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PREFACE 

The hypothesis that protein function relies on a precise 3D structure constitutes 
one of the central paradigms of biochemistry. According to this concept, a protein 
can perform its biological function(s) only being folded into a unique 3D structure, 
and all the information necessary for a protein to gain this unique 3D structure (in 
a given environment) is encoded in its amino acid sequence. However, recently, 
the validity of this structure-function paradigm has been seriously challenged, pri
marily through the wealth of counterexamples that have gradually accumulated 
over the past 20-25 years. These counterexamples demonstrated that many func
tional proteins or protein parts exist in an entirely or partly disordered state. These 
intrinsically disordered proteins (IDPs) lack a unique, stable 3D structure in solu
tion, existing instead as dynamic ensembles of conformations and exerting their 
biological activity without a prerequisite stably folded structure. 

IDPs possess a distinct set of specific features of their amino acid sequences 
and compositions (e.g., amino acid sequences of extended disordered proteins are 
characterized by the combination of a high content of charged residues and a low 
content of hydrophobic residues) that allows them to be distinguished from glob
ular proteins. These peculiar sequence features have led to the development of 
various algorithms for disorder predictions, which allowed an estimation of the 
abundance of disorder in various biological systems. These studies showed that the 
frequency and length of disordered regions increase with increasing complexity of 
the organism. For example, long intrinsically disordered regions have been pre
dicted to occur in 33% of euk:aryotic proteins, and more than 10% of all eukaryotic 
proteins are expected to be wholly disordered. Furthermore, viruses and eukary
ota were predicted to have 10 times more conserved disorder (roughly 1%) than 
archaea and bacteria (0.1% ). Beyond these computational studies, an increasing 
amount of experimental evidence has been gathered in the last decade pointing 
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out the large abundance of intrinsic disorder within the living world: more than 
625 proteins containing 1342 disordered regions have been annotated so far in the 
Disprot database (http://www .disprotorg). 

Despite this large body of experimental evidence pointing out the abundance and 
biological relevance of intrinsic disorder in the living world, the notion of a tight 
dependence of protein function on a precise 3D structure is still deeply anchored in 
many scientists' mind. The reasons for this lack of awareness or even "resistance" 
to the concept of protein intrinsic disorder are multiple. First, the growing numbers 
of protein structures determined by X-ray crystallography and by NMR in the 
last three decades have shifted the attention of scientists away from the numerous 
examples of IDPs. Second, IDPs have been long unnoticed because researchers 
encountering examples of structural disorder mainly ascribed them to experimental 
errors and artifacts (e.g., failure to purify a given protein in folded biologically 
active form) and, as such, purged them from papers and reports. Third, structural 
disorder is hard to conceive and classify. Fourth, IDPs have been neglected because 
of the perception that a limited amount of mechanistic data could be derived from 
their study. Fifth, until very recently, no special techniques existed for targeted 
structural characterization of IDPs and information about intrinsic disorder was 
retrieved mainly as the lack of specific signals expected for ordered proteins. Yet, 
the evidence that IDPs exist both in vitro and in vivo is compelling and justifies 
considering them as a separate class within the protein realm. 

Many IDPs undergo a disorder-to-order transition on binding to their physiologi
cal partner(s), a process termed induced folding. IDPs bind to their target(s) through 
"molecular recognition elements" (MoREs) or "molecular recognition features" 
(MoRFs). MoRFs are interaction-prone short segments with an increased foldabil
ity, which are embedded within long disordered regions and become ordered on 
binding to a specific partner. On the basis of their secondary structure in the bound 
form, MoRFs can be grouped into four structural classes: ar-MoRFs, ,8-MoRFs, 
i-MoRFs (irregular-MoRFs), and complex-MoRFs. The conformation of MoRFs in 
the unbound forms can be either wholly disordered or partially preformed, thus 
re:fl.ecting an inherent conformational preference. In the latter case, a transiently 
populated folded state would exist even in the absence of the partner for a part 
time, thus implying that the folding induced by the partner would rely (at least 
partly) on conformer selection (i.e., selection by the partner of a preexisting con
formation) rather than on a '':fly-casting" mechanism. It has been proposed that the 
restriction in the conformational space of MoRFs in the unbound state could reduce 
the entropic cost of binding, thereby enhancing affinity. IDPs can bind their target(s) 
with a high extent of conformational polymorphism, with binding generally involv
ing larger normalized interface areas than those found between rigid partners, with 
protein interfaces being enriched in hydrophobic residues. Thus, protein-protein 
interactions established by IDPs rely more on hydrophobic-hydrophobic than on 
polar-polar contacts. Finally, the structural plasticity ofMoRFs is assumed to facil
itate the binding of IDPs to multiple structurally unrelated partners. Strikingly, as 
a result of such one-to-many recognition, one IDP can recognize multiple binding 
partners and gain different types of structure being bound to these different binding 
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partners. In other words, when the situation necessitates it, the MoRF can "morph" 
into or-helix, ,8-strand, and irregular structure in order to accommodate different 
structured partners. 

The protein flexibility that is inherent to disorder confers numerous functional 
advantages. The increased plasticity of IDPs (i) enables binding to numerous struc
turally distinct targets; (ii) provides the ability to overcome steric restrictions by 
enabling larger surfaces of interaction; and (iii) allows protein interactions to occur 
with both high specificity and low affinity. Accordingly, most IDPs are involved 
in functions that imply multiple partner interactions (e.g., one-to-many and many
to-one binding scenarios), such as molecular recognition, molecular assembly (and 
amyloidogenesis), cell cycle regulation, signal transduction, and transcription. As 
such, IDPs are implicated in the development of several pathological conditions 
(including cancer and cardiovascular diseases) and have been shown to be promis
ing targets for drug development 

Intrinsic disorder is a distinctive and common feature of "hub" proteins, with 
disorder serving as a determinant of protein promiscuity. Intrinsic disorder also 
serves as a determinant of the transient nature of the interactions that IDPs can 
establish, by virtue of the presumed rather low affinity that typifies interactions 
involving IDPs. The relationship between structural disorder and regulation pro
vides a plausible explanation for the prevalence of disorder in higher organisms, 
which have more complex signaling and regulatory pathways. On the other hand, 
the abundance of disorder within viruses likely reflects the need for genetic com
paction, where a single disordered protein can establish multiple interactions and 
hence exert multiple concomitant biological effects. In addition, structural disorder 
might endow viral proteins with broader ability to interact with the components 
of the host and may also be related to high adaptability levels and mutation rates 
observed in viruses, thus representing a unique strategy for buffering the deleterious 
effects of mutations. 

In this book, a thorough description of the current knowledge on the abundance, 
structural peculiarities, and functional implementations of intrinsic disorder in viral 
proteins is provided. 

Chapter 1, by Bin Xue, Robert W. Williams, Christopher J. Oldfield, Gerard 
Kian-Meng Goh, A. Keith Dunker, and Vladimir N. Uversky, provides the general 
overview of intrinsic disorder in viral proteins. It illustrates some structural pecu
liarities of viral proteins and discusses the roles of intrinsic disorder in functions 
of different viral proteins. 

In Chapter 2, Lars Liljas considers the multiple roles of intrinsic disorder in 
the form of flexible arms in virus capsids on the basis of the structures of several 
nonenveloped viruses. The covered aspects range from the roles of those flexible 
arms in binding to the viral nucleic acids, to controlling the assembly of capsids 
with quasi-equivalence, and to stabilizing the shell to be controlled by external 
signals for the release of the viral genome. 

In Chapter 3, Johnny Habchi, Laurent Mamelli, and Sonia Longhi analyze the 
experimental data on the abundance of structural disorder within the nucleoprotein 
and phosphoprotein from the closely related measles, Nipah, and Hendra viruses. 
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They also describe the molecular mechanisms governing the disorder-to-order tran
sition of the in1rinsically disordered C-terminal domain of measles virus N on 
binding to the C-terminal X domain of the measles virus phosphoprotein. 

Chapter 4, by Malene Ringk:j!llbing Jensen, Pau Bernad6, Rob W. H. Ruigrok, 
and Martin Blackledge, addresses the peculiarity of structural disorder in Sendai 
virus nucleoprotein and phosphoprotein The chapter is focused on the domain 
organization of the phosphoprotein and nucleoprotein and the structural charac
terization of these proteins using different experimental techniques such as X-ray 
crystallography, nuclear magnetic resonance spectroscopy, and small angle X-ray 
scattering. 

