ATPase domain provides the motor for DNA transloca-
tion around the histone octamer. Remodeling complexes are further divided into four major fami-
lies based on the unique domains present in the catalytic subunit. The SWI/SNF family has an 
N-terminal helicase-SANT (HSA) and C-terminal Bromo domain  fl anking its ATPase domains. 
The ISWI family has a SANT-SLIDE domain in its C-terminus. The CHD family possesses tan-
dem chromo-domains upstream of its ATPase domain. The INO80 family contains an HSA domain 
upstream of its ATPase, and unlike the other three families which have a short insertion between 
their two ATPase motifs, the INO80 family has a long insertion. See text for further details. 
Reproduced from  [  24  ]  with permission of  Annual Reviews        
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   Table 13.1    Remodeler composition and orthologous subunits: subunit composition is shown of 
the major remodeling complexes in each of the four families in yeast, drosophila, and humans     

  See text for further details. Reproduced    (pre-print version) from  [  24  ]  with permission of  Annual 
Reviews   

complexes mainly function in promoting gene expression (and dsDNA break repair 
in the case of rad54p), producing multiple outcomes via DNA translocation and 
topological changes including octamer ejection, dimer displacement and exchange, 
nucleosome sliding, and disome formation (see section “ATP-Dependent Activities 
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of Chromatin Remodelers and Mechanisms for Chromatin Mobilization”). They do 
not have roles in chromatin assembly during DNA replication. 

 The ISWI ( i mitation  swi tch) family of remodelers  [  23,   24,   31  ]  are smaller com-
pared to SWI/SNF with only 2–4 subunits. The three major ISWI complexes (yeast 
ISW1a/ISW1b/ISW2; NURF, CHRAC, and ACF in drosophila and humans) are 
assembled around two related catalytic subunits ( S. cerevisiae  Isw1/Iswi2; droso-
phila ISWI; human SNF2L/SNF2H). The ATPase subunit has unique C-terminal, 
adjacent SANT (ySIW2, yADA2, hNCoR, hTFIIIB), and SLIDE (SANT-like ISWI) 
domains that are responsible for recognition of the nucleosome through interactions 
with nucleosomal and linker DNA and histone tails. The remaining subunits offer 
additional domains including DNA-binding motifs in hCHRAC and dNURF301, 
and plant homeodomains (PDH), and bromodomains (hBPTF, hACF1). ISWI 
mainly functions in nucleosome spacing via sliding. Its ability to bind linker DNA 
and nucleosomal DNA on either side of the nucleosome is postulated to allow 
nucleosome centering on the DNA. While ACF and CHRAC have roles in chroma-
tin assembly and transcription repression, NURF leads to transcriptional activation 
via randomizing nucleosome spacing. 

 The CHD remodeler family is named after the catalytic subunit domains— c hro-
modomain,  h elicase, and  D NA binding  [  23,   24,   30  ] . The simplest remodeler in this 
family, CHD1, is comprised of a single catalytic subunit (Chd1) across species 
(although it can be oligomeric in higher organisms). In higher eukaryotes, the NuRD 
complex contains up to ten subunits assembled around the catalytic subunit Mi-2. In 
both Chd1 and Mi-2 catalytic subunits, two tandem chromo-domains N-terminal to 
the ATPase region are involved in recognition of methylated H3 tails. Large vari-
ability exists in cellular functions of CHD remodelers—some activate transcription 
through nucleosome repositioning or removal, while others such as vertebrate Mi2/
NuRD are involved in transcriptional repression via histone deacetylase (HDAC1/2) 
and methyl CpG-binding domains (MBD). 

 The INO80 chromatin remodelers comprise the most complex family in terms of 
subunit composition across species  [  24,   32  ] . Unlike the other three remodeler fami-
lies, the INO80 family catalytic subunit is de fi ned by a much longer insertion 
between the two regions to which two types of its protein subunits bind—(1) actin-
binding protein (ARP) and (2) Rvb1,2 helicase-related (AAA-ATPase) proteins. 
The ATPase subunit also has an N-terminal HSA domain for binding actin and 
ARPs, other subunits found in the remodelers of this family. INO80 has multiple 
functions in transcriptional activation (via subunit histone acetylase (HAT) activity) 
as well as DNA repair. Similar to the ISWI remodeler family, INO80 remodelers 
interact with extranucleosomal DNA in order to mobilize nucleosomes. In addition, 
the yeast SWR1 and related drosophila Tip60 and human SRCAP complexes are 
unique in that they contain histone H2A variant H2A.Z and histone H2B as subunits 
and are able to catalyze the exchange of the canonical H2A–H2B dimer with the 
variant containing H2A.Z, a structural change associated with both transcriptional 
activation and silencing  [  33  ] .  
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   ATP-Dependent Activities of Chromatin Remodelers 
and Mechanisms for Chromatin Mobilization 

   Chromatin Remodelers Are Not Bona-Fide Helicase Enzymes 

 The bipartite ATPase domain of chromatin remodelers is homologous to that found in 
SF2 DNA helicases containing helicase motifs I–III in the subdomain I and helicase 
motifs IV–VI in subdomain II ( [  24  ]  see also Chap.   3    ). Like DNA helicases, chromatin 
remodelers demonstrate DNA-dependent ATPase activity and in all cases it is also 
nucleosomal DNA-dependent. However, only the Mi-2 and ISWI families display 
higher activation of ATP hydrolysis with nucleosomal DNA as a cofactor relative to 
free DNA. Despite the sequence homology to DNA helicases, chromatin remodelers 
are unable to catalyze ATP-dependent separation of DNA strands in vitro  [  34  ] , consis-
tent with the absence of a strand-separation “pin” motif found in helicases  [  35,   36  ] . 
However, depending on the remodeler family, a number of other ATP-dependent 
activities have been reported for chromatin remodeling complexes and their catalytic 
subunits by themselves. These activities include translocation or sliding of the histone 
octamer relative to DNA, and displacement or exchange of core histone components 
(Fig.  13.3 ). These are discussed below in terms of mechanisms to yield outcomes such 
as nucleosome repositioning/spacing, restructuring, and removal.   

Histone Variant
 Exchange

TF

TF

  Octamer 
Displacement

  Dimer
Displacement

  Nucleosome Sliding

  Fig. 13.3    Modes of nucleosome remodeling. Chromatin remodelers recognize the nucleosome 
and catalyze energy-dependent activities such as DNA translocation around the histone octamer 
(i.e., nucleosome sliding) and displacement/exchange of core histone components (histone dimers, 
octamers, and variants). Depending on the particular remodeler and the cellular context, these 
activities will yield different outcomes, for example, nucleosome repositioning to enable exposure 
of DNA-binding sites to transcription factors (TF), nucleosome phased spacing to enable hetero-
chromatin formation, and nucleosome restructuring and removal. Adapted and reprinted by per-
mission from Macmillan Publishers Ltd:  Nature Structural and Molecular Biology   [  87  ]           
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   Interaction of Chromatin Remodelers with DNA 
and the Nucleosome 

 Where and how chromatin remodelers interact with the nucleosome is critical to 
understanding their mechanisms of nucleosome remodeling. One of the  fi rst loca-
tions to be explored for nucleosome binding was the DNA entry/exit point and evi-
dence suggesting this was reported for SWI/SNF complexes that displayed a 
propensity to bind 4-way-junctions  [  37  ] . ACF remodeling complex was also mapped 
to the nucleosome entry/exit region  [  38  ] . Further investigations ultimately revealed 
that the ATPase domain binds to an internal site within the nucleosome. Critical to 
this conclusion were reports that ssDNA gaps two helical turns from the dyad (SHL 
±2) impeded nucleosome sliding by ISW2 and SWI/SNF  [  39  ] , RSC  [  40  ] , as well as 
NURF  [  41  ] . This was consistent with footprinting studies showing that one of the 
binding sites for ISWI2 is the internal position SHL2 site within the nucleosome 
 [  42  ]  and that SWI/SNF  [  39  ]  and RSC  [  40  ]  bound to this region also. 

 Multilobed structures of the large remodeling complexes, SWI/SNF and RSC, 
have been reconstructed from EM images and place a single nucleosome within a 
central cavity with the “translocase”-binding site at the internal SHL2 position and 
the DNA entry/exit regions and the dyad partially exposed (Fig.  13.4a )  [  43–  45  ] . In 
the SWI/SNF study  [  45  ] , DNA footprinting showed SWI/SNF protected one DNA 
gyre, covering 50 bp from the nucleosome entry site (DNA-binding domain [DBD]) 
to two helical turns from the dyad (translocase domain). Bartholomew and col-
leagues  [  46  ]  have recently discovered a key difference in how SWI/SNF and ISWI 
translocase domains engage the internal SH2 nucleosome-binding site. Using site-
speci fi c crosslinking and footprinting methods, they showed that Isw2 binds the 
outer face of the DNA superhelix via the cleft between its ATPase subdomains, 
while Snf2 intercalates between the octamer and the DNA via a region external to 
the cleft. These differences may account for the ability of SWI/SNF to break more 
histone–DNA interactions upon engaging the nucleosome relative to ISWI  [  39  ] .  

 Thus, DNA–histone mapping and structural studies revealed that SWI/SNF and RSC 
bound nucleosomal DNA from the near-dyad to near-end region. In contrast, the smaller 
ISWI complexes protect not only the internal SHL2 position but also extra-chromo-
somal linker DNA (Fig.  13.4b )  [  41,   42,   47–  49  ] . From a combination of DNA photoaf fi nity 
crosslinking and peptide mapping methods, Bartholomew and colleagues delineated 
interactions for the SHL2 with the DEXD box of the catalytic subunit Isw2p, the entry-
exit region with the HAND domain of Isw2p and subunit Ict1p, and the extrachromo-
somal DNA with Ict1, Isw2 (Sant-Slide domain), and subunit Dpb4p (Fig.  13.4b )  [  42, 
  47,   49  ] . NURF (drosophila ISWI) was also mapped via footprinting to bind both the 
stretch of linker DNA as well as an internal SHL2 site, with H4 N-terminal tails required 
for the near-dyad interactions  [  41  ] . The capacity to interact with DNA outside the 
nucleosome core is also consistent with reports showing linker length dependence on 
nucleosome sliding activity (discussed in section “Chromatin Remodelers Reposition 
and Space Nucleosomes”) by this remodeling family  [  50–  53  ] . The ability to engage the 
nucleosome at both internal and extra-nucleosomal DNA sites is postulated to allow 
ISWI-type remodelers to center nucleosome within a DNA sequence.  
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   Chromatin Remodelers Catalyze dsDNA Translocation, 
Generating Loops and Superhelical Tension in DNA 

 While remodelers do not separate strands, per se, the homology of their ATPase 
domain with that of DNA helicases led to exploration of their capacity to function 
as ATP-dependent DNA motors and catalyze DNA translocation. The engagement 
of different remodelers with the nucleosome at the internal SHL2 position sug-
gested that the ATPase motor or “translocase” domain acted at this site, disrupting 

  Fig. 13.4    Nucleosome binding by SWI/SNF and ISWI chromatin remodelers. ( a ) Model of SWI/
SNF (tan) binding to the nucleosome in a central cavity based on EM, footprinting and crosslink-
ing studies. The histone core is omitted from this depiction. One gyre of nucleosomal DNA ( red ) 
faces the interior of the remodeler cavity, while the other gyre ( grey ) is more exposed facing the 
exterior of the trough. The mapped translocase domain is predicted to pull the DNA proximal to 
the high wall in towards the nucleosome dyad axis where the bulge will form. Other predictions 
based on this model include (1) the high wall may protect the “pulled” DNA from completely 
unraveling, (2) the bulge will form in an area not protected by SWI/SNF and propagate to an area 
with less steric hindrance along the low wall, and (3) SWI/SNF can only bind one nucleosome at 
a time. ( b ) Comparison of remodeler-nucleosomal DNA contacts for ISW2 and SWI/SNF chroma-
tin remodeler families’ respective catalytic subunits, Isw2 ( left ) and Snf2 ( right ). Contacts were 
mapped by site-directed DNA crosslinking (highlighted in  blue ). While Snf2 interacts with SHL2 
site only, Isw2 interacts with both SHL2 and extrachromosomal DNA starting at the entry site. See 
text for further details. Reprinted from  [  27  ]  with permission from Elsevier Limited       
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DNA–histone interactions through DNA translocation with generation of DNA dis-
tortions such as loops and topological strain. 

 Early studies investigating remodeler translocation demonstrated that SWI/SNF 
 [  54  ] , Rad54  [  54  ] , RSC  [  55  ] , and ISWI  [  56  ]  possess an ATP-dependent ability to 
displace a short oligonucleotide from a triple helix, suggesting an ability to translo-
cate  [  56  ]  along one of the dsDNA strands. A 3 ¢ –5 ¢  polarity of translocation was 
con fi rmed by inhibition of strand displacement when gaps were placed in a 3 ¢ –5 ¢  
tracking strand  [  40,   55,   56  ] . Observation of DNA-length dependence of ATP hydro-
lysis activity by RSC and its ATPase motor, Sth1  [  55  ] , and ISWI  [  56  ]  provided 
indirect evidence for ATPase-promoted DNA translocation. 

 An initial exploration of how remodelers impact DNA supercoiling was carried 
out by Owen-Hughes and colleagues  [  57  ]  by measuring ATP-dependent cruciform 
generation from an [AT] 

34
  repeat construct. Consistent with their DNA cofactor 

dependence of ATP hydrolysis, hBRG1 and SWI/SNF created cruciforms on both 
naked and nucleosomal DNA constructs, whereas Mi-2 and ISWI activities were 
speci fi c to nucleosomal DNA. SWI/SNF was also demonstrated to transiently 
induce ATP-dependent supercoiling in a mini-circle system  [  58  ] . RSC remodeling 
measured by restriction enzyme accessibility was less effective on nucleosomes 
with positioned nicks, indicating both DNA twist and translocation are involved in 
remodeling  [  55  ] . A role for torsional strain was observed for ISWI but not SWI/
SNF in that nucleosome movement from an internal position was prevented by sin-
gle nicks at this near-dyad site for ISWI but not SWI/SNF  [  39  ] . 

 Subsequently, single-molecule systems provided more direct observation of 
translocation activity for the Snf2 remodeler family. Translocation on dsDNA by 
hRad54 protein was implicated by an atomic force microscopy (AFM) analysis of 
hRad54–DNA complexes containing unconstrained supercoils in the presence of 
ATP  [  59  ] . A  fl ow-based optical trap assay was used to examine  fl uorescently labeled 
Rad54p  [  60  ]  move along a dsDNA track. Rad54 translocation along  l  DNA was 
ATP-dependent, highly processive at 300 bp/s and did not involve looping. A homo-
logue, Rdh54, was shown using total internal re fl ection  fl uorescence microscopy to 
catalyze highly processive translocation-coupled loop extrusion on naked DNA, 
creating large 6 kb DNA loops  [  61  ] . In a separate study  [  62  ]  using magnetic twee-
zers, RSC complex was shown to catalyze ATP-dependent reductions in DNA 
length of naked DNA—translocating at 200 bp/s for an average of 420 s at very low 
tension (0.3 pN). These DNA shortenings were accompanied by generation of DNA 
loops and superhelical tension, and were postulated to re fl ect rapid and reversible 
DNA translocation events. Recently Zhang and colleagues  [  63  ]  applied a high reso-
lution optical tweezers-tethered translocase system to remeasure translocation on 
naked DNA by the RSC catalytic subunit, and discovered it could translocate against 
forces up to 30 pN as a highly processive motor with a small step size (2 bp) with 
multiple modes of loop formation. A similar activity was reported for SWI/SNF and 
RSC using an optical trap system; however in this case, the ATP-dependent revers-
ible DNA shortening events were observed on oligonucleosomal DNA (containing 
1–4 nucleosomes) at tensions between 1 and 6 pN and against forces up to 12 pN. 
In this system, SWI/SNF was able to catalyze sequential reversible shortening 
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events, indicating more processive translocation (13 bp/s), and DNA looping was 
re fl ected by the variation in DNA length reductions (average size of 100 bp)  [  64  ] . 
Support for DNA loop formation was also noted for ACF in which remodeling pro-
duced increased DNA accessibility at regions bordering the nucleosome as mea-
sured by an ethidium bromide intercalation assay  [  38  ] , suggesting a “loop recapture 
model” for DNA movement along the nucleosome (see section “Physical Models 
for Remodeler-Promoted DNA Movement Around the Octamer”).  

   Chromatin Remodelers Reposition and Space Nucleosomes 

 Nucleosome mobilization by chromatin remodelers has been probed traditionally 
by monitoring changes in DNA accessibility of nucleases, restriction enzymes, and 
transcription factors upon ATP-dependent remodeling. For example, SWI/SNF 
ATP-dependent remodeling activity was discovered by DNaseI footprinting studies 
demonstrating facilitation of transcription factor binding to their cognate sites when 
incorporated into mononucleosomes  [  65,   66  ] . 

 The main biochemical methods to address remodeler-promoted nucleosome 
movement include nucleosome mapping by indirect end labeling in vivo and 
nucleosome mapping by site-directed mapping and gel shifts in vitro  [  67,   68  ] . Early 
studies using DNA photoaf fi nity labeling showed that after remodeling and ATP 
hydrolysis, the RSC and SWI/SNF contacts within the nucleosome undergo multi-
ple changes such as displacement of catalytic subunits from the nucleosomal DNA 
surface  [  69  ] . In a photochemical mapping study, SWI/SNF peeled as much as 50 bp 
from the ends of a mononucleosome  [  70  ] , arguing for a stable remodeled product 
which contains a loop at the entry-exit site. Footprinting and restriction enzyme 
accessibility assays showed that RSC catalytic subunit Sth1 engaged the nucleosome 
at a position 2 helical turns from the dyad and moved the nucleosomal DNA from 
this location  [  40  ] . Photoaf fi nity DNA crosslinking assays with nucleosomes con-
taining ssDNA gaps at different locations later con fi rmed that SWI/SNF and ISWI 
translated nucleosomes from an internal site SHL-2 with a 50 bp and 10 bp step 
size, respectively  [  39  ] . Nuclease mapping studies revealed Rad54 bidirectionally 
repositioned nucleosomes in an ATP-dependent manner  [  71  ] ; however its rate of 
translocation was much faster relative to its nucleosome sliding activity indicating 
that translocation may not be the rate-limiting event in sliding  [  60  ] . 

 Wang and colleagues  [  72  ]  examined how SWI/SNF altered histone–DNA inter-
actions using an elegant optical trap-based DNA unzipping assay on a mononu-
cleosome. They discovered that after SWI/SNF ATP-dependent remodeling, the 
nucleosome retained its canonical nucleosome disruption force signature with three 
regions of interaction (two centered at ~50 bp away from dyad and one centered at 
the dyad); however the distribution of nucleosome positioning was shifted continu-
ously by ~28 bp bidirectionally around the original (unremodeled) position. 
Furthermore, the remodeling events were transient and did not result in any perma-
nent change in the histone composition. A later study  [  73  ]  applying a single-molecule 
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methyltransferase accessibility assay (MapIT) to study remodeling also showed a 
broad distribution of DNA accessibility for SWI/SNF remodeled nucleosomes; 
however this was mainly due to large heterogeneity in bidirectional translational 
positioning accompanied by loss of canonical histone–DNA contacts. In contrast, 
ISWI nucleosome repositioning was unidirectional and generally preserved the 
canonical structure  [  74,   75,   76  ] . 

 Recently, native RSC- and Mi2-mediated nucleosome positioning over long dis-
tances was examined using high resolution PAGE on mononucleosomes situated on 
DNA with long arms  [  77  ] . In contrast to bidirectional remodeling observed for SWI/
SNF  [  72,   73  ] , both remodelers showed a strong sequence dependence of the initial 
direction of translocation. At limiting ATP, RSC was able to reposition the 
nucleosome in 20 bp steps within the 601 positioning sequence and at more proces-
sive rates outside the 601, indicating remodeling processivity is likely in fl uenced by 
DNA sequence. 

 Along with information garnered regarding the propensity to reposition 
nucleosomes and the directionality and step size of remodeling, family-speci fi c 
features have also been observed regarding the ability to regularly space 
nucleosomes. A major example is the ISWI family of remodelers which is known 
to space nucleosomes in transcriptionally silenced regions. The capacity to space 
nucleosomes by remodelers is related to their ability to bind and be activated by 
extrachromosomal DNA and to operate as a dimer, as in the case of ACF. As 
mentioned in section “Interaction of Chromatin Remodelers with DNA and the 
Nucleosome,” ISWI remodelers are distinguished from the SWI/SNF family 
based on their ability to bind extrachromosomal DNA. This ability turned out to 
be important for activity as the ATPase activity for ISWI was stimulated by linker 
DNA  [  56  ] . ISWI2 had an absolute requirement for 20 bp of linker DNA for 
remodeling and additional 43 bp of  fl anking DNA stimulated activity  [  42  ] . 
Furthermore, increasing linker lengths stimulated nucleosome sliding by ISWI2, 
and the remodeler could discriminate between linker DNA lengths such that on 
substrates with two DNA arms, it preferred to bind the longer arm and remodeled 
the nucleosome towards the center. Further analysis showed that ISW2 cannot 
move the nucleosome closer than 11 bp from the DNA end, and ssDNA gaps in 
the linker and entry regions did not impede remodeling, indicating no require-
ment for torsional strain  [  52  ] . A similar ability of ISW1a, b, and Isw2, as well as 
Chd1 (catalytic subunit of the CHD family) to center nucleosomes through pref-
erential binding to longer linker DNA, with a loss of remodeling activity at link-
ers <15 bp (for all but Isw1b) was observed by Owen Hughes and colleagues 
 [  78  ] . This combined work led to the idea that remodelers that act as “nucleosome 
spacing factors” do so by centering the nucleosome within a DNA fragment. The 
leading model suggests ISWI preferentially binds longer linker DNA and moves 
the nucleosome towards the center, and repeats this cycle on alternate sides until 
the linker DNA is too short to remodel further (see section “Physical Models for 
Remodeler-Promoted DNA Movement Around the Octamer”). 

 A major difference between the repositioning activity of two ISWI complexes in 
yeast—ISW1a and ISW2—is that the former but not the latter can space nucleosomes 
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at a set distance of 175 bp. Bartholomew and colleagues conducted an investigation 
 {  48  }  using high resolution nucleosome mapping, site-speci fi c DNA crosslinking, and 
nucleosome-binding assays that showed this difference in spacing ability was attrib-
uted to the fact that ISW1a requires binding 33 bp of only one arm of linker DNA in 
order to retain its interactions with the internal site, but loses this interaction and stops 
remodeling when it protects both linker arms. In contrast, ISW2 has a different prefer-
ence for extrachromosomal DNA at the entry/exit that results in lack of spacing abil-
ity. Further analysis of the yeast ISWI proteins helped delineate stages of remodeling 
by spacing factors  [  51  ] . In particular, a role for ATP hydrolysis in formation of a com-
mitted ISW1a and ISW2-nucleosome complex was observed that involved transition-
ing from an initial complex only protecting linker DNA to one protecting over one 
complete turn of the nucleosomal DNA, with an important role played by the Dbp4 
subunit in destabilizing histone–DNA contacts 15 bp away from the ATPase domain. 

 Recently, the INO80 remodeling complex involved in transcriptional activation 
and DNA repair was also investigated  [  79  ]  for its linker DNA requirements. A mini-
mum of 33–43 bp linker DNA and H2A but not H4 tails were required for remodel-
ing by Ino80. On di- and tri-nucleosomal arrays, it moved nucleosomes towards 
each other, stopping at 30 bp linker DNA to achieve a repeat length of 177 bp. 