Cedric Leyrat, Francine C.A. Gerard, Euripedes A. Ribeiro Jr., Ivan Ivanov, 
and Marc J amin in Chapter 5 describe the functional role of intrinsic disorder 
in the Rhabdoviridae replication complex comprised of three proteins, the nucle
oprotein, the phosphoprotein, and the large subunit (L) of the RNA-dependent 
RNA polymerase. The roles of intrinsically disordered regions in the mechanism 
of replication/transcription are discussed, and a new model for the interaction of the 
large subunit of the RNA-dependent RNA polymerase with its N-RNA template is 
proposed. 

Chapter 6, by Gerard Kian-Meng Goh, Bin Xue, A. Keith Dunker, and Vladimir 
N. Uversky, is dedicated to the analysis of intrinsic disorder in matrix proteins 
from HN -related viruses, whereas in Chapter 7, the same authors consider various 
aspects of structural disorder in proteins from the influenza A virus. 

Tali H. Reingewertz, Deborah E. Shalev, and Assaf Friedler dedicated Chapter 
8 to elucidating the roles of in1rinsic disorder in the function of the HN -1 Vif 
protein, which is known to counteract the antiviral activity of the host cellular 
cytosine deaminase and its interactions with multiple binding par1ners. 

In Chapter 9, Shaheen Shojania and Joe D. O'Neil introduce a small, in1rinsically 
disordered RNA-binding protein crucial for viral replication, the HN-1 transcrip
tional regulator Tat The authors emphasize that intrinsic disorder in the polypeptide 
backbone can explain Tat's binding promiscuity and its ability to modulate multiple 
biological processes. 

In Chapter 10, Smita Nair, M.R.N. Murthy, and H.S. Savithri summarize the 
current knowledge on biophysical, biochemical, and structural properties of the 
in1rinsically disordered proteins, VPg (viral proteins genome-linked) and P8, and 
the disordered segments of coat protein from the Sesbania mosaic virus. 

Chapter 11 is written by J adwiga Chroboczek:, Eugerue Hebrard, Kristiina 
Mlikinen, Thierry Michon, and Kimma Rantalainen to address the peculiarities of 
intrinsic disorder in the VPgs of potyviruses. This international team provided a 
compelling support to the idea that intrinsic disorder is crucial for the biological 
activity of VPgs of potyviruses and suggests that in1rinsic disorder may be a 
feature shared by all the VPgs of umelated RNA viruses. 

In Chapter 12, Lucia B. Chemes, Ignacio E. Sanchez, Leonardo G. Alonso, and 
Gonzalo de Prat-Gay discuss the roles of intrinsic disorder in a prototypic viral 
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oncoprotein, the E7 protein from the human papillomavirus, which is responsi
ble for the cellular transformation behind one of the most widespread cancers in 
women. 

Manuel Morillas, Heike Eberl, Frederic H.-T. Allain, Rudi Glockshuber, and Eva 
Kuennnemann in Chapter 13 present data supporting the intriguing mechanism of 
the enzymatic activity of the Semliki Forest virus capsid protease, which is shown 
to be disordered and yet displays catalytic activity. 

In Chapter 14, Roland Ivanyi-Nagy, Eve-Isabelle P~heur, and Jean-Luc Darlix 
focus on the multifaceted activities of core proteins in hepatitis C virus and related 
viruses, and put special emphasis on the relevance of intrinsic disorder for these 
functions. 

Chapter 15, by Xavier Hanoulle, Isabelle Huvent, Arnaud Leroy, Hong Ye, Cong 
Bao Kang, Yu Liang, Claire Rosnoblet, Jean-Michel Wieruszeski, Ho Sup Yoon, 
and Guy Lippens, discusses the evolutionary conservation of intrinsic disorder in 
viral proteins using the intrinsically unstructured domain 2 of the RNA-dependent 
RNA polymerase from the hepatitis C virus as an illustration. 

In Chapter 16, Kristian Schweimer and Paul R(}sch introduce the antitermina
tion protein N from bacteriophage .l.., which is disordered in its free form, but 
gains defined structures on interaction with the RNA recognition site nutBoxB and 
bacterial host factor NusA. 

Finally, V. V. Makarov, M. E. Taliansky, E. N. Dobrov, and N. 0. Kalinina 
dedicated their Chapter 17 to the Hordeivirus movement TGB1 proteins, which 
form ribonucleoprotein complex for the cell-to-cell and long-distance movement 
of viral genome in plants. In Poa semilatent virus, TGB1 contains both an N
terminal extension region, which consists of a completely intrinsically disordered 
extreme N-terminal domain (NTD) and an internal domain (ID) adopting a partially 
disordered, molten globule state, and a C-terminal NTPase/helicase domain. The 
functional implications of flexibility of the disordered domains are discussed in light 
of their role in the assembly and movement of viral RNP complexes at different 
stages of viral transport in the plant. 

This book is intended to stimulate and inspire scientists to further extend this 
fascinating area of research, and we hope that in future years, it will promote 
research in this rather poorly explored field. 

Vladimir N. Uversky 
Sonia Longhi 





INTRODUCTION TO THE WILEY 
SERIES ON PROTEIN AND PEPTIDE 
SCIENCE 

Proteins and peptides are the major functional components of the living cell. They 
are involved in all aspects of the maintenance of life. Their structural and func
tional repertoires are endless. They may act alone or in conjunction with other 
proteins, peptides, nucleic acids, membranes, small molecules, and ions during 
various stages of life. Dysfunction of proteins and peptides may result in the 
development of various pathological conditions and diseases. Therefore, the pro
tein/peptide structure-function relationship is a key scientific problem lying at the 
junction point of modern biochemistry, biophysics, genetics, physiology, molecular 
and cellular biology, proteomics, and medicine. 

The Wiley Series on Protein and Peptide Science is designed to supply a com
plementary perspective from current publications by focusing each volume on a 
specific protein- or peptide-associated question and endowing it with the broad
est possible context and outlook. The volumes in this series should be considered 
required reading for biochemists, biophysicists, molecular biologists, geneticists, 
cell biologists, and physiologists, as well as those specialists in drug design and 
development, proteomics, and molecular medicine, with an interest in proteins and 
peptides. I hope that each reader will find in the volumes within this book series 
interesting and useful information. 

First and foremost, I would like to acknowledge the assistance of Anita 
Lekhwani of John Wiley & Sons, Inc. throughout this project She has guided me 
through countless difficulties in the preparation of this book series, and her enthusi
asm, input, suggestions, and efforts were indispensable in bringing the Wiley Series 
on Protein and Peptide Science into existence. I would like to take this opportunity 
to thank everybody whose contribution in one way or another has helped and 
supported this project. Finally, special thank you goes to my wife, sons, and mother 
for their constant support, invaluable assistance, and continuous encouragement. 
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1 
DO VIRAL PROTEINS POSSESS 
UNIQUE FEATURES? 

BIN XUE, ROBERT W. WILLIAMS, CHRISTOPHER J. 0LDF1ELD, 
GERARD K.-M. GoB, A. KEITH DUNKER, AND VLADIMIR N. UVERSKY 

1.1 INTRODUCTION 

Many proteins (or protein regions) are intrinsically disordered. They lack unique 
3D structures in their native, functional states under physiological conditions 
in vitro (Wright and Dyson, 1999; Uversky et al., 2000; Dunker et al., 2001, 
2002a,b; Tampa, 2002, 2003; Uversky, 2002a,b, 2003; Minezak:i et al., 2006). 
The major functions of such proteins and regions are signaling, recognition, and 
regulation activities (Wright and Dyson, 1999, 2009; Dunker et al., 2002a,b; 
2005; 2008a,b; Dyson and Wright, 2005; Uversky et al., 2005; Radivojac et al., 
2007; Dunker and Uversky, 2008; Oldfield et al., 2008; Tampa et al., 2009). 
Owing to these crucial functional roles, intrinsically disordered proteins (IDPs) 
are highly abundant in all species. According to computational predictions, 
typically 7-30% prokaryotic proteins contain long disordered regions of more 
than 30 consecutive residues, whereas in eukaryotes the amount of such proteins 
reaches 45-50% (Romero et al., 1997, 2001; Dunker et al., 2001; Ward et al., 
2004; Oldfield et al., 2005a,b; Feng et al., 2006). Furthermore, almost 70% of 
proteins in the PDB (which is biased to structured proteins) have intrinsically 
disordered regions (IDRs), which are indicated by missing electron density 
(Obradovic et al., 2003). Numerous disordered proteins have been shown to 
be associated with cancer (Iakoucheva et al., 2002), cardiovascular disease 
(Cheng et al., 2006), amyloidoses (Uversky, 2008a), neurodegenerative diseases 
(Uversky, 2008b), diabetes, and other human diseases (Uversky et al., 2008), an 
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2 INIRINSIC DISORDER IN VIRAL PROTEINS 

observation that was used to introduce the "disorder in disorders" or D2 concept 
(Uversky et al., 2008). 