 Human ACF, ATP-dependent chromatin    assembly factor, helps form regularly 
spaced arrays in transcriptionally silenced chromatin  [  80,   81  ] . ACF was shown 
using ExoIII mapping to move nucleosomes by 50 bp from end to center positions 
 [  38  ] . In a bulk FRET-based nucleosome repositioning assay, ACF remodeling was 
activated by increasing linker DNA lengths such that ACF kinetically discriminated 
between  fl anking DNA lengths in order to center nucleosomes  [  50  ] . Using a single-
molecule FRET assay in which FRET donor and acceptors were placed respectively 
on surface-tethered end-positioned nucleosome and exit linker DNA of varying 
lengths, Zhuang and colleagues  [  82  ]  provided evidence for ACF-catalyzed 
nucleosome “centering” within a DNA fragment. To prove the nucleosome was 
actually being translocated in this system, ssDNA gaps were incorporated within 
2–3 helical turns from the dyad to “stall” the nucleosome and FRET decrease was 
directly proportional to gap-dyad distance. Translocation of an end-positioned 
nucleosome was interrupted by well-de fi ned kinetic pauses consistent with unidi-
rectional repositioning by an ACF monomer, while that of a center-positioned 
nucleosome was processive and bidirectional, consistent with ACF operating as a 
dimer with each monomer binding on either side of the nucleosome as observed in 
EM reconstructions of SNF2h bound nucleosomes  [  83,   84  ]  and proposed in FCS 
studies showing that ACF had four DNA-binding sites  [  38  ] .  

   Physical Models for Remodeler-Promoted DNA Movement 
Around the Octamer 

 Through these studies, several models of how chromatin remodelers move DNA 
around the histone octamer have been formulated. The basic tenet is that the remod-
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eler interacts speci fi cally at SHL2 through its translocase domain and also at a 
region closer to the linker DNA through a separate DBD. The remodeler either 
moves along the DNA around the nucleosome or remains  fi xed at the near-dyad site 
and catalyzes directional propagation of a DNA bulge and/or twist around the 
nucleosome  [  40  ] . The end result is either a transient disruption in DNA–histone 
contacts resulting in a transient increase in accessibility of nucleosomal DNA (i.e., 
loosening), or a more permanent disruption of contacts, resulting in a change in the 
translational position or “sliding” of the nucleosome. 

 Original models for remodeler-induced histone core movement relative to DNA 
invoked a “twist diffusion” model in which thermal  fl uctuation-induced twist of 
linker DNA would be propagated around the histone octamer surface in 1 bp steps, 
changing both the rotational and translational phasing of the nucleosome. This 
model was supported by structural  fi ndings    that the nucleosome can accommodate 
a single bp insertion or deletion at certain locations  [  1,   85  ] . Twist diffusion became 
less favored with a report that remodeling by ISWI moved nucleosomes in 10 bp 
steps, thus maintaining the rotational phasing of the nucleosomes  [  39  ]  and that 
physical barriers such as hairpins and streptavidin beads, which should impede rota-
tion during sliding, did not affect remodeling by SWI/SNF  [  86  ]  and ACF  [  38  ] . 

 An alternative, generally favored model is the “bulge propagation” model in 
which a longer segment of DNA is detached from the linker DNA region and trans-
fers to the histone core, forming a loop which propagates around the octamer sur-
face, breaking and reforming histone–DNA contacts until the loop reaches the 
opposite linker, effectively translating the nucleosome position by a distance de fi ned 
by the size of the loop. Figure  13.5a  provides a schematic view of the bulge propa-
gation model for SWI/SNF and ISWI remodelers based on their nucleosome  binding 
and DNA translocation features  [  53  ] . As SWI/SNF protects an extensive region of 
DNA, it is predicted to create larger bulges of 50 bp via translocation by its catalytic 
subunit anchored at the SHL2 position. ISWI, on the other hand, is predicted to 
generate a smaller ~10 bp bulge achieved through concerted action of its two bind-
ing sites at the internal site and linker DNA. Propagation of the bulge in a unidirec-
tional manner beyond the region between the entry and internal site would require 
the release of the SHL2 contact.  

 Figure  13.5b  shows an alternative “1+10” ratchet model for SWI/SNF and ISWI 
DNA translocation that invokes an “inchworm” type movement proposed for many 
SF1 and SF2 DNA helicases  [  87  ] . In this model, the remodeler contacts the 
nucleosome at SHL2 through its translocase domain (tr) and near the proximal 
linker DNA via a DBD which are connected through a  fl exible hinge region (H). 
The Tr domain binds tightly to the near-dyad position and initially tracks 1 bp 
towards the dyad. The DBD is initially bound to any helical repeat position between 
the dyad and the proximal linker (ISWI will be closer to linker than SWI/SNF). 
Once Tr catalyzes 1 bp movement, the DBD moves and binds tightly to a position 1 
helical repeat away from Tr. This causes Tr to weaken its dyad interaction, promot-
ing a conformational change in DBD so that it moves back to its original position, 
pulling with it a 10 bp loop of DNA which ultimately will pass thru Tr. Tr will reen-
gage and the cycle continues, thus enabling “inchworm” like propagation of an 
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  Fig. 13.5    Proposed mechanisms for DNA translocation around the nucleosome by chromatin 
remodelers. ( a ) Models for SWI/SNF and ISWI chromatin remodeling via bulge propagation. 
Proposed models are based on differences reported between SWI/SNF and RSC with regard to 
remodeler interactions with histones and nucleosomal DNA as well as features of DNA transloca-
tion. Depictions: histone octamer ( grey shaded circle ), nucleosomal DNA ( red line ), footprint of 
remodeler on nucleosome ( shaded green ). ( Top ) SWI/SNF is anchored at SHL2 but has extensive 
interactions with nucleosomal DNA providing more potential to generate a large DNA bulge 
(~50 bp) that is propagated around the nucleosome ( arrows 1 and 2 ). ( Bottom ) ISW2 has two 
contact points with the nucleosome at SHL2 and the entry site/extrachromosomal DNA which 
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Fig. 13.5 (continued) work in concert to create a smaller (10 bp) bulge between the two binding 
sites ( arrows 1 and 2 ) due to torsional strain created at the internal site being offset by pulling of 
opposite linker towards the nucleosome. Bulge propagation and DNA translocation is achieved 
only upon release of the internal contact ( arrow 3 ). Reprinted from  [  53  ]  with permission from 
Elsevier Limited. ( b ) Modi fi ed “inchworm” (1+10 ratchet) model for IWSI/SWI/SNF remodeling 
shown as a nucleosome top-view rendition ( left ) and as a translocation cycle ( right ). Remodeler 
contacts the nucleosome at SHL2 through its translocase domain (tr) and at the linker DNA via a 
DNA-binding domain (DBD) which are connected through a  fl exible hinge region (H). In this 
schematic, the tr domain is anchored while the DBD domain (shown bound 10 bp from dyad) 
alternates between two conformations, with  fi xed positions of each domain depicted as a triangle 
and square. See text for further details. Reprinted by permission from Macmillan Publishers Ltd: 
 Nature Structural and Molecular Biology   [  87  ] . ( c )    Alternative model for nucleosome sliding 
involving rotation of the histone core. This model postulates that upon binding SHL2 by the 
ATPase motor ( green ), the DNA structure is altered ( yellow ) in such a way as to promote reposi-
tioning of energetically important contacts at the dyad ( black arrow ) towards the remodeler. This 
is achieved by rotation of the histone core within the DNA wrap ( red arrow ), effectively translo-
cating the DNA by one minor groove while maintaining rotational positioning. To continue the 
cycle, the motor domain repositions itself at the new SHL2 site. Reprinted from  [  89  ]  with permis-
sion from Elsevier Limited           

11 bp loop around the nucleosome involving sequential release of domains at both 
binding sites. In this model, the DBD domain serves as an internal “ratchet” to pro-
mote directional translocation of DNA towards the dyad, taking into account the 
torsional strain created by the translocase domain  [  87  ] . 

 The bulge propagation model is supported by detection of DNA looping during 
remodeling using single-molecule techniques; however the variation in loop size 
may re fl ect remodeler variation in translocation step size and force generation. For 
example the difference in repositioning intervals for SWI/SNF (50 bp) vs. ISWI 
(10 bp) may re fl ect differences in bulge size, stopping points, and disruption sever-
ity for these two remodelers  [  39  ] . A similar “loop recapture” model was proposed 
for the ACF remodeling complex based on studies mapping its binding to the 
nucleosome entry/exit region, introducing a DNA loop at this position which propa-
gates around the histone octamer resulting in nucleosome repositioning  [  38  ] . 
Another variation on this model was put forth based on intranucleosomal crosslinking 
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studies suggesting that intermediates in SWI/SNF- and RSC-remodeling contain an 
additional internal loop which is threaded through the nucleosome  [  88  ] . 

 A third model recently put forth suggests that the remodeling does not involve 
DNA movement, but instead the histone octamer rotates relative to stationary DNA 
 [  89  ]  (Fig.  13.5c ). The tenets of this model are that upon binding of the ATPase 
domain to SHL2, it alters the histone–DNA contacts in this region. The octamer 
tries to maintain optimal histone–DNA contacts by rotating its dyad  a 1– a 1 and 
L1–L2 contacts towards the remodeler by one minor groove register, thus achieving 
translational repositioning without changing rotational position. The swiveling of 
the histone core may be facilitated by high density of basic residues in that region 
of the octamer including a single Arg that intercalates into the minor groove.  

   Physical Models for Remodeler-Promoted Nucleosome Spacing 

 Two different mechanistic models for spacing of nucleosomes have been proposed 
based on structural studies of ACF complex and ISWI complexes bound to nucleosomes 
 [  90  ]  (Fig.  13.6 ). ACF catalytic subunit, Snf2h, was shown by Narlikar group  [  84, 91    ]  
to bind a nucleosome as a dimer with each monomer  fl anking one gyre of DNA 
(Fig.  13.6  left), but only one of them has ATP bound, allowing it to bind to its cognate 
H4 N-terminal tail and linker DNA. If the longer linker side is bound by ATP-bound 
ACF monomer, it will be activated for ATP-dependent translocation, drawing linker 
DNA into the nucleosome and propagating around the nucleosome via a loop recap-
ture mechanism. The opposite linker DNA will subsequently increase in length, lead-
ing to stimulation of the ATP hydrolysis by the second monomer and translocation in 
the opposite direction. The end result is a tug of war between the directions of DNA 
movement around the nucleosome, ultimately centering the nucleosome.  

 A different mechanism for ISW1a nucleosome spacing was derived from a combina-
tion of crystal structure and cryoEM reconstructions of ISW1a lacking its ATPase 
domain (ISW1a( D ATPase)) ± DNA or with nucleosomes with linkers of 45 and 29 bp 
 [  92  ]  (Fig.  13.6  right). Interestingly, ISW1a bound as a monomer to the nucleosome with 
two linkers of 45 and 29 bp, but in the presence of a nucleosome with a single 45 bp 
linker, it bound as a dimer bridging the two nucleosomes. Each ISW1a( D ATPase) bound 
only linker DNA and the entry/exit region, with ISW1a near the proximal nucleosome 
bound in the opposite orientation to that of the monomeric species. These results sug-
gested that the true substrate for ISW1a may be a di-nucleosome, and ISW1a acts as a 
“protein ruler” setting the distance between two adjacent mononucleosomes. The sche-
matic shows the HSS domain of the ISW1 a ATPase and Ioc3 accessory subunit bound 
to linker DNA between the two nucleosomes with the ATPase domain on the SHL2 
region of the “mobile nucleosome.” Ioc3 bridges that linker DNA to the distal linker on 
the “static” nucleosome. Translocation pulls linker DNA into the mobile nucleosome, 
bringing the two nucleosomes closer to each other and stops once the static nucleosome 
interacts with the Ioc3 subunit, thus de fi ning a target length between nucleosomes which 
is re fl ective of its role in generating regularly spaced nucleosomal arrays.  
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  Fig. 13.6    Remodeling mechanisms proposed for ISWI family chromatin remodelers.  Left: human 
ACF  ( a ) Electron microscopy reconstructions of two SNF2h monomers bound to a single 
nucleosome at SHL +2 and −2. ( b ) Proposed mechanism for nucleosome centering by ACF based 
on  [  84  ] . (Stages 1–6) Two ACF monomers (inactive ATP-unbound ( light blue ) and active ATP-
bound ( dark blue )) bind on either side of the nucleosome (histone octamer ( yellow cylinder ); 
nucleosomal DNA ( grey tubing )). The active monomer binds its cognate H4 N-terminal tail 
( orange lines ), allowing it to interact with the longer linker DNA. This stimulates translocation 
( green arrow ) from the ATPase-binding site (*) pulling the longer linker DNA into and around the 
nucleosome, releasing at the other end (stages 2–3,  red arrows ). The opposite linker will subse-
quently increase in length, activating the other ACF monomer for translocation in the opposite 
direction (stages 4–5). The cycle will repeat until the nucleosome is centered (stage 6).  Right: S. 
cerevisiae ISW1a : ( c ) Combined EM/crystal structures resolved for ISW1a without its catalytic 
domain (ISW1a( D ATPase))  [  92  ]  bound to a nucleosome with 45 and 29 bp linkers ( left ) and with 
a single 45 bp linker ( right ). In the dual linker structure, the HSS domain of the catalytic subunit 
and the Ioc3 subunit bind so as to bridge the two linkers. In the single-linker structure, a twofold 
symmetric dimeric particle containing two ISW1a( D ATPase) bound to two orientations of the 
nucleosome. ( d ) (Stages 1–5) depict a schematic model proposed for di-nucleosome spacing by 
ISW1a, with the ATPase domain modeled at SHL2 of the “mobile” nucleosome, the HSS domain 
bound to linker DNA of the “mobile” nucleosome, and the Ioc3 subunit bridging the mobile 
nucleosome linker and static nucleosome distal linker. ISW1a becomes activated for translocation 
and pulls linker DNA bridging the two nucleosomes towards the mobile nucleosome. Eventually, 
Ioc3 interaction with the static nucleosome will prevent further translocation and determine a  fi xed 
spacing distance between nucleosomes. See text for further details. Reprinted from  [  90  ]  with per-
mission from Elsevier Limited       
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   Chromatin Remodelers Catalyze Dimer Release and Exchange 
in Mononucleosomes 

 Several biochemical studies have addressed the possibility of dimer loss during 
remodeling. One study showed SWI/SNF remodeling was transient and not impeded 
by octamer crosslinking  [  86  ] . The histone chaperone and centromere-associated 
chromatin remodeling factor, FACT, was shown to generate hexameric particles 
 [  93  ] . Owen-Hughes and colleagues  [  94  ]  detected ATP-dependent exchange of 
 histone dimers between chromatin fragments by SWI/SNF and RSC but not ISWI. 
Beato and colleagues  [  95  ]  demonstrated dimer exchange by SWI/SNF in a sequence-
dependent manner in the MMTV promoter system. In another study, nucleoplas-
min-mediated stimulation of SWI/SNF promotion of GAL4 nucleosome binding 
provided indirect evidence for dimer transfer during remodeling  [  96  ] . An observa-
tion of SWI/SNF-remodeled sub-nucleosomal size particles species was made using 
MAP-IT accessibility assays  [  73  ] . In contrast, single-molecule mononucleosome 
unzipping studies showed that SWI/SNF did not promote histone dimer removal 
since remodeling did not result in a tetrasome disruption signature  [  72  ] . 

 Certain members of INO80 family, yeast SWR1, drosophila Tip60, and human 
SRCAP complexes, are unique amongst the Snf2 ATPase remodelers in their abil-
ity to catalyze exchange of canonical H2A/H2B dimers with H2A.Z/H2B dimers 
 [  97  ] . This ability correlates with the fact that histone H2A.Z is one of the subunits 
in these complexes, and it is clearly a major function of these complexes. The 
incorporation of H2A.Z in chromatin does not alter canonical nucleosome struc-
ture  [  98  ] , and most likely these remodelers are targeted to regions of the genome 
that require H2A.Z for multiple functions such as prevention of heterochromatin 
spreading  [  32  ] .  

   Chromatin Remodeler Activity in an Oligonucleosome 
Context: Disome Formation, Dimer and Octamer 
Eviction, and DNA Bridging 

 A unique product of chromatin remodeling that has been reported is an altered dimer 
of nucleosomes or disome, which constrains fewer negative supercoils than normal. 
Using biochemical assays  [  99  ]  and AFM  [  100  ] , it was shown that hSWI/SNF 
remodeled nucleosomes were converted into a disome containing 60 bp of loosened 
DNA. Other similarly “altered” nucleosomes were reported upon RSC remodeling 
 [  101  ]  and SWI/SNF remodeling  [  70  ] . The ability to form disomes was postulated to 
facilitate ATP-dependent octamer transfer in trans by these remodelers  [  102  ] . 
Extension of these studies to polynucleosomal arrays revealed disome and altered 
disome (altosome) species created by SWI/SNF remodeling that offer new avenues 
for transcriptional regulation  [  11,   12  ] . 
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 Solution AFM recognition imaging experiments  [  103  ]  provided evidence that 
H2A was released from SWI/SNF remodeled polynucleosomal arrays. Bartholemew 
and colleagues  [  104  ]  have examined SWI/SNF remodeling on di- and tri-nu-
cleosomal templates and observe two stage loss of an octamer (1 dimer followed by 
entire octamer). The octamer eviction from oligonucleosomes does not require any 
acceptor DNA or histone chaperone, in contrast to mononucleosome disassembly 
by SWI/SNF/RSC which is observed in the presence of Asf1 or Nap1  [  105  ] . 
Mapping of repositioned nucleosomes is consistent with a model that SWI/SNF 
moves proximal nucleosomes towards the end of the template, displacing the distal 
octamer. These results are consistent with an AFM imaging study of di-nucleosomes 
 [  106  ]  in which overlapping of nucleosomes can promote dimer removal. 

 Very recently, the  fi rst single-molecule investigation of an ISWI family  remodeler, 
speci fi cally yeast Iswi1a    motor, was carried out using a combination of  transmission 
EM (TEM) and magnetic tweezers  [  107  ] . Strikingly, in an ATP-independent manner, 
Isw1a bound in a dynamic manner to naked DNA with high cooperativity, forming 
both intra- and inter-molecular DNA bridges that assemble into a “DNA zipper.” On 
a single nucleosome with long linker arms, Isw1a ATP-dependent remodeling was 
shown by TEM to involve bridging of extranucleosomal DNA on each arm, stimulat-
ing repositioning. Taking into account a recent structural model in which ISWIa acts 
as “protein ruler” that determines the spacing between two adjacent nucleosomes 
 [  92  ] , the TEM/single molecule study supports a “conveyer belt” model for Isw1a 
remodeling in which Isw1a units forming the DNA zipper act as “wheels” in the pres-
ence of ATP to translocate the DNA like a chain in a conveyer belt (Fig.  13.7 ).    

   Regulation of Chromatin Remodeler Activity: 
Genomic Targeting and Interplay with Histone 
Modi fi cations and Modi fi ers 

 The diversity in composition, activities, and mechanisms of chromatin remodeling 
complexes is critical for their ultimate cellular function in regulating transcription 
and other DNA metabolic processes. Layered upon this are two additional factors—
histone modi fi cations and histone modifying enzymes—that regulate their activity 
in order to targeting remodeling complexes to relevant genomic regions and control 
whether they facilitate chromatin decondensation or condensation. 

   Histone Modi fi cations as Signals to Regulating Chromatin 
Remodeling Activity 

 PTMs of histones occur at speci fi c residues located primarily in the unstructured 
N-terminal tails of the core histones. PTMs are catalyzed by histone acetyltransferases 
(HATs), histone deacetylases (HDACs), histone methyltransferases, and demethy-
lases along with histone-speci fi c phosphorylation, ubiquitilation, ribosylation and 
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other enzyme modi fi ers  [  108  ] . The resultant PTMs serve as “histone marks” that serve 
as epitopes for recognition by “reader” modules within chromatin remodeling com-
plexes and other protein machinery, targeting them to speci fi c regions of the genome 
in particular cellular contexts (i.e., DNA repair, gene activation or silencing, etc.). In 
addition, histone PTMs can have structural consequences both in terms of NCP 

  Fig. 13.7    Bridging of nucleosomal DNA by ISW1a: Conveyer belt model for remodeling. ( a ) 
Drawing of Isw1a protein based on  [  92  ] . ATPase domain ( magenta ) is separated from the HSS 
domain by a  fl exible linker, and HSS in turn interacts with Ioc3 subunit. ( b ) “Conveyer belt” model 
for Isw1a remodeling on nucleosomal DNA based on magnetic tweezer/TEM studies  [  107  ] . (Stage 
i) Starting from single nucleosome with suf fi cient  fl anking DNA, ISW1a could nucleate  fi ber for-
mation by ATP-dependent bridging/zippering of the two DNA arms. (Stages ii–iv) ISW1a engaged 
at the nucleosome, catalyzes ATP-dependent translocation of linker DNA, creating a distortion in 
the DNA that weakens its Ioc3/Isw1–DNA interaction (interaction site changes from  dark blue  to 
 light blue ). In response, the remaining ISW1a molecules continue ATP-dependent translocation, 
serving as wheels in a DNA conveyer belt, such that one DNA arm length increases while the other 
shortens, and the number of DNA bridges decreases (interaction sites become white upon release 
of Isw1a subdomains). See text for further details. Reprinted from  [  107  ]  under the terms of the 
Creative Commons Attribution License       
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dynamics and in terms of higher order structure (e.g.,  [  109  ] ). These features determine 
a “histone code” such that different combinations of  histone PTM patterns correlate 
with speci fi c gene expression outcomes  [  110  ] . An example of global epigenetic effects 
for histone H3 include tri-methylation at Lysine 4, 9, or 27 respectively associated 
with gene activation, heterochromatin formation, and gene repression  [  108  ] . 

 The impact of histone tails and PTMs on remodeling has been explored via 
numerous genetic and biochemical studies (reviewed in  [  108,   111  ] ). Owen-Hughes 
and colleagues utilized a peptide ligation    strategy to investigate H3- and H4-speci fi c 
tail histone modi fi cations  [  112  ]  and discovered remodeler-speci fi c outcomes for 
different reaction steps. For example, H3-tetraAc but not H4 tetra-Ac increased 
RSC remodeling rate by lowering the  K  

m
  for nucleosome cofactor in the ATPase 

reaction, thus impacting substrate binding. In contrast, H4-tetraAc increased the  k  
cat

  
with no impact on  K  

m
  for Isw2 and Chd1 remodeling. This was consistent with 

reports demonstrating loss of ISWI ATPase and remodeling activity by removal of 
the H4 terminus  [  113,   114  ] . 

 Chromatin remodelers are thus impacted by histone PTMs in two major ways—
they serve as signals for recognition and recruitment of remodelers as well as allos-
teric effectors of catalytic activity by remodelers. Remodelers are not only recruited 
by PTM signals, but also via other signals such as histone variants, nonhistone pro-
teins, DNA sequence, DNA methylation, and chromatin-associated RNAs  [  115  ]  (see 
Fig.  13.8a ). In addition, these signals can also regulate the kinetic steps of the remod-
eling event which has been modeled by Rippe and colleagues  [  115  ]  to comprise 
equilibrium binding of the remodeler to the target sequence, initiation of remodeling 
involving formation of a high-energy intermediate (e.g., DNA loop), ATP-dependent 
translocation (the catalytic step), and termination of remodeling. Binding af fi nities 
can be modulated in a DNA sequence-independent way such as a change in the H3 
or H4 modi fi cation that directly changes af fi nity of the remodeler for the substrate 
 [  112  ] , or in a sequence-dependent manner as has been observed for nucleosome 
positioning by Chd1 and ACF  [  116  ] . Rates of catalysis for both the translocation and 
ATP hydrolysis reactions are affected by chromatin marks as mentioned earlier 
 [  112–  114  ] . In addition to tail effects, histone variants and binding domains also regu-
late catalysis—for example, H2A.Z containing nucleosomes increased the transloca-
tion rate of mammalian ISWI relative to canonical H2A  [  117  ] , and the double 
chromodomain of Chd1 discriminates between inhibitory naked DNA vs. stimula-
tory nucleosomal DNA cofactors in its ATPase reaction  [  118  ] .   