Recently, we showed also that IDPs are abundant in the human diseasome (Midic 
et al., 2009), a framework that systematically linked the human disease phenome 
(which includes all the human genetic diseases) with the human disease genome 
(which contains all the disease-related genes) (Goh et al., 2007). This framework 
was constructed from the analysis of two networks, a network of genetic diseases, 
the "human disease network," where two diseases are directly linked if there is 
a gene that is directly related to both of them, and a network of disease genes, 
the "disease gene network," where two genes are directly linked if there is a 
disease to which they are both directly related (Goh et al., 2007). Our analysis 
revealed that there were noticeable differences in the abundance of intrinsic disorder 
in human disease-related as compared to disease-unrelated proteins (Midic et al., 
2009). Furthermore, various disease classes were significantly different with respect 
to the content of disordered proteins. 

Furthermore, we have shown that intrinsic disorder is highly abundant in proteins 
of the parasitic protozoa (Mohan et al., 2008). Since viruses are common infectious 
pathogens, here, we summarize some literature data on the abundance of intrinsic 
disorder in viruses and explore the functional roles of intrinsic disorder in these 
intriguing "organisms at the edge of life." 

Viruses are the most abundant living entities (Breitbart and Rohwer, 2005). For 
example, 1 mL of natural water contains up to 2.5 x lOS viral particles (Bergh 
et al., 1989), and the total number of viral particles exceeds the number of cells 
by at least an order of magnitude (Sano et al., 2004; Edwards and Rohwer, 2005). 
They are common parasitic organisms that live in the infected cells of Eukarya, 
Archaea, and Bacteria (or even inside other viruses) and produce virions to dis
seminate their genes (Breitbart and Rohwer, 2005; Edwards and Rohwer, 2005; 
Lawrence et al., 2009). Viruses do not have a defined cellular structure and are 
structurally very simple consisting of two or three parts. This includes two com
mon components found in all viruses, DNA- (double-stranded or single-stranded) 
or RNA-based genes, and a protein coat protecting the genetic material (this pro
teinaceous coat is known as the capsid), and a lipid-based envelope surrounding 
some of the viruses when they are outside the host cells. In addition to the capsid 
proteins, some complex viruses also contain the so-called nonstructural proteins 
that assist in the construction of their capsid and viral regulatory and accessory 
proteins. Furthermore, enveloped viruses contain several integral membrane pro
teins, and matrix proteins forming the so-called matrix, another biologically active 
proteinaceous coat located right beneath the envelope. 

Historically, there is no uniform opinion on whether the viruses are a form of 
life or just simple nonliving organic structures that interact with living organisms, 
or are yet the "organisms at the edge of life" (Rybicki, 1990). This difference in 
opinion originates from the facts that although viruses possess genes, evolve by 
natural selection, and reproduce by creating multiple copies of themselves through 
self-assembly, they do not have a defined cellular structure, as well as they lack 
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their own metabolism, require a host cell to make new products, and therefore 
cannot reproduce outside the host cell (Holmes, 2007). 

In the evolutionary history of life, the origin of viruses is unclear. Currently, 
there are three major hypotheses for virus origin (Forterre, 2006): 

1. Coevolution or the virus first hypothesis (here, viruses appeared simultane
ously with the cells early in the history of earth and since that time are 
dependent on cellular life for many millions of years); 

2. Cellular origin or vagrancy hypothesis (here, viruses evolved from pieces of 
pieces of RNA or DNA (e.g., plasmids, pieces of naked DNA that can move 
between, or transposons, pieces of DNA that replicate and move around to 
different positions within the genes) that "escaped" from the genes of a larger 
organism); 

3. Regressive or degeneracy hypothesis (here, viruses originally were small cells 
that parasitized larger cells and that, with time, lost all the genes unused 
because of their parasitism). 

It is suggested that RNA viruses may have originated in the nucleoprotein world 
(which followed the RNA world) by escaping or reduction from the primordial 
RNA-containing cells, whereas DNA viruses (at least some of them) might have 
evolved directly from RNA viruses (Forterre, 2006). Irrespective of the virus origin 
hypothesis, the facts that viruses infect cells from the three domains of life, Archaea, 
Bacteria, and Eukarya, share homologous features, and have probably existed since 
living cells first evolved (Iyer et al., 2006), clearly suggest that viruses originated 
very early in the evolution of life (Koonin et al., 2006). Tills antiquity of viruses 
can explain why most viral proteins have no homologs in cellular organisms or 
have only distantly related ones (Forterre, 2006). 

Importantly, viruses are suggested to play a number of crucial roles in the general 
evolution of life. For example, they are responsible for the so-called horizontal 
gene transfer, a process by which an organism incorporates genetic material from 
another organism without being the offspring of that organism, which increases 
genetic diversity (Canchaya et al., 2003). In fact, 3-8% of the human genome 
is suggested to be composed of fragments of viral DNA. Furthermore, since it 
is believed that some DNA replication proteins originated in the virosphere and 
were later transferred to cellular organisms, viruses could play a vital role in the 
invention of DNA and DNA replication mechanisms and therefore could serve as 
crucial drives of the origin of the eukaryotic nucleus, and even of the formation of 
the three domains of life (Forterre, 2006). 

Since viruses are believed to play a major role in the evolution of life, and since 
they are very different from all other life forms on earth, recently, a division was 
proposed to biological entities into two groups of organisms, namely, ribosome
encoding organisms, which include eukaryotic, archaeal, and bacterial organisms, 
and capsid-encoding organisms, which include viruses (Raoult and Forterre, 2008). 
Therefore, viruses are defined now as capsid-encoding organisms, which contain 
proteins and nucleic acids, self-assemble in the nucleocapsids, and use a ribosome
encoding organism for the completion of their life cycle (Raoult and Forterre, 2008). 
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This chapter illustrates some structural peculiarities of viral proteins and dis
cusses the role of intrinsic disorder in their functions. 

1.2 CLASSIFICATION AND FUNCTIONS OF VIRAL PROTEINS 

Viral genomes are typically rather small ranging in size from 6 to 8 proteins (e.g., 
human papilloma virus (HPV)) to "-'1000 proteins (e.g., Acanthanweba polyphaga 
mimivirus (APMV)). Functionally, viral proteins are grouped into structural, non
structural (NS), regulatory, and accessory proteins. For example, there are eight 
major proteins encoded by HPV. Proteins E1 and E2 are involved in viral repli
cation as well as in the regulation of early transcription. E1 binds to the origin of 
replication and exhibits ATPase as well as helicase activity (Ustav and Stenlund, 
1991; Hughes and Romanos, 1993), whereas E2 forms a complex with E1, facil
itating its binding to the origin of viral replication (Mohr et al., 1990; Ustav and 
Stenlund, 1991; Frattini and Laimins, 1994 ). Furthermore, E2 acts as a transcription 
factor that positively and negatively regulates early gene expression by binding to 
specific E2 recognition sites within the upstream regulatory region (URR) (Cripe 
et al., 1987; Gloss et al., 1987). E4 is the most highly expressed protein in the 
productive life cycle of HPVs, and it plays a number of important roles in promot
ing the differentiation-dependent productive phase of the viral life cycle (Wilson 
et al., 2005; Brown et al., 2006; Davy et al., 2006). The E5 protein has weak 
transforming capabilities in vitro (Leechanachai et al., 1992; Straight et al., 1993), 
supports HPV late functions (Fehrmann et al., 2003; Genther et al., 2003), and 
disrupts MHC class II maturation (Zhang et al., 2003). Finally, L1 and L2 are the 
major and the minor capsid proteins, respectively. 