   Targeting of Chromatin Remodelers to the Genome: 
Epitope Recognition by Protein-Binding Domains 
and Target Search Mechanisms 

 The chromatin remodeling complexes have evolved as macromolecular machines 
which include a wide range of noncatalytic subunits and domains. Evolutionarily, 
this serves two purposes: (1) improving ef fi ciency by allowing coupling of reactions 
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in a remodeling event and (2) diversi fi cation of function through multiple combina-
torial    assemblies. Examples of the latter include alterations in remodeler subunit 
composition to control development as in the case of mammalian BAF subunit 
usage regulating neuronal differentiation, identi fi cation of human chromatin 
 remodeler subunits as tumor suppressors  [  30  ] , and the synergistic and sequential 
action of different “reader” domains in recognition, creation, and, removal of differ-
ent histone PTMs during remodeling  [  111  ] . 

  Fig. 13.8    Target location and continuous sampling mechanism for ISWI remodeler translocation. 
( a ) Chromatin remodelers are targeted to genomic locations by recognition of speci fi c signals such 
as DNA sequence and methylation, histone tail modi fi cations, histone variants, and recruitment 
factors such as histone modifying enzymes. ( b ) ISWI remodeling involves transient binding and 
continuous sampling of nucleosome-binding sites for the appropriate target. Target discrimination 
is achieved through signal recognition and kinetic proofreading. Remodeler residence times and 
kinetic proofreading times are based on  [  129  ]  and  [  128  ] , respectively. With appropriate signal 
recognition, the remodeler can proceed along a successful translocation pathway ( red arrows ). See 
text for further details. Reprinted from  [  31  ]  with permission from John Wiley and Sons       
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 Three types of chromatin remodeling complex protein domains that “read” 
PTM histone “marks” include bromodomains that interact speci fi cally with acety-
lated tails  [  119  ] , chromodomains and PHD  fi ngers that interact with methylated 
lysines (reviewed in  [  120  ] ). In these cases, these protein interaction domains are 
part of subunits within a chromatin remodeler, histone modi fi er, and/or other pro-
tein factor that recognizes the epigenetic mark. As an example, SWI/SNF interacts 
with SAGA-acetylated H3 and H4 tails via the bromodomain in its catalytic sub-
unit, which stimulates retention and remodeling at promoter nucleosomes, and 
ultimately the displacement of SAGA HAT complex from these promoters  [  111  ] . 
Another example of PTM-mediated complex targeting for gene expression is 
recruitment of the NURF complex for activation of Hox genes in vertebrate devel-
opment via recognition of H3K4me3 by the PHD domain of its BPTF noncatalytic 
subunit  [  121  ] . 

 In addition to transcription, histone modi fi cations also play a role in DNA rep-
lication and repair. In replication, PTMs associate with histone chaperones—pro-
teins that assemble, exchange, and remove histones from the nucleosome  [  122  ]  
and histone modi fi ers to aid in deposition and maturation of chromatin at replica-
tion forks. One of many examples involves newly synthesized histones which 
contain H3K56Ac and H4K5K12diAc. These are created and delivered as 
Ac-H3.1-H4 tetramers via the histone chaperone ASF in conjunction with differ-
ent HATS (HAT1 and Rtt109) to chromatin assembly factor CAF-1. CAF-1, in 
turn, is recruited to the leading and lagging strands by PCNA  [  105,   122–  124  ] . 
Both histone variants and modi fi cations are important for double-strand break 
(DSB) repair via chromatin remodeler activity. In particular, INO80 and SWR1 
complexes are recruited to DSBs via binding to phosphorylated H2AX or  g -H2AX. 
This is postulated to aid in further recruitment of homologous recombination-
mediated DNA repair factors in the case of INO80, and non-homologous end—
joining repair factors in the case of SWR1  [  125  ] . 

 In all of these processes, the chromatin remodeler must be directed to the 
appropriate substrate/region within the genome. Localization of remodelers, chro-
matin modi fi ers, and chromatin epigenetic marks to different regions of the 
genome has been mapped primarily using CHIP-based technology  [  126,   127  ] . 
More recently, multi-scale  fl uorescence  fl uctuation microscopy (FCS, FRAP) 
technologies have been used to monitor diffusion and binding kinetics of the ISWI 
family of chromatin remodelers in live mammalian cells  [  31,   115,   128,   129   ] . The 
latter studies were used to formulate a model for ISWI remodeler target search 
involving “continuous sampling” of all nucleosomes in the genome for signals 
that mark them for remodeling (i.e., translocation). The target search is postulated 
to involve both 1D diffusion along chromatin  fi bers and 3D diffusion in space and 
occur on a minute time scale. Factors controlling the search by continuous sam-
pling include remodeler concentration and nucleosome-binding af fi nity (regulated 
by chromatin signals discussed above, Fig.  13.8a ), the propensity for unproduc-
tive collisions, and the residence time required for remodeler to identify the target 
(Fig.  13.8b ). The  fl uorescence studies on ISWI determined the remodeler was 
present in high abundance ( m M levels) in the nucleus and while it bound tran-
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siently with 100 ms residence times in G1/2 phase, a signi fi cantly larger fraction 
accumulated rapidly and became immobilized at replication foci during S phase 
and at DNA repair sites. Hence, in the presence of the appropriate signal (e.g., 
DNA repair sites), ISWI remodelers were capable of fast target location with an 
average sampling time of tens of seconds. In addition to sampling, ATP-dependent 
kinetic proofreading  [  83,   130  ]  may also be part of the targeting scheme for ISWI 
remodelers.   

   Concluding Remarks 

 In the last two decades, a combination of genetic, biochemical, structural, single-
molecule, and live cell biophysical studies has provided an emerging picture of 
chromatin remodeling complexes which share certain sequence and mechanistic 
features, namely a SWI/SNF catalytic ATPase domain that allows for engagement 
with the nucleosome and catalysis of directional dsDNA translocation around the 
histone octamer. Depending on the cellular context and remodeler-speci fi c fea-
tures, different remodeling outcomes are produced in vivo such as production of 
regularly spaced arrays in heterochromatin stretches by ISWI families or removal 
of promoter-bound nucleosomes to allow transcription by SWI/SNF family 
remodelers. To understand more fully how these genomic outcomes are achieved 
through the action of chromatin remodeling complexes will require further inves-
tigation and advances in structural, theoretical, biophysical single-molecule, and 
live cell approaches. 

 Some additional areas of exploration pertaining to remodeler translocation 
mechanisms include (1) how the catalytic subunit recognizes the internal SHL2 
position, (2) single-molecule analysis of SWR1/INO80 translocation as this family 
does not have same processivity requirements as SWI/SNF, and also high resolution 
(<5 bp) single-molecule analysis of SWI/SNF/ISWI remodeling, and (3) the struc-
ture and composition of remodeling intermediates especially with regard to removal/
exchange/transfer of histone dimers and octamers. Higher resolution EM recon-
structions should provide more structural information on large complex organiza-
tion and CHD and INO80 complexes. While progress has been made on how 
remodelers function at the mononucleosome and di-nucleosome level and with 
nucleosomal arrays, experimental systems should be adapted to study how chroma-
tin remodelers work on higher order structures like native chromatin  fi bers that 
contain histone H1. This is especially pertinent because of the combinatorial nature 
of the histone code and the fact that remodeler “reader” modules often work coop-
eratively with other modules to recognize multiple features within or bridging many 
nucleosomes  [  111   ] . Lastly, genetics and genome mapping studies have revealed 
that the speci fi city in biological functions of chromatin remodelers lies in their sub-
unit usage. Thus, it is critical to continue to investigate the mechanistic and regula-
tory roles of individual subunits within chromatin remodelers to help elucidate 
differences between members of different families and subfamilies.      



290 J. Yodh

   References 

    1.    Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ. Crystal structure of the 
nucleosome core particle at 2.8 A resolution. Nature. 1997;389:251–60.  

    2.    Arents G, Moudrianakis EN. The histone fold: a ubiquitous architectural motif utilized in 
DNA compaction and protein dimerization. Proc Natl Acad Sci U S A. 1995;92:11170–4.  

    3.    Andrews AJ, Luger K. Nucleosome structure(s) and stability: variations on a theme. Annu 
Rev Biophys. 2011;40:99–117.  

    4.    Tan S, Davey CA. Nucleosome structural studies. Curr Opin Struct Biol. 2011;21:128–36.  
    5.    Lowary PT, Widom J. New DNA sequence rules for high af fi nity binding to histone octamer 

and sequence-directed nucleosome positioning. J Mol Biol. 1998;276:19–42.  
    6.    Wu B, Mohideen K, Vasudevan D, Davey CA. Structural insight into the sequence depen-

dence of nucleosome positioning. Structure. 2010;18:528–36.  
    7.    Hall MA, Shundrovsky A, Bai L, Fulbright RM, Lis JT, Wang MD. High-resolution dynamic 

mapping of histone-DNA interactions in a nucleosome. Nat Struct Mol Biol. 
2009;16:124–9.  

    8.    Lavelle C, Prunell A. Chromatin polymorphism and the nucleosome superfamily: a geneal-
ogy. Cell Cycle. 2007;6:2113–9.  

    9.    Zlatanova J, Bishop TC, Victor JM, Jackson V, van Holde K. The nucleosome family: 
dynamic and growing. Structure. 2009;17:160–71.  

    10.    Bohm V, Hieb AR, Andrews AJ, Gansen A, Rocker A, Toth K, et al. Nucleosome accessibil-
ity governed by the dimer/tetramer interface. Nucleic Acids Res. 2011;39:3093–102.  

    11.    Ulyanova NP, Schnitzler GR. Human SWI/SNF generates abundant, structurally altered 
dinucleosomes on polynucleosomal templates. Mol Cell Biol. 2005;25:11156–70.  

    12.    Ulyanova NP, Schnitzler GR. Inverted factor access and slow reversion characterize SWI/
SNF-altered nucleosome dimers. J Biol Chem. 2007;282:1018–28.  

    13.    Bancaud A, Wagner G, Conde ESN, Lavelle C, Wong H, Mozziconacci J, et al. Nucleosome 
chiral transition under positive torsional stress in single chromatin  fi bers. Mol Cell. 
2007;27:135–47.  

    14.    Dalal Y, Furuyama T, Vermaak D, Henikoff S. Structure, dynamics, and evolution of centro-
meric nucleosomes. Proc Natl Acad Sci U S A. 2007;104:15974–81.  

    15.    Woodcock CL, Ghosh RP. Chromatin higher-order structure and dynamics. Cold Spring Harb 
Perspect Biol. 2010;2:a000596.  

    16.    Luger K, Hansen JC. Nucleosome and chromatin  fi ber dynamics. Curr Opin Struct Biol. 
2005;15:188–96.  

    17.    Li G, Reinberg D. Chromatin higher-order structures and gene regulation. Curr Opin Genet 
Dev. 2011;21:175–86.  

    18.    Tremethick DJ. Higher-order structures of chromatin: the elusive 30 nm  fi ber. Cell. 
2007;128:651–4.  

    19.    Chakravarthy S, Park YJ, Chodaparambil J, Edayathumangalam RS, Luger K. Structure and 
dynamic properties of nucleosome core particles. FEBS Lett. 2005;579:895–8.  

    20.    Dorigo B, Schalch T, Kulangara A, Duda S, Schroeder RR, Richmond TJ. Nucleosome arrays 
reveal the two-start organization of the chromatin  fi ber. Science. 2004;306:1571–3.  

    21.    Belmont AS. Mitotic chromosome scaffold structure: new approaches to an old controversy. 
Proc Natl Acad Sci U S A. 2002;99:15855–7.  

    22.    Muller WG, Rieder D, Kreth G, Cremer C, Trajanoski Z, McNally JG. Generic features of 
tertiary chromatin structure as detected in natural chromosomes. Mol Cell Biol. 
2004;24:9359–70.  

    23.    Smith CL, Peterson CL. ATP-dependent chromatin remodeling. Curr Top Dev Biol. 
2005;65:115–48.  

    24.    Clapier CR, Cairns BR. The biology of chromatin remodeling complexes. Annu Rev 
Biochem. 2009;78:273–304.  



29113 ATP-Dependent Chromatin Remodeling

    25.    Fairman-Williams ME, Guenther UP, Jankowsky E. SF1 and SF2 helicases: family matters. 
Curr Opin Struct Biol. 2010;20:313–24.  

    26.    Hopfner KP, Gerhold CB, Lakomek K, Wollmann P. Swi2/Snf2 remodelers: hybrid views on 
hybrid molecular machines. Curr Opin Struct Biol. 2012;22:225–33.  

    27.    Hota SK, Bartholomew B. Diversity of operation in ATP-dependent chromatin remodelers. 
Biochim Biophys Acta. 2011;1809:476–87.  

    28.    Kasten MM, Clapier CR, Cairns BR. SnapShot: chromatin remodeling: SWI/SNF. Cell. 
2009;144(310):e311.  

    29.    Liu N, Balliano A, Hayes JJ. Mechanism(s) of SWI/SNF-induced nucleosome mobilization. 
Chembiochem. 2011;12:196–204.  

    30.    Hargreaves DC, Crabtree GR. ATP-dependent chromatin remodeling: genetics, genomics 
and mechanisms. Cell Res. 2011;21:396–420.  

    31.    Erdel F, Rippe K. Chromatin remodelling in mammalian cells by ISWI-type complexes—
where, when and why? FEBS J. 2011;278:3608–18.  

    32.    Bao Y, Shen X. INO80 subfamily of chromatin remodeling complexes. Mutat Res. 
2007;618:18–29.  

    33.    Guillemette BT, Bataille AR, Gévry N, Adam M, Blanchette M, Robert FO, et al. Variant 
histone H2A.Z is globally localized to the promoters of inactive yeast genes and regulates 
nucleosome positioning. PLoS Biol. 2005;3:e384.  

    34.    Durr H, Flaus A, Owen-Hughes T, Hopfner KP. Snf2 family ATPases and DExx box heli-
cases: differences and unifying concepts from high-resolution crystal structures. Nucleic 
Acids Res. 2006;34:4160–7.  

    35.    Durr H, Korner C, Muller M, Hickmann V, Hopfner KP. X-ray structures of the Sulfolobus 
solfataricus SWI2/SNF2 ATPase core and its complex with DNA. Cell. 2005;121:363–73.  

    36.    Singleton MR, Dillingham MS, Wigley DB. Structure and mechanism of helicases and 
nucleic acid translocases. Annu Rev Biochem. 2007;76:23–50.  

    37.    Quinn J, Fyrberg AM, Ganster RW, Schmidt MC, Peterson CL. DNA-binding properties of 
the yeast SWI/SNF complex. Nature. 1996;379:844–7.  

    38.    Strohner R, Wachsmuth M, Dachauer K, Mazurkiewicz J, Hochstatter J, Rippe K, et al. A 
‘loop recapture’ mechanism for ACF-dependent nucleosome remodeling. Nat Struct Mol 
Biol. 2005;12:683–90.  

    39.    Zofall M, Persinger J, Kassabov SR, Bartholomew B. Chromatin remodeling by ISW2 and 
SWI/SNF requires DNA translocation inside the nucleosome. Nat Struct Mol Biol. 
2006;13:339–46.  

    40.    Saha A, Wittmeyer J, Cairns BR. Chromatin remodeling through directional DNA transloca-
tion from an internal nucleosomal site. Nat Struct Mol Biol. 2005;12:747–55.  

    41.    Schwanbeck R, Xiao H, Wu C. Spatial contacts and nucleosome step movements induced by 
the NURF chromatin remodeling complex. J Biol Chem. 2004;279:39933–41.  

    42.    Kagalwala MN, Glaus BJ, Dang W, Zofall M, Bartholomew B. Topography of the ISW2-
nucleosome complex: insights into nucleosome spacing and chromatin remodeling. EMBO J. 
2004;23:2092–104.  

    43.    Chaban Y, Ezeokonkwo C, Chung WH, Zhang F, Kornberg RD, Maier-Davis B, et al. 
Structure of a RSC-nucleosome complex and insights into chromatin remodeling. Nat Struct 
Mol Biol. 2008;15:1272–7.  

    44.    Leschziner AE, Saha A, Wittmeyer J, Zhang Y, Bustamante C, Cairns BR, et al. Conformational 
 fl exibility in the chromatin remodeler RSC observed by electron microscopy and the orthogo-
nal tilt reconstruction method. Proc Natl Acad Sci U S A. 2007;104:4913–8.  

    45.    Dechassa ML, Zhang B, Horowitz-Scherer R, Persinger J, Woodcock CL, Peterson CL, et al. 
Architecture of the SWI/SNF-nucleosome complex. Mol Cell Biol. 2008;28:6010–21.  

    46.    Dechassa ML, Hota SK, Sen P, Chatterjee N, Prasad P, Bartholomew B. Disparity in the DNA 
translocase domains of SWI/SNF and ISW2. Nucleic Acids Res. 2012;40:4412–21.  

    47.    Dang W, Kagalwala MN, Bartholomew B. The Dpb4 subunit of ISW2 is anchored to extra-
nucleosomal DNA. J Biol Chem. 2007;282:19418–25.  



292 J. Yodh

    48.    Gangaraju VK, Bartholomew B. Dependency of ISW1a chromatin remodeling on extranu-
cleosomal DNA. Mol Cell Biol. 2007;27:3217–25.  

    49.    Dang W, Bartholomew B. Domain architecture of the catalytic subunit in the ISW2-
nucleosome complex. Mol Cell Biol. 2007;27:8306–17.  

    50.    Yang JG, Madrid TS, Sevastopoulos E, Narlikar GJ. The chromatin-remodeling enzyme ACF 
is an ATP-dependent DNA length sensor that regulates nucleosome spacing. Nat Struct Mol 
Biol. 2006;13:1078–83.  

    51.    Gangaraju VK, Prasad P, Srour A, Kagalwala MN, Bartholomew B. Conformational changes 
associated with template commitment in ATP-dependent chromatin remodeling by ISW2. 
Mol Cell. 2009;35:58–69.  

    52.    Zofall M, Persinger J, Bartholomew B. Functional role of extranucleosomal DNA and the 
entry site of the nucleosome in chromatin remodeling by ISW2. Mol Cell Biol. 
2004;24:10047–57.  

    53.    Gangaraju VK, Bartholomew B. Mechanisms of ATP dependent chromatin remodeling. 
Mutat Res. 2007;618:3–17.  

    54.    Jaskelioff M, Van Komen S, Krebs JE, Sung P, Peterson CL. Rad54p is a chromatin remodel-
ing enzyme required for heteroduplex DNA joint formation with chromatin. J Biol Chem. 
2003;278:9212–8.  

    55.    Saha A, Wittmeyer J, Cairns BR. Chromatin remodeling by RSC involves ATP-dependent 
DNA translocation. Genes Dev. 2002;16:2120–34.  

    56.    Whitehouse I, Stockdale C, Flaus A, Szczelkun MD, Owen-Hughes T. Evidence for DNA 
translocation by the ISWI chromatin-remodeling enzyme. Mol Cell Biol. 2003;23:1935–45.  

    57.    Havas K, Flaus A, Phelan M, Kingston R, Wade PA, Lilley DM, et al. Generation of superhe-
lical torsion by ATP-dependent chromatin remodeling activities. Cell. 2000;103:1133–42.  

    58.    Gavin I, Horn PJ, Peterson CL. SWI/SNF chromatin remodeling requires changes in DNA 
topology. Mol Cell. 2001;7:97–104.  

    59.    Solinger JA, Kiianitsa K, Heyer WD. Rad54, a Swi2/Snf2-like recombinational repair pro-
tein, disassembles Rad51:dsDNA  fi laments. Mol Cell. 2002;10:1175–88.  

    60.    Amitani I, Baskin RJ, Kowalczykowski SC. Visualization of Rad54, a chromatin remodeling 
protein, translocating on single DNA molecules. Mol Cell. 2006;23:143–8.  

    61.    Prasad TK, Robertson RB, Visnapuu ML, Chi P, Sung P, Greene EC. A DNA-translocating 
Snf2 molecular motor: Saccharomyces cerevisiae Rdh54 displays processive translocation 
and extrudes DNA loops. J Mol Biol. 2007;369:940–53.  

    62.    Lia G, Praly E, Ferreira H, Stockdale C, Tse-Dinh YC, Dunlap D, et al. Direct observation of 
DNA distortion by the RSC complex. Mol Cell. 2006;21:417–25.  

    63.    Sirinakis G, Clapier CR, Gao Y, Viswanathan R, Cairns BR, Zhang Y. The RSC chromatin 
remodelling ATPase translocates DNA with high force and small step size. EMBO J. 
2011;30:2364–72.  

    64.    Zhang Y, Smith CL, Saha A, Grill SW, Mihardja S, Smith SB, et al. DNA translocation and 
loop formation mechanism of chromatin remodeling by SWI/SNF and RSC. Mol Cell. 
2006;24:559–68.  

    65.    Imbalzano AN, Kwon H, Green MR, Kingston RE. Facilitated binding of TATA-binding 
protein to nucleosomal DNA. Nature. 1994;370:481–5.  

    66.    Kwon H, Imbalzano AN, Khavari PA, Kingston RE, Green MR. Nucleosome disruption and 
enhancement of activator binding by a human SW1/SNF complex. Nature. 1994;370:477–81.  

    67.    Hota SK, Bartholomew B. Approaches for studying nucleosome movement by ATP-
dependent chromatin remodeling complexes. Methods Mol Biol. 2012;809:367–80.  

    68.    Hota SK, Dechassa ML, Prasad P, Bartholomew B. Mapping protein-DNA and protein-protein 
interactions of ATP-dependent chromatin remodelers. Methods Mol Biol. 2012;809:381–409.  

    69.    Sengupta SM, VanKanegan M, Persinger J, Logie C, Cairns BR, Peterson CL, et al. The 
interactions of yeast SWI/SNF and RSC with the nucleosome before and after chromatin 
remodeling. J Biol Chem. 2001;276:12636–44.  

    70.     Kassabov SR, Zhang B, Persinger J , Bartholomew B. Sucleosome . Mol Cell. 2003;11:
391-403.  



29313 ATP-Dependent Chromatin Remodeling

    71.    Alexeev A, Mazin A, Kowalczykowski SC. Rad54 protein possesses chromatin-remodeling 
activity stimulated by the Rad51-ssDNA nucleoprotein  fi lament. Nat Struct Biol. 
2003;10:182–6.  

    72.    Shundrovsky A, Smith CL, Lis JT, Peterson CL, Wang MD. Probing SWI/SNF remodeling 
of the nucleosome by unzipping single DNA molecules. Nat Struct Mol Biol. 
2006;13:549–54.  

    73.    Bouazoune K, Miranda TB, Jones PA, Kingston RE. Analysis of individual remodeled 
nucleosomes reveals decreased histone-DNA contacts created by hSWI/SNF. Nucleic Acids 
Res. 2009;37:5279–94.  