Two early proteins (E6 and E7 oncoproteins) are mainly responsible for HPV
mediated malignant cell progression, leading ultimately to an invasive carcinoma. 
Proteins E6 and E7 function as oncoproteins in high risk HPV s, at least in part, by 
targeting the cell cycle regulators p53 and Rb, respectively. E7 has been shown to 
be involved in cellular processes such as cell growth and transformation (Mcintyre 
et al., 1996), gene transcription (Massimi et al., 1997), apoptosis, and DNA syn
thesis, among other processes (Halpern and Mllnger, 1995). It interacts with many 
important proteins including the Rb tumor suppressor and its family members, 
p107 and p130 (Dyson et al., 1989), glycolytic enzymes (Zwerschke et al., 1999; 
Mazurek et al., 2001), histone deacetylase (Brehm et al., 1999), kinase p33CDK2, 
and cyclin A (Tommasino et al., 1993), as well as the cyclin-dependent kinase 
inhibitor p21 cipl protein (Jian et al., 1998). Furthermore, it has been shown that E7 
also binds to a protein phosphatase 2A (PP2A) (Pim et al., 2005). Formation of this 
complex sequesters PP2A, inhibiting its interaction with protein kinase B (PKB) or 
Akt (which is one of the several second messenger kinases that are activated by cell 
attachment and growth factor signaling and that transmit signals to the cell nucleus 
to inhibit apoptosis and thereby increase cell survival during proliferation (Brazil 
and Hemmings, 2001)), thereby maintaining PKB/Akt signaling by inhibiting its 
dephosphorylation. 
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E6 primarily promotes tumorigenesis by stimulating cellular degradation of the 
tumor suppressor p53 via formation of a trimeric complex comprising E6, p53, and 
the cellular ubiquitination enzyme E6AP (Scheffner et al., 1990, 1993). Besides this 
crucial role in the regulation of p53 degradation, E6 displays numerous activities 
unrelated to p53. These include but are not limited to recognition of a variety 
of other cellular proteins: transcription coactivators p300/CBP (Patel et al., 1999; 
Zimmermarm et al., 1999) and ADA3 (Kumar et al., 2002), transcription factors 
c-Myc (Gross-Mesilaty et al., 1998) and IRF3 (Ronco et al., 1998), replication pro
tein hMCM7 (Kukimoto et al., 1998), DNA repair proteins MGMT (Srivenugopal 
and Ali-Osman, 2002), protein kinases PKN (Gao et al., 2000) and Tyk2 (Li et al., 
1999), Rap-GTPase activating protein E6TP1 (Gao et al., 1999), tumor necrosis 
factor receptor TNF-R1 (Filippova et al., 2002), apoptotic protein Bak (Thomas 
and Banks, 1999), clathrin-adaptor complex AP-1 (Tong et al., 1998), focal adhe
sion component paxillin (Tong and Howley, 1997), calcium-binding proteins E6BP 
(Chen et al., 1995) and :fibulin-1 (Du et al., 2002), and several members of the 
PDZ protein family, including hDLG (Kiyono et al., 1997), hScrib (Nakagawa and 
Huibregtse, 2000), MAGI-1 (Glaunsinger et al., 2000), and MUPP1 (Lee et al., 
2000). Furthermore, E6 activates or represses several cellular or viral transcription 
promoters (Sedman et al., 1991; Morosov et al., 1994; Dey et al., 1997; Ronco 
et al., 1998), such as transcriptional activation of the gene encoding the retrotran
scriptase of human telomerase (Gewin and Galloway, 2001; Oh et al., 2001). In 
addition, it has been recently established that E6 recognizes four-way DNA junc
tions (Ristriani et al., 2000, 2001). The function of the low risk HPV E6 is less 
well studied. However, the low risk E6 lacks a number of activities that corre
late with the oncogenic activity of the high risk HPV E6. For example, low risk 
E6 neither binds PDZ proteins (Kiyono et al., 1997) or E6TP1 (Gao et al., 1999) 
nor targets p53 for degradation (Scheffner et al., 1990; Li and Coffino, 1996). 
Like the high risk E6, low risk E6 does bind MCM7 (Kukimoto et al., 1998) and 
Bak (Thomas and Banks, 1999) and inhibits p300 acetylation of p53 (Thomas and 
Chiang, 2005). 

1.2.1 Structural Proteins Form the VU"al Capsid and Envelope 

1.2.1.1 Capsid The capsid is the proteinaceous shell of the virus, which con
sists of several protomers (also known as capsomers), oligomeric protein subunits. 
Often, capsid proteins are conjugated with DNA or RNA, forming the viral nucle
oprotein complex. It is important to remember that such viral nucleoproteins are 
multifunctional, being able to interact with nucleic acid and other proteins. For 
example, the transcription and replication of the measles virus, the RNA genome 
of which is encapsidated by the nucleoprotein (N), are initiated by the RNA
dependent RNA polymerase binding to the nucleocapsid via the phosphoprotein 
(P) (Longhi, 2009). 

The packing of capsomers defines the shape of a viral capsid, which can be 
helical, icosahedral, or complex. Capsids of the helical or filamentous viruses are 
highly ordered helical structures consisting of a single type of capsomer stacked 
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around a central axis. The genetic material of these viruses, single-stranded RNA 
or, in some cases, single-stranded DNA is located inside a central cavity of the 
capsid, where it is bound to the capsid proteins via the electrostatic interactions 
between negative charges on nucleic acid and positive charges on the protein. The 
length of a helical capsid is dependent on the length of the viral nucleic acid, 
whereas its diameter is determined by the size and arrangement of capsomers. 
These rod-shaped or filamentous viruses can be short and highly rigid, or long and 
very flexible. Illustrative examples of the filamentous or helical viruses are tobacco 
mosaic virus (I'MV), Sulfolobus islandicus filamentous virus (SIFV), Acidianus 
filamentous virus 1 (AFV1), filamentous bacteriophage fd, and others. 

Capsids of the majority of viruses are icosahedral or near-spherical with icosahe
dral symmetry. A regular icosahedron is the optimal way to pack identical subunits 
to form a closed shell (Fig. l.la). Since there are 20 identical equilateral triangular 
faces in an icosahedron, the minimal number of identical subunits to form such a 
structure is 60 (Fig. 1.1 b). Here, each triangular face is made up of three identical 
subunits. The capsomer of the icosahedral virus includes the five identical subunits 
that surround each vertex and are arranged in a fivefold symmetry (Fig. l.lc). 

Figure Ll Icosahedron and virus capsid. (a) An icosahedron has 20 identical equilateral 
triangular faces. (b) In most icosahedral caps ids of viruses, each triangular face is made 
up of three identical subunits. As a result, a typical viral capsid contains 60 subunits. 
The five subunits surrounding each vertex are arranged in a fivefold symmetry. (c) An 
icosahedral capsid of large viruses can consist of more than 60 subunits. Some of the 
triangular faces are made up of four subunits. 
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Therefore, there are typically 12 capsomers in the icosahedral virus. Many viruses 
have more than 60 subunits. In these viruses with large icosahedral capsids, the 
triangular faces are made up of four subunits (Fig. 1.1c). 

Capsids of several viruses are neither purely helical nor purely icosahedral. 
These complex capsids may include extra structures, such as protein tails or com
plex outer walls. An illustrative example of such a complex virus is the well-known 
bacteriophage T4, which has an icosahedral head bound to a helical tail, which may 
have a hexagonal base plate with protruding protein tail fibers. This peculiar tail 
structure helps T4 to attach to the bacterial host and acts as a molecular syringe 
injecting the viral genome into the cell (Rossmann et al., 2004). 