    74.    Kassabov SR, Henry NM, Zofall M, Tsukiyama T, Bartholomew B. High-resolution mapping 
of changes in histone-DNA contacts of nucleosomes remodeled by ISW2. Mol Cell 
Biol.2002;22:7524–34.  

    75.    Hamiche A, Sandaltzopoulos R, Gdula DA, Wu C. ATP-dependent histone octamer sliding 
mediated by the chromatin remodeling complex NURF. Cell. 1999;97:833–42.  

    76.    Langst G, Bonte EJ, Corona DF, Becker PB. Nucleosome movement by CHRAC and ISWI 
without disruption or trans-displacement of the histone octamer. Cell. 1999;97:843–52.  

    77.    van Vugt JJ, de Jager M, Murawska M, Brehm A, van Noort J, Logie C. Multiple aspects of 
ATP-dependent nucleosome translocation by RSC and Mi-2 are directed by the underlying 
DNA sequence. PLoS One. 2009;4:e6345.  

    78.    Stockdale C, Flaus A, Ferreira H, Owen-Hughes T. Analysis of nucleosome repositioning by 
yeast ISWI and Chd1 chromatin remodeling complexes. J Biol Chem. 2006;281:16279–88.  

    79.    Udugama M, Sabri A, Bartholomew B. The INO80 ATP-dependent chromatin remodeling 
complex is a nucleosome spacing factor. Mol Cell Biol. 2011;31:662–73.  

    80.    Fyodorov DV, Blower MD, Karpen GH, Kadonaga JT. Acf1 confers unique activities to ACF/
CHRAC and promotes the formation rather than disruption of chromatin in vivo. Genes Dev. 
2004;18:170–83.  

    81.    Ito T, Bulger M, Pazin MJ, Kobayashi R, Kadonaga JT. ACF, an ISWI-containing and ATP-
utilizing chromatin assembly and remodeling factor. Cell. 1997;90:145–55.  

    82.    Blosser TR, Yang JG, Stone MD, Narlikar GJ, Zhuang X. Dynamics of nucleosome remodel-
ling by individual ACF complexes. Nature. 2009;462:1022–7.  

    83.    Narlikar GJ. A proposal for kinetic proof reading by ISWI family chromatin remodeling 
motors. Curr Opin Chem Biol. 2010;14:660–5.  

    84.    Racki LR, Yang JG, Naber N, Partensky PD, Acevedo A, Purcell TJ, et al. The chromatin 
remodeller ACF acts as a dimeric motor to space nucleosomes. Nature. 2009;462:1016–21.  

    85.    Ong MS, Richmond TJ, Davey CA. DNA stretching and extreme kinking in the nucleosome 
core. J Mol Biol. 2007;368:1067–74.  

    86.    Aoyagi S, Narlikar G, Zheng C, Sif S, Kingston RE, Hayes JJ. Nucleosome remodeling by 
the human SWI/SNF complex requires transient global disruption of histone-DNA interac-
tions. Mol Cell Biol. 2002;22:3653–62.  

    87.    Cairns BR. Chromatin remodeling: insights and intrigue from single-molecule studies. Nat 
Struct Mol Biol. 2007;14:989–96.  

    88.    Liu N, Peterson CL, Hayes JJ. SWI/SNF- and RSC-catalyzed nucleosome mobilization 
requires internal DNA loop translocation within nucleosomes. Mol Cell Biol. 
2011;31:4165–75.  

    89.    Bowman GD. Mechanisms of ATP-dependent nucleosome sliding. Curr Opin Struct Biol. 
2010;20:73–81.  

    90.    Leschziner AE. Electron microscopy studies of nucleosome remodelers. Curr Opin Struct 
Biol. 2011;21:709–18  

    91.    Racki LR, Narlikar GJ. ATP-dependent chromatin remodeling enzymes: two heads are not 
better, just different. Curr Opin Genet Dev. 2008;18:137–44.  

    92.    Yamada K, Frouws TD, Angst B, Fitzgerald DJ, DeLuca C, Schimmele K, et al. Structure and 
mechanism of the chromatin remodelling factor ISW1a. Nature. 2011;472:448–53.  

    93.    Belotserkovskaya R, Oh S, Bondarenko VA, Orphanides G, Studitsky VM, Reinberg D. 
FACT facilitates transcription-dependent nucleosome alteration. Science. 2003;301:1090–3.  



294 J. Yodh

    94.    Bruno M, Flaus A, Stockdale C, Rencurel C, Ferreira H, Owen-Hughes T. Histone H2A/H2B 
dimer exchange by ATP-dependent chromatin remodeling activities. Mol Cell. 
2003;12:1599–606.  

    95.    Vicent GP, Nacht AS, Smith CL, Peterson CL, Dimitrov S, Beato M. DNA instructed dis-
placement of histones H2A and H2B at an inducible promoter. Mol Cell. 2004;16:439–52.  

    96.    Cote J, Quinn J, Workman JL, Peterson CL. Stimulation of GAL4 derivative binding to 
nucleosomal DNA by the yeast SWI/SNF complex. Science. 1994;265:53–60.  

    97.    Mizuguchi G, Shen X, Landry J, Wu WH, Sen S, Wu C. ATP-driven exchange of histone 
H2AZ variant catalyzed by SWR1 chromatin remodeling complex. Science. 
2004;303:343–8.  

    98.    Suto RK, Clarkson MJ, Tremethick DJ, Luger K. Crystal structure of a nucleosome core 
particle containing the variant histone H2A.Z. Nat Struct Biol. 2000;7:1121–4.  

    99.    Schnitzler G, Sif S, Kingston RE. Human SWI/SNF interconverts a nucleosome between its 
base state and a stable remodeled state. Cell. 1998;94:17–27.  

    100.    Schnitzler GR, Cheung CL, Hafner JH, Saurin AJ, Kingston RE, Lieber CM. Direct imaging 
of human SWI/SNF-remodeled mono- and polynucleosomes by atomic force microscopy 
employing carbon nanotube tips. Mol Cell Biol. 2001;21:8504–11.  

    101.    Lorch Y, Cairns BR, Zhang M, Kornberg RD. Activated RSC-nucleosome complex and per-
sistently altered form of the nucleosome. Cell. 1998;94:29–34.  

    102.    Phelan ML, Schnitzler GR, Kingston RE. Octamer transfer and creation of stably remodeled 
nucleosomes by human SWI-SNF and its isolated ATPases. Mol Cell Biol. 2000;20:6380–9.  

    103.    Bash R, Wang H, Anderson C, Yodh J, Hager G, Lindsay SM, et al. AFM imaging of protein 
movements: histone H2A-H2B release during nucleosome remodeling. FEBS Lett. 
2006;580:4757–61.  

    104.    Dechassa ML, Sabri A, Pondugula S, Kassabov SR, Chatterjee N, Kladde MP, et al. SWI/
SNF has intrinsic nucleosome disassembly activity that is dependent on adjacent nucleosomes. 
Mol Cell. 2010;38:590–602.  

    105.    Park YJ, Luger K. Histone chaperones in nucleosome eviction and histone exchange. Curr 
Opin Struct Biol. 2008;18:282–9.  

    106.    Engeholm M, de Jager M, Flaus A, Brenk R, van Noort J, Owen-Hughes T. Nucleosomes can 
invade DNA territories occupied by their neighbors. Nat Struct Mol Biol. 2009;16:151–8.  

    107.    De Cian A, Praly E, Ding F, Singh V, Lavelle C, Le Cam E, et al. ATP-independent coopera-
tive binding of yeast Isw1a to bare and nucleosomal DNA. PLoS One. 2012;7:e31845.  

    108.    Kouzarides T. Chromatin modi fi cations and their function. Cell. 2007;128:693–705.  
    109.    Shogren-Knaak M, Ishii H, Sun J-M, Pazin MJ, Davie JR, Peterson CL. Histone H4-K16 

acetylation controls chromatin structure and protein interactions. Science. 2006;311:844–7.  
    110.    Gardner KE, Allis C, Strahl BD. Operating on chromatin, a colorful language where context 

matters. J Mol Biol. 2011;409:36–46.  
    111.    Suganuma T, Workman JL. Signals and combinatorial functions of histone modi fi cations. 

Annu Rev Biochem. 2011;80:473–99.  
    112.    Ferreira H, Flaus A, Owen-Hughes T. Histone modi fi cations in fl uence the action of Snf2 

family remodelling enzymes by different mechanisms. J Mol Biol. 2007;374:563–79.  
    113.    Clapier CR, Langst G, Corona DF, Becker PB, Nightingale KP. Critical role for the histone 

H4 N terminus in nucleosome remodeling by ISWI. Mol Cell Biol. 2001;21:875–83.  
    114.    Clapier CR, Nightingale KP, Becker PB. A critical epitope for substrate recognition by the 

nucleosome remodeling ATPase ISWI. Nucleic Acids Res. 2002;30:649–55.  
    115.    Erdel F, Krug J, Langst G, Rippe K. Targeting chromatin remodelers: signals and search 

mechanisms. Biochim Biophys Acta. 2011;1809:497–508.  
    116.    Rippe K, Schrader A, Riede P, Strohner R, Lehmann E, Langst G. DNA sequence- and con-

formation-directed positioning of nucleosomes by chromatin-remodeling complexes. Proc 
Natl Acad Sci U S A. 2007;104:15635–40.  

    117.    Goldman JA, Garlick JD, Kingston RE. Chromatin remodeling by imitation switch (ISWI) 
class ATP-dependent remodelers is stimulated by histone variant H2A.Z. J Biol Chem. 
2010;285:4645–51.  



29513 ATP-Dependent Chromatin Remodeling

    118.    Hauk G, McKnight JN, Nodelman IM, Bowman GD. The chromodomains of the Chd1 chro-
matin remodeler regulate DNA access to the ATPase motor. Mol Cell. 2010;39:711–23.  

    119.    Hassan AH, Awad S, Al-Natour Z, Othman S, Mustafa F, Rizvi TA. Selective recognition of 
acetylated histones by bromodomains in transcriptional co-activators. Biochem J. 
2007;402:125–33.  

    120.    Glatt S, Al fi eri C, Muller CW. Recognizing and remodeling the nucleosome. Curr Opin 
Struct Biol. 2011;21:335–41.  

    121.    Wysocka J, Swigut T, Xiao H, Milne TA, Kwon SY, Landry J, et al. A PHD  fi nger of NURF 
couples histone H3 lysine 4 trimethylation with chromatin remodelling. Nature. 
2006;442:86–90.  

    122.    Das C, Tyler JK, Churchill ME. The histone shuf fl e: histone chaperones in an energetic 
dance. Trends Biochem Sci. 2010;35:476–89.  

    123.    Ransom M, Dennehey BK, Tyler JK. Chaperoning histones during DNA replication and 
repair. Cell. 2010;140:183–95.  

    124.    Alabert C, Groth A. Chromatin replication and epigenome maintenance. Nat Rev Mol Cell 
Biol. 2012;13:153–67.  

    125.    Morrison AJ, Shen X. Chromatin remodelling beyond transcription: the INO80 and SWR1 
complexes. Nat Rev Mol Cell Biol. 2009;10:373–84.  

    126.    Jayani RS, Ramanujam PL, Galande S. Studying histone modi fi cations and their genomic 
functions by employing chromatin immunoprecipitation and immunoblotting. Methods Cell 
Biol. 2010;98:35–56.  

    127.    Truax AD, Greer SF. ChIP and Re-ChIP assays: investigating interactions between regulatory 
proteins, histone modi fi cations, and the DNA sequences to which they bind. Methods Mol 
Biol. 2012;809:175–88.  

    128.    Erdel F, Rippe K. Binding kinetics of human ISWI chromatin-remodelers to DNA repair sites 
elucidate their target location mechanism. Nucleus. 2012;2:105–12.  

    129.    Erdel F, Schubert T, Marth C, Langst G, Rippe K. Human ISWI chromatin-remodeling com-
plexes sample nucleosomes via transient binding reactions and become immobilized at active 
sites. Proc Natl Acad Sci U S A. 2010;107:19873–8.  

    130.    Blossey R, Schiessel H. Kinetic proofreading of gene activation by chromatin remodeling. 
HFSP J. 2008;2:167–70.  

    131.    Leschziner AE. Electron microscopy studies of nucleosome remodelers. Curr Opin Struct 
Biol. 2011;21:709–18.      



E1The online version of the original chapter can be found at 
http://dx.doi.org/10.1007/978-1-4614-5037-5_2

Structure and Mechanisms  
of SF1 DNA Helicases

Kevin D. Raney, Alicia K. Byrd, and Suja Aarattuthodiyil

M. Spies (ed.), DNA Helicases and DNA Motor Proteins, Advances in Experimental  
Medicine and Biology, DOI 10.1007/978-1-4614-5037-5_2,  
© Springer Science+Business Media New York 2013

DOI 10.1007/978-1-4614-5037-5_14

1. The author sequence in the chapter opening page should be in the below order.
  Suja Aarattuthodiyil, Alicia K. Byrd, Kevin D. Raney
2. Kevin D. Raney should be the corresponding author for this Chapter 2. 

ERRAtuM

http://dx.doi.org/10.1007/978-1-4614-5037-5_2


297

Index

            A 
  AAA+ proteins , 78, 79, 81, 83, 86, 87, 238   
  Aging , 4, 13, 18, 55, 123–140, 220   
  Agonists of HR and HDR, 55, 56, 64, 126, 

131, 137, 162, 167, 171–174, 
185–198, 214, 248, 249, 252, 
257, 288     

  Anchoring module , 250, 253–254   
  Antagonists of HR and HDR, 55, 56, 64, 

126, 131, 137, 162, 167, 171–174, 
185–198, 214, 248, 249, 252, 
257, 288     

  ASCE P loop ATPases , 78   
  ATPase , 20, 24, 25, 31, 48, 59, 60, 78, 79, 83, 

86–88, 104, 125, 128, 131–136, 
155, 169, 194, 195, 211–215, 
217, 226, 227, 229–234, 236–238, 
246, 251, 252, 255, 267, 268, 
270–274, 276, 277, 280–283, 285, 
286, 289   

  ATP-dependent chromatin remodeling , 18, 
263–289    

  B 
  Base excision repair (BER) , 203–220   
  BLM.    See  Bloom syndrome 

protein (BLM)  
  BLM helicase , 56, 62, 126, 132, 133, 137, 

168, 190–191   
  Bloom syndrome , 13, 18, 55, 56, 126, 132, 

162, 190–191   
  Bloom syndrome protein (BLM) , 3, 19, 53, 

123, 161, 185, 218       
  Brownian ratchet , 7–8    

  C 
  Cancer , 4, 13, 18, 55, 123–140, 162, 179, 186, 

190, 191, 193, 218, 220   
  Cell proliferation , 248–250   
  Cellular functions , 128, 135, 247–250, 270, 284   
  CHD.    See  Chromodomain, Helicase, DNA 

binding (CHD)  
  Chromatin , 3, 18, 48, 124, 233, 263       
  Chromodomain, Helicase, DNA binding (CHD) , 

60, 61, 267, 268, 270, 276, 289   
  Conjugation , 246–249   
  Coordinated escort , 89, 90    

  D 
  Damage recognition , 136, 204–206, 211–213, 

218, 219, 238   
  Damage veri fi cation , 204, 205, 207–209, 

212–216   
  Dimer , 32, 61, 66, 167, 216, 217, 237, 238, 

246, 248, 249, 251, 252, 254, 257, 
264–266, 269, 270, 276, 277, 281, 
283–284   

  DNA 
 helicases, 3–6, 9–13, 17–35, 47–68, 77, 

101, 123–140, 185–198, 203–220, 
246, 251, 267, 268, 273, 278    

 polymerase , 34, 55, 97, 99, 103–104, 
106–109, 146, 153, 194, 197, 211, 
217–220  

 pumps , 245–258  
 repair , 4, 18, 19, 58, 61, 67, 76, 79, 113, 124, 

127–129, 131, 135–139, 162, 188, 
189, 196, 204, 209, 212, 214, 216, 
220, 267, 270, 277, 285, 288, 289  

M. Spies (ed.), DNA Helicases and DNA Motor Proteins, Advances in Experimental 
Medicine and Biology, DOI 10.1007/978-1-4614-5037-5, 
© Springer Science+Business Media New York 2013



298

 DNA (cont.) 
 replication , 3, 4, 13, 18, 53, 60, 76, 79, 82, 

97, 98, 101, 124, 126, 127, 135, 
150, 165, 174–177, 193, 194, 197, 
249, 267, 270, 288  

 substrate requirements , 167–169   
  DnaB , 7, 33, 80, 81, 83, 85, 91, 98, 99, 101, 

103–106, 111–113   
  DnaB helicase , 81, 91, 98, 99, 106, 111   
  DNA double-strand break repair (DSBR) 

pathways , 186, 214    

  E 
  Effective herpesvirus antivirals , 145–157   
  E1 helicase , 79, 81, 83, 85, 89, 90   
  Endonuclease , 54, 107, 109, 174, 189, 193, 

194, 208, 215, 219, 220, 232, 234    

  F 
  Features of RecQ helicases , 162–165   
  FtsK family , 245–258   
  Function , 1, 18, 48, 75, 97, 124, 146, 162, 185, 

226, 263       
  Functionally important binding partners , 

166–167    

  G 
  Genome maintenance , 54, 57, 60, 110, 186, 

190, 225   
  Genomic 

 integrity , 2, 161–179  
 stability , 3, 55, 125–127, 134, 204   

  GTPase , 86, 226–228   
  Guardians of genomic integrity , 161–179    

  H 
  Helicase(s), 1–14, 17–35, 47–68, 75–92, 

97–113, 123–140, 145–157, 
161–179, 185–198, 203–220, 
225–238, 246, 251, 252, 267, 268, 
270–271, 273, 278     

  Helicase-primase complex , 145–157   
  Helicase-primase inhibitors , 145, 152   
  Herpesvirus chemotherapy , 145–147   
  Histone 

 chaperone , 263, 266, 283, 284, 288  
 post-translational modi fi cations (PTMs) , 

82, 263  
 variant , 266, 286–288   

  Homologous repair pathways , 186–187   
  Human genetic disease , 14, 124, 126    

  I 
  Improved inhibitors , 147   
  INO80 , 60–63, 267, 268, 270, 277, 283, 288, 289   
  ISWI , 60, 61, 267, 268, 270–284, 286–289    

  M 
  MCM.    See  Minichromosome maintenance 

(MCM)  
  MCM helicase , 79, 82, 85   
  Mechanisms , 1, 18, 48, 75, 97, 124, 162, 

226, 263       
  Mediation of homologous recombination , 

185–198   
  Minichromosome maintenance (MCM) , 79, 

81, 82–85, 100, 102, 104   
  Mismatch repair (MMR) , 190, 203–220, 237   
  MMR.    See  Mismatch repair (MMR)  
  Motor , 3, 17, 75, 113, 124, 162, 204, 225, 

246, 268       
  Mutation , 18, 24, 29, 127–135, 154–156, 164, 

165, 169, 186, 190, 194–196, 251    

  N 
  NER.    See  Nucleotide excision repair (NER)  
  Nucleosome , 3, 4, 13, 60, 61, 64, 66, 67, 

264–289   
  Nucleotide excision repair (NER) , 57, 58, 

107, 125, 128, 135, 136, 138, 
204–217, 238    

  O 
  Octamer , 3, 60, 66, 264, 265, 268, 269, 271, 

272, 275–284, 289   
  Okazaki fragments , 34, 107–109, 189, 195   
  Orientation module , 250, 252–253   
  Overview , 1–13, 80–83, 125, 139, 172, 204    

  P 
  Powerstroke , 7–8   
  Primase , 18, 81, 99, 104–105, 112, 148, 154–157   
  Prospects for HP inhibitors (HPI) , 157    

  Q 
  Quaternary structure , 83–85, 98    

Index



299

  R 
  RecA fold , 78–80, 90, 226–228, 

230, 232   
  Recombination , 3, 13, 14, 18, 34, 53, 55, 56, 

58–60, 62, 64, 79, 111–113, 124, 
126, 131, 137, 162, 165, 167, 
171–174, 177, 179, 185–198, 204, 
214, 216, 248, 249, 251–253, 257, 
267, 288   

  RecQ helicases , 55, 56, 62–63, 110, 126, 
127, 132, 133, 161–179, 185, 
188–190, 218   

  Regulation of homologous recombination , 
185–198   

  Replication , 3, 18, 48, 76, 97, 124, 146, 161, 
204, 236, 249, 267       

  Replication repair , 52, 60, 177   
  Rho helicase , 77, 80, 85, 8991    

  S 
  Sequential mechanism , 87, 88, 91   
  SF1 helicases , 8, 9, 18, 22, 23, 25, 28–32, 34, 

48, 198, 204, 205   
  Single-molecule , 6, 11, 13, 14, 29, 31–32, 57, 

62–65, 91, 233, 234, 236, 239, 254, 
266, 274, 275, 277, 280, 283, 284, 
288, 289   

  Sliding , 28, 103, 235–237, 269–272, 275, 276, 
278, 280   

  Sporulation , 246, 247, 249, 254   

  Structure , 1, 17, 47, 75, 98, 124, 149, 164, 
185, 206, 226, 245, 264       

  Superfamilies SF3-SF6 , 75, 76, 79, 80, 84   
  Superfamily , 28, 48, 50, 80–83, 162, 185, 193, 

226, 237, 250, 254, 267   
  Superfamily II (SF2) , 5, 8, 9, 22, 26–29, 

47–68, 76, 77, 125, 126, 162, 185, 
193, 204–206, 209, 213, 226, 229, 
232, 238, 267, 268, 271, 278   

  SWI/SNF , 3, 48, 52, 61–62, 66–68, 267, 268, 
270, 272–276, 278–281, 283, 284, 
288, 289   

  Switch , 5, 7, 31, 34, 61, 66, 68, 80, 87, 112, 
212, 225–239    

  T 
  Tetramer , 102, 264–266, 288   
  T7 helicase , 12, 81, 83, 88, 90, 91   
  Translocases , 5–8, 14, 20, 32, 35, 48–50, 

53–55, 59, 60, 64, 68, 76, 77, 82, 
130, 131, 164, 193, 217, 226, 229, 
233–235, 238, 246, 251, 253, 
272–274, 278, 280   

  Translocation , 5, 19, 48, 80, 99, 125, 186, 209, 
228, 245, 268        

  U 
  Unwinding , 6, 18, 52, 75, 98, 124, 164, 189, 

204, 225               

Index


	DNA Helicases and DNA Motor Proteins
	Preface
	Contents
	Contributors
	Chapter 1: Overview: What Are Helicases?
	Chapter 2: Structure and Mechanisms of SF1 DNA Helicases
	Chapter 3: Structure and Mechanisms of SF2 DNA Helicases
	Chapter 4: Structure and Mechanism of Hexameric Helicases
	Chapter 5: Helicases at the Replication Fork
	Chapter 6: DNA Helicases Associated with Genetic Instability, Cancer, and Aging
	Chapter 7: The Helicase–Primase Complex as a Target for Effective Herpesvirus Antivirals
	Chapter 8: RecQ Helicases: Conserved Guardians of Genomic Integrity
	Chapter 9: Roles of DNA Helicases in the Mediation and Regulation of Homologous Recombination
	Chapter 10: DNA Helicases in NER, BER, and MMR
	Chapter 11: Roles for Helicases as ATP-Dependent Molecular Switches
	Chapter 12: The FtsK Family of DNA Pumps
	Chapter 13: ATP-Dependent Chromatin Remodeling
	Erratum: Structure and Mechanisms of SF1 DNA Helicases
	Index