1.2.1.2 Viral Envelope In some viruses, the capsid is coated with a lipid 
membrane, known as the viral envelope, which is acquired by the capsid from 
an intracellular membrane of the virus host. Typically, in addition to the lipid 
membrane derived from a host, viral envelopes contain viral glycoproteins (e.g., 
hemagglutinin (HA), neuraminidase, and M2 protein, a proton-selective ion chan
nel in influenza virus, or gp160 protein in human immunodeficiency virus (HN), 
which consists of the structural subunit gp120, and the transmembrane subunit 
gp41). Some of these surface viral glycoproteins (HA, neuraminidase, and gp120) 
protrude from the viral lipid bilayer and play important roles in its attachment 
to and penetration into the target cells (Suzuki, 2005). Other viral envelope pro
teins are involved in various functions related to the virus life cycle. For example, 
a proton-selective ion channel M2 protein of influenza A virus enables hydro
gen ions to enter the viral particle from the endosome, thus lowering pH of the 
inside of the virus. This decrease in pH triggers the dissociation of the viral 
matrix protein M 1 from the ribonucleoprotein, therefore initiating the uncoating 
of the virus and exposing its content to the cytoplasm of the host cell (Cady 
et al., 2009). 

1.2.1.3 Matrix In addition to membrane glycoproteins, enveloped viruses have 
matrix proteins, which link the viral envelope with the virus core. In general, viral 
matrix proteins are responsible for expelling the genetic material after a virus has 
entered a cell. However, they have several other biological functions. For example, 
in the influenza virus, one side of the matrix M1 protein possesses a specific affinity 
to the glycoproteins of the host cell membrane, whereas another side of this protein 
has nonspecific affinity for the viral RNA. As a result, a specific proteinaceous 
layer, or matrix, is formed under the membrane. The assembled complexes of viral 
ribonucleoprotein and viral RNA bind to the matrix and are enveloped and bud 
out of the cell as new mature viruses (Nayak et al., 2004, 2009). M1 protein also 
has multiple regulatory functions performed by interaction with the components of 
the host cell. These regulatory functions include a role in the export of the viral 
ribonucleoproteins from the host cell nucleus, inhibition of viral transcription, and 
a role in virus assembly and budding (Nayak et al., 2004, 2009). 
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1.2.2 V1ral Nonstructural Proteins 

Viral NS proteins are virus-encoded proteins that are not a part of the viral particle. 
Some of these proteins may play roles within the infected cell during virus repli
cation, whereas others act in the regulation of virus replication or virus assembly. 
Specific functions of six NS HPV proteins were briefly introduced above. Below, 
three illustrative examples of the functions of viral NS proteins, namely, replicon 
formation, immunomodulation, and transactivation of genes encoding structural 
proteins are described. 

1.2.2.1 Replicon Formation The hepatitis C virus's (HCV's) RNA replica
tion complex formation requires interactions between the HCV NS proteins and 
a human cellular vesicle membrane transport protein hVAP-33 (Gao et al., 2004). 
The formation of this HCV replicon is initiated by the precursor of NS4B, which 
is able to anchor to the lipid raft membrane. Most of the other HCV NS proteins, 
including NSSA, NSSB, and NS3, are also localized to these lipid raft membranes, 
suggesting that protein-protein interactions among the various HCV NS proteins 
and hVAP-33 are important for the formation of HCV replication complex (Gao 
et al., 2004). 

1.2.2.2 Immunomodulation The immunomodulatory function of West Nile 
virus NS protein NS 1 was demonstrated by showing that the soluble and cell
surface-associated NS 1 was able to bind to and recruit the complement regulatory 
protein factor H. This interaction led to decreased complement activation, min
imizing immune system targeting of West Nile virus by decreasing complement 
recognition of infected cells (Chung et al., 2006). In rinderpest virus, the viral NS 
C protein was shown to block specifically the actions of type 1 and type 2 inter
ferons, therefore suppressing the induction of the innate immune response (Boxer 
et al., 2009). 

1.2.2.3 Transactivation of Genes Encoding Structural Proteins In the 
autonomous parvovirus minute virus of mice (MVM), whose genome contains 
two overlapping transcription units, the genes coding for the two NS proteins 
(NS 1 and NS2) are transcribed from a promoter P04, whereas the promoter P39 
controls the transcription of capsid protein genes. Intriguingly, the P39 promoter 
was shown to be activated by a viral NS protein NS1 (Doerig et al., 1988). 

1.2.3 V1ral Regulatory and Accessory Proteins 

Viral regulatory and accessory proteins play a number of indirect roles in the viral 
function, for example, some of these proteins regulate the rate of transcription of 
viral structural genes. These proteins either regulate the expression of viral genes or 
are involved in modifying host cell functions. Many viral regulatory and accessory 
proteins serve multiple functions. For example, the active replication of HIV-1 is 
controlled by the production of several regulatory (Tat and Rev) and accessory 
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(Vpr, Vif, Vpu, and Net) proteins (Seelamgari et al., 2004). Accessory proteins are 
important for the efficient in vivo infection. It is believed that Vif has evolved to 
overcome the antiviral defense mechanisms of the host, whereas accessory proteins 
such as Nef increase virus pathogenesis by targeting bystander cells. Therefore, 
these proteins control many aspects of the virus life cycle as well as host cell 
function, namely, gene regulation and apoptosis, mostly via interactions with other 
viral and cellular components (Seelamgari et al., 2004). 

1.3 INTRINSIC DISORDER IN VIRAL PROTEINS 

Most viral proteins (e.g., proteins involved in replication and morphogenesis of 
viruses and the major capsid proteins of icosahedral virions), being shared by many 
groups of RNA and DNA viruses, have no homologs in modern cells (Koonin 
et al., 2006). This clearly suggests that viruses are very antique and that viral 
genes primarily originated in the virosphere during replication of viral genomes 
and/or recruited from cellular lineages are now extinct (Forterre and Prangishvili, 
2009). Viruses represent an interesting example of adaptation to extreme condi
tions, which include both environmental peculiarities and biological and genetic 
features of the hosts. Viruses have to survive outside and within the host cell 
(some viruses infect Archaea that are isolated from geothermally heated hot envi
ronments (Prangishvili et al., 2006)) and need to infect the host organism and 
replicate their genes while avoiding the host's countermeasures (Reanney, 1982). 
Genomes of many viruses are characterized by unusually high rates of mutation, 
which, being estimated as exchanges per nucleotide, per generation can be as 
high as 10-5-10-3 for RNA viruses, 10-5 for single-stranded DNA viruses, and 
10-8-10-7 for double-stranded DNA viruses, compared to 10-10-10-9 in bacte
ria and eukaryote& (Drake et al., 1998). Viral genomes are unusually compact and 
contain overlapping reading frames. Therefore, a single mutation might affect more 
than one viral protein (Reanney, 1982). 

All these peculiarities raised an intriguing question on whether the viral pro
teins possess unique structural features. In an attempt to answer this question, a 
detailed analysis of viral proteins was undertaken (Tokuriki et al., 2009). First, 3D 
protein crystal structures of 123 representative single domain proteins of 70-250 
amino acids that contain no covalent cofactors, and with a high resolution crys
tal structure, were analyzed. Of these 123 proteins, 26 were RNA viral proteins, 
19 were DNA viral proteins (18 double-stranded and one single-stranded DNA 
virus), 26 were hypothermophilic, 26 were mesophilic eukaryote&, and 26 were 
mesophilic prokaryote&. The analysis revealed that viral proteins, especially RNA 
viral proteins, possessed systematically lower van der Waals contact densities than 
proteins from other groups. Furthermore, viral proteins were shown to have a 
larger fraction of residues that are not arranged in well-defined secondary struc
tural elements such as helixes and strands. Finally, the effects of mutations on 
protein conformational stability (AAG values) were compared for all these pro
teins. This analysis showed that viral proteins show lower average AAG per residue 
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than proteins from other organisms. RNA viral proteins show particularly low 
average l!l!G values, 0.20 kcaVmol lower than the mesophilic proteins of the 
same size and 0.26 kcallmollower than the thermophilic proteins (Tokuriki et al., 
2009). 

At the next stage, peculiarities of viral proteins were analyzed using approaches 
that are independent of structures, namely, amino acid composition profiling and 
disorder propensity calculations. These tools were applied to all available open 
reading frames (ORFs) in the relevant proteomes of 19 hyperthermophilic archaea, 
35 mesophilic bacteria, 20 eukaryote&, and 30 single-stranded RNA, 30 single
stranded DNA, and 29 double-stranded DNA viruses (Tokuriki et al., 2009). In 
these analyses, viral proteomes were filtered to remove all annotated capsid/coat/ 
envelope/structural proteins. Figure 1.2a represents the relative composition pro
files calculated for various species as described by Vacic and colleagues (Vacic 
et al., 2007). Here, the fractional difference in composition between a given pro
tein set and a set of completely ordered proteins was calculated for each amino 
acid residue. The fractional difference was evaluated as (Cx- Ccrc~er/Ccrc~er, where 
Cx is the content of a given amino acid in a given protein set and Ccrc!er is the 
corresponding content in the fully ordered data set (Xue et al., 2009a,b). In addi
tion to the filtered data set of viral proteins from 89 proteomes, this figure also 
includes compositional profile calculated for the nonfiltered data set containing all 
viral proteins from "-'2400 viral species. In general, viral proteins show a reduced 
fraction of hydrophobic and charged residues and a significantly increased pro
portion of polar resides. Figure 1.2b clearly shows that viral proteomes exhibit a 
very high propensity for an intrinsic disorder. In general, the amount of disorder 
in viruses was comparable with that in eukaryote&, which from previous studies 
were already known to possess the highest levels of disorder (Romero et al., 1998; 
Dunker et al., 2000, 2001; Ward et al., 2004; Oldfield et al., 2005a). Figure 1.2b 
illustrates that there was a fundamental difference between viral and eukaryotic 
proteomes since eukaryote& contained more proteins with long disordered regions, 
whereas viral proteomes were characterized by the dominance of short disordered 
segments (Tokuriki et al., 2009). 

On the basis of these observations it has been concluded that in comparison 
with proteins from their hosts, viral proteins are less densely packed, possess 
a much weaker network of interresidue interactions (manifested by the lower 
contact density parameters, the increased fraction of residues not involved in sec
ondary structure elements, and the abundance of short disordered regions), have 
an unusually high occurrence of polar residues, and are characterized by the lower 
destabilizing effects of mutations (Tokuriki et al., 2009). It has been concluded that 
the adaptive forces that shape viral proteins were different form those responsible 
for evolution of proteins of their hosts. In fact, as discussed, the abundance of 
polar residues, the lower van der Waals contact densities, high resistance to muta
tions, and the relatively high occurrence of :flexible "coils" and numerous short 
disordered regions suggested that viral proteins are not likely to have evolved for 
higher thermodynamic stability but rather to be more adaptive for fast change in 
their biological and physical environments (Tokuriki et al., 2009). 
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Figure L2 Evaluation of the uniqueness and abundance of intrinsic disorder in viral 
proteins. (a) Composition profile of amino acids for proteins from different organisms. 
Residues on the x -axis are arranged according to the increasing disorder tendency. The 
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acids. (See insert for color representation of the figure.) 



12 IN1RINSIC DISORDER IN VIRAL PROTEINS 

1.4 FUNCTIONALITY OF INTRINSIC DISORDER 
IN VIRAL PROTEINS 

1.4.1 Intrinsic Disorder and Viral Pfam Domain Seeds 

Proteins often contain one or more functional domains, different combinations of 
which give rise to the diverse range of proteins found in Nature. It has been rec
ognized that the identification of domains that occur within proteins can therefore 
provide insights into their function. To find a correlation between intrinsic disorder 
and function in the viral proteins, we analyzed the abundance of intrinsic disorder 
in the Pfam database, which contains information on protein domains and fami
lies and uses hidden Markov models (HMMs) and multiple sequence alignments 
to identify members of its families emphasizing the evolutionary conservation of 
protein domains (Bateman et al., 2002, 2004; Finn et al., 2008). Each curated 
family in Pfam is represented by a seed and full alignment. The seed contains 
representative members of the family, while the full alignment contains all mem
bers of the family as detected with a profile HMM (Bateman et al., 2002). Since 
Pfam represents an important tool for understanding protein structure and func
tion and since this database contains large amount of information on functional 
domains, the viral seed domains in the version 23.0 of the Pfam database were 
analyzed. There are 6360 Pfam domain seeds of viral origin. Figure 1.3 shows that 
intrinsic disorder is rather abundant among the viral Pfam seed domains. In fact, 
535 Pfam domain seeds of viral origin were 50-98% disordered, and the length 
of disordered regions in the domains varied from 11 to 738 residues (Fig. 1.3a). 
Figure 1.3b shows that > 100 domains ranging in length from 14 to 324 residues 
were almost completely disordered. Our analysis revealed that many Pfam domain 
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Figure 1.3 Intrinsic disorder distribution in Pfam domain seeds of the viral origin. 
(a) The length distribution of Pfam domain seeds of viral origin which are 50-98% 
disordered. (b) The length distribution of Pfam domains where disorder is observed for 
>98% residues. 
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seeds of the viral origin were completely disordered (they contain >98% disor
dered residues) but still possessed a number of crucial biological functions, mostly 
related to interaction with proteins, as well as recognition, regulation, and signal 
transduction (Xue et al., 2010). In other words, viral disordered domains possess 
functions similar to those of prokaryotic, archaeal, and euk:aryotic proteins (Wright 
and Dyson, 1999; Uversky et al., 2000; Dunker et al., 2001, 2002a,b). 

1.4.2 Intrinsic Disorder in Viral Structural Proteins 

1.4.2.1 Capsids Capsids represent an economical use of multiple copies of a 
single or a few proteins to build a specific cage for genome transfer. In fact, this 
approach helps viruses to minimize the coding space for the capsid and also deter
mines an easy and self-controlled mechanism of shell assembly, where only the 
fitting pieces can work. Since an icosahedral symmetry provides a low energy solu
tion for the shell formation, it is commonly used by many isomeric (or icosahedral) 
viruses (Caspar and Klug, 1962). Sixty identical units can form an icosahedron. 
Although the majority of capsid proteins are relatively small, many viruses have 
very large capsids. These large capsids are built from a high number of building 
blocks, many times exceeding 60 units. The theory of quasi-equivalence, according 
to which the capsid is stabilized by the same type of interactions that are perturbed 
in slightly different ways in the non-symmetry-related environments, explained this 
apparent contradiction since multiples of 60 proteins can be arranged such that they 
will all be in nearly identical environments (Caspar and Klug, 1962). 

Intriguingly, already in the first virus structures determined by X-ray crystal
lography (Harrison et al., 1978; Abad-Zapatero et al., 1980), the coat proteins 
appeared as globular parts (C-terminal domains) formed by two antiparallel four
stranded sheets with a jelly-roll or Swiss-roll topology and extended, partially 
invisible N-terminal segments (Liljas, 2004). In the polyoma virus and simian 
virus 40 (SV40), whose capsids are described by an icosahedral surface lattice 
with the triangulation number T = 7 d, there are 360 units in the capsid (Baker 
et al., 1983; Liddington et al., 1991), which is noticeably less than the 420 units 
expected from the Caspar-Klug rules (Caspar and Klug, 1962). In these viruses, 
all 72 capsomers are pentamers of the structural protein VP1 (in polyoma virus) 
or of the coat protein (in SV40) rather than an expected mixture of pentamers 
and hexamers. Therefore, pentamers are found at the positions predicted to have a 
hexamer of subunits according to the Caspar-Klug hypothesis (Caspar and Klug, 
1962). The apparent contradiction is resolved by intrinsically disordered arms of the 
capsid proteins: the intercapsomer contacts are established by the folded C-terminal 
domain, whereas theN-terminal domain of the capsid protein, the so-called arm, 
is extended and is present in six totally different conformations depending on its 
position in the lattice (Rayment et al., 1982; Liljas, 2004). 

In agreement with the icosahedral symmetry, in the capsid of foot-and-mouth
disease virus there are 60 identical subunits, each of which is made up of four 
proteins: VP1, VP2, VP3, and VP4 (Fry et al., 2005). VP1, VP2, and VP3 are 
wedge-shaped, eight-stranded ~-sandwiches. The loops connecting strands at the 
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Figure 1.4 Intrinsic disorder in viral structural proteins. (a) Structure of the capsomer 
in the icosahedral capsid of the foot-and-mouth-disease virus. This capsid contains 60 
capsomers, each of which is made up of four capsid proteins: VPl, VP2, VP3, and VP4. 
Distribution of predicted intrinsic disorder in capsid proteins of the foot -and-mouth -disease 
virus: VPl (b), VP2 (c), VP3 (d), and VP4 (e). 

narrow end of the wedge are less constrained by structural interactions and tend to 
mediate host interactions. VP4 and the N-termini of VP1 and VP3 are located at 
the capsid interior. It has been pointed out that the capsorrer structure corq?rises 
residues 1-137 and 155-208 of VP1, 12-218 of VP2, 1-221 of VP3, and 15-39 
and 62-85 of VP4, whereas residues 138-154 and 209-212 of VP1, 1-11 ofVP2, 
and 1-14 and 40-61 of VP4 were too flexible to be modeled reliably (Fry et al., 
2005). Therefore, the three major capsid proteins are mostly ordered and have a 
conserved i~-barrel fold, whereas VP4 has a little regular secondary structure. This 
mostly disordered protein, VP4, is involved in the initial disasserrbly and final 
assembly stages of the virus. 

Functional roles of disordered regions of capsid proteins extend far away from 
sirq?le structural roles. In the excellent review by Liljas (2004 ), the functionality 
of various disordered arms of viral capsid proteins is systemized to show that 
these intrinsically disordered fragrrents can be used to stabilize the structure of 
a capsid, to control the capsid asserrbly and disasserrbly, and for the interaction 
with nucleic acids. To finish this part, Fig. 1.4 represents the results of disorder 
prediction for the capsid proteins discussed above together with the crystal structure 
of the foot-and-mouth-disease virus capsomer. 
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1.4.2.2 Viral Envelope Specific surface glycoprotein& are used by the enve
loped viruses, such as influenza, HN-1, and Ebola, to enter target cells via fusion 
of the viral membrane with the target cellular membrane (Skehel and Wiley, 1998, 
2000; Eckert and Kim, 2001). One of the most well-studied membrane fusion pro
teins is the influenza virus HA, which is a homotrimeric type I transmembrane 
surface glycoprotein responsible for virus binding to the host receptor, internaliza
tion of the virus, and subsequent membrane-fusion events within the endosomal 
pathway in the infected cell. HA is also the most abundant antigen on the viral sur
face and harbors the primary neutralizing epitopes for antibodies. Each 70-kDa HA 
subunit contains two disulfide-linked polypeptide chains, HA1 and HA2, created 
by proteolytic cleavage of the precursor protein HAo (Wiley and Skehel, 1987). 
Such a cleavage is absolutely crucial for membrane fusion (Wiley and Skehel, 
1987). During membrane fusion, HA binds the virus to sialic acid receptors on the 
host cell surface, and following endocytosis, the acidic pH (pH 5-6) of endosomal 
compartments induces dramatic and irreversible reorganization of the HA structure 
(Skehel et al., 1982). 

The HA trimer has a tightly intertwined "stem" domain at its membrane
proximal base, which is composed of HA1 residues 11-51 and 276-329 and HA2 
residues 1-176. The dominant feature of this stalk region in the HA trimer is the 
three long, parallel a.-helices ("-'50 amino acids in length each), one from each 
monomer, that associate to form a triple-stranded coiled coil. The membrane-distal 
domain consists of a globular "head," which is formed by HA1 and which 
can be further subdivided into the R region (residues 108-261), containing the 
receptor-binding site and major epitopes for neutralizing antibodies, and the E 
region (residues 56-108 and 262-274), with close structural homology to the 
esterase domain of influenza C HA esterase fusion (HEF) protein (Stevens et al., 
2004). The HA2 chain contains two membrane-interacting hydrophobic peptide 
sequences: anN-terminal "fusion peptide" (residues 1-23), which interacts with 
the target membrane bilayer (Durrer et al., 1996), and a C-terminal transmembrane 
segment, which passes through the viral membrane. 

Crystallographic studies suggested that the interaction with the host cell involves 
a dramatic structural reorganization of HA2, which moves the fusion peptide from 
the interior approximately 100 AA toward the target membrane (Wilson et al., 
1981; Bullough et al., 1994). In this process, the middle of the original long a.-helix 
unfolds to form a reverse turn, jackknifing the C-terminal half of the long a.-helix 
backward toward theN-terminus. These molecular rearrangements place the N
terminal fusion peptide and the C-terminal transmembrane anchor at the same 
end of the rod-shaped HA2 molecule (Weber et al., 1994; Wharton et al., 1995), 
facilitating membrane fusion by bringing the viral and cellular membranes together. 

Our recent analysis revealed that although many viral membrane glycoprotein& 
are ordered, intrinsic disorder still is crucial for the biology of these proteins. 
For example, we have found some distinct differences in the disorder propensity 
between HA proteins of the virulent and nonvirulent strains of influenza A, espe
cially in the region near residues 68-79 of the HA2. This region represents the 
tip of the stalk that is in contact with the receptor chain, HA1. and is therefore 



16 INIRINSIC DISORDER IN VIRAL PROTEINS 

likely to provide the greatest effect on the motions of the exposed portion of HA. 
Comparison of this region between virulent strains (1918 H1N1 and H5N1) and 
less virulent ones (H3N2 and 1930 H1N1) showed that this region is characterized 
by the increased level of intrinsic disorder in more virulent strains and subtypes of 
the virus but is predicted to be mostly ordered in less virulent strains (Goh et al., 
2009). 

1.4.2.3 Matrix We also analyzed the predisposition of several viral matrix pro
teins to intrinsic disorder (Goh et al., 2008a,b). These studies revealed that the 
matrix protein p17 from simian immunodeficiency virus (SIVmac) and HIV-1 pos
sesses high levels of predicted intrinsic disorder, whereas matrix proteins of the 
equine infectious anemia virus (EIA V) were characterized by noticeably lower 
levels of predicted disorder (Goh et al., 2008a). 

1.4.3 Intrinsic Disorder in VIral Nonstructural, Regulatory, 
and Accessory Proteins 

Since these proteins are responsible for the wide range of recognition- and 
regulation-based functions, including communication with the hosts and regulation 
of virus replication and assembly, they are frequently disordered. As illustrative 
examples, we are presenting below a brief overview of intrinsic disorder in several 
NS proteins from various viruses and the regulatory and accessory proteins from 
HIV-1. 

1.4.3.1 Disorder in Viral Nonstructural Proteins As discussed earlier, an NS 
oncoprotein E7 of HPV is involved in regulation of cell growth and transformation, 
gene transcription, apoptosis, and DNA synthesis. It is known to interact with a 
number of cellular proteins, such as the Rb, p107 and p130, glycolytic enzymes, his
tone deacetylase, kinase p33CDK2, and cyclin A, and the cyclin-dependent kinase 
inhibitor p21 cipl tumor suppressor. Importantly, E7 is involved in the pathogenesis 
and maintenance of human cervical cancers. The analysis of the E7 dimer from 
HPV45 by NMR revealed that each monomer contained an unfolded N-terminus 
and a well-structured C-terminal domain (Ohlenschlager et al., 2006). Later, a frag
ment of the oncoprotein E7 comprising the highly acidic N-terminal domain was 
confirmed to be intrinsically disordered by far-UV CD (circular dichroism) hydro
dynamic analyses. Importantly, the N-terminal domain of this protein (residues 
1-40) includes the retinoblastoma tumor suppressor binding and casein kinase II 
phosphorylation sites (Garcia-Alai et al., 2007). 

There are more than 100 different types of HPV s, which are the causative agents 
of benign papillomas/warts and the cofactors in the development of carcinomas of 
the genital tract, head and neck, and epidermis. In respect to their association with 
cancer, HPVs are grouped into two classes, low risk (e.g., HPV-6 and HPV-11) 
and high risk (e.g., HPV-16 and HPV-18) types. Recently, in order to understand 
whether intrinsic disorder plays a role in the oncogenic potential of different HPV 
types, the bionformatics analysis of proteomes of high risk and low risk HPVs 
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with a major focus on E6 and E7 oncoproteins has been performed (Uversky et al., 
2006). On the basis of the results of this analysis, it has been concluded that 
high risk HPV s are characterized by an increased amount of intrinsic disorder in 
transforming proteins E6 and E7 (Uversky et al., 2006). 

Influenza virus NS protein 2 (NS2, or NEP) is known to interact with the 
nuclear export machinery during viral replication and serves as an adapter molecule 
between the nuclear export machinery and the viral ribonucleoprotein complex. 
Structural analysis of the recombinant NS2 by spectroscopy, differential scanning 
calorimetry, limited proteolysis, and hydrodynamic techniques revealed that this 
monomeric protein shows characteristics of the native molten globule under near 
physiological conditions being compact and highly :flexible (Lommer and Luo, 
2002). 

1.4.3.2 Disorderedness of Viral Regulatory and Accessory Proteins Protein 
Tat is the HN -1 transactivator of viral transcription and is an important factor 
in viral pathogenesis. Tat binds to a short nascent stem-bulge loop leader RNA, 
termed the transactivation responsive region (TAR), that is present at the 51 extrem
ity of all viral transcripts via its basic region and recruits the complex of cyclin T1 
and cyclin-dependent kinase 9 (CDK9) forming the positive transcription elonga
tion factor B complex. CDK9 hyperphosphorylates the carboxy terminus domain 
of RNA polymerase II, leading to the enhanced elongation of transcription from 
the viral promoter. However, Tat not only acts as the key transactivator of viral 
transcription but is also secreted by the infected cell and is taken up by neighboring 
cells where it has an effect both on infected and uninfected cells (Campbell and 
Loret, 2009). 

The Tat amino acid sequence is characterized by a low overall hydrophobicity 
and a high net positive charge. This protein was predicted to be natively unfolded by 
several algorithms (Shojania and O'Neil, 2006). These predictions were in agree
ment with the lack of ordered secondary structure in this protein found by the 
CD analysis (Vendel and Lumb, 2003), and NMR chemical shifts and coupling 
constants suggested that Tat existed in a random coil conformation (Shojania and 
O'Neil, 2006). 

Rev is another regulatory protein in HN -1. This is a 116-residue basic protein 
that binds to multiple sites in the Rev-response element (RRE) of viral mRNA 
transcripts in nuclei of host cells, leading to transport of incompletely spliced and 
unspliced viral mRNA to the cytoplasm of host cells in the later phases of the HN -1 
life cycle. Therefore, Rev is absolutely required for viral replication (Blanco et al., 
2001). On the basis of the detailed spectroscopic and hydrodynamic studies, it has 
been concluded that monomeric Rev is in a molten globule state (Surendran et al., 
2004). 

Vpr is a 96-residue HN-1 accessory protein that shows multiple activities, 
including nuclear transport of the preintegration complex to the nucleus, activation 
of transcription, cell cycle arrest at the G2JM transition, and triggering of apoptosis. 
This protein controls many host cell functions through a variety of biological activ
ities and by interaction with cellular biochemical pathways. For example, nuclear 
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import of Vpr may be due to its interaction with nuclear transport factors and 
components of the nuclear pore complex. Cell cycle arrest has been correlated 
with the binding to DCAF1, a cullin4A-associated factor, and apoptosis may be 
facilitated by interaction with mitochondrial proteins in a caspase-dependent mech
anism. Vpr also plays a critical role in long-term AIDS by inducing viral infection 
in nondividing cells such as monocytes and macrophages (Morellet et al., 2009). 
On the basis of the dynamic light scattering (DLS), CD, and 1 H NMR spectroscopy 
analyses, it has been concluded that Vpr was unstructured at neutral pH, whereas 
under acidic conditions or on addition of trifl.uorethanol it adopts CL-helical struc
tures (Henklein et al., 2000). On the basis of this pH-dependent folding switch, it 
has been suggested that the Vpr structure is dependent on the presence of specific 
binding factors (such as nucleic acids, proteins, or membrane components) or the 
environment of the cytosol, nucleus, mitochondrion, cellular membranes, and the 
extracellular space (Bruns et al., 2003). 

Vif is another HN -1 accessory protein that neutralizes the cellular defense 
mechanism against the virus. Many of the interactions of Vif are mediated via its 
C-terminal domain (residues 141-192). Detailed structural analysis has revealed 
that this fragment is mostly disordered, a conclusion based on the coil-like far
UV CD spectrum with some residual helical structure, unfolded features of the 
15N-HSQC NMR spectrum, and the extended size evaluated by size-exclusion 
chromatography. These findings have been further supported by the results of 
the computational analyses of the Vif C-terminal domain sequence. Importantly, 
CD analysis has revealed that this domain is able to fold upon interaction with 
membrane micelles, clearly showing that this natively unfolded domain may gain 
structure on binding its natural ligands (Reingewertz et al., 2009). 

Vpu is an oligomeric type I integral membrane phosphoprotein that amplifies the 
release of virus particles from infected cells by mediation of degradation of the HN 
receptor CD4 by the proteasome in the endoplasmic reticulum. Phosphorylation of 
Vpu at two sites, Ser52 and Ser56, on the motif DSGXXS is required for the inter
action ofVpu with the ubiquitin ligase SCF-~TrCP, which triggers CD4 degradation 
by the proteasome. Vpu consists of a hydrophobic N-terminal membrane-anchoring 
domain and a polar C-terminal cytoplasmic domain (Gramberg et al., 2009). CD 
and NMR analyses of nine overlapping 15 amino acid fragments and 3 longer frag
ments in aqueous solutions have revealed that the C-terminal hydrophilic domain 
of Vpu is mostly disordered with some limited amounts of stable secondary struc
ture. However, in the presence of trifl.uoroethanol, this domain protein is shown 
to fold into a helical conformation composed of two CL-helices joined by a flexible 
region of six or seven residues, which contains the phosphorylation sites of Vpu 
at positions 52 and 55 (Wray et al., 1995). 

Nef is an HN-1 accessory protein that is known to interact with multiple cel
lular parlners during the course of infection. The interactions of this viral protein 
with various cellular parlners are mediated by the occurrence of ligand-induced 
conformational changes that direct the binding of Nef to subsequent parlners. On 
the basis of the analysis of the available experimental data, it has been hypothe
sized that the binding-promoted conformational changes underwent by this protein 
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define a novel allosteric paradigm, namely, changes that involve conformations with 
large disordered regions (Leavitt et al., 2004). Importantly, these regions, being 
devoid of stable secondary or tertiary structure, contain the binding determinants 
for subsequent partners and only become functionally competent by ligand-induced 
folding and unfolding. This model of switching binding epitopes between struc
tured and unstructured conformations provides a unique ability to modulate the 
binding affinity by several orders of magnitude (Leavitt et al., 2004 ). 

1.5 INTRINSIC DISORDER, ALTERNATIVE SPLICING, 
AND OVERLAPPING READING FRAMES IN VIRAL GENOMFS 

Viruses have evolved a complex genetic organization for optimal use of their lim
ited genomes and production of all necessary structural and regulatory proteins. 
The use of alternative splicing is essential for balanced expression of multiple viral 
regulators from one genomic polycistronic RNA. Furthermore, viruses use both 
sense and antisense transcriptions. For example, the genome of human T-celllym
photropic virus type 1 (HIL V -1 ), which is a causative agent of adult T -cell leukemia 
(ATL), HTLV-1-associated myelopathy, and Strongyloides stercoralis hyperinfec
tion, encodes common structural and enzymatic proteins found in many retroviruses 
(Gag, Pro, Pol, and Env). Gag, Pro, and Pol genes are translated as a series of 
polyproteins, Gag, Gag-Pro, and Gag-Pro-Pol, which are then cleaved post1ransla
tionally to generate seven proteins. Gag gene encodes a polyprotein (Gag) whose 
cleavage products are the major structural proteins (matrix (MA), capsid (CA), and 
nucleocapsid (NC)) of the virus core. Pro encodes a middle part of a polyprotein 
(Gag-Pro or Gag-Pro-Pol) whose cleavage products include protease (PR). Finally, 
Pol encodes the last part of a polyprotein (Gag-Pro-Pol) whose cleavage products 
include reverse transcriptase (RT) and integrase (IN). Env encodes a polyprotein 
(Env) whose cleavage products SU (surface) and TM (transmembrane) are the 
structural proteins of the viral envelope. In addition to these common retroviral 
proteins, HTLV-1 encodes multiple regulatory and accessory proteins in four over
lapping ORFs located in the pX region of the viral genome (Ciminale et al., 1992; 
Koralnik et al., 1992). The HTLV -1 basic leucine zipper factor (HBZ) is the product 
of the antisense transcription (Larocca et al., 1989). There are two transcripts that 
encode the HBZ gene, spliced (sHBZ) and unspliced (usHBZ). sHBZ has multiple 
transcriptional initiation sites in the US and R regions of the ?I long terminal repeat 
(LTR), whereas the usHBZ gene initiates within the tax gene (Matsuoka and Green, 
2009). Furthermore, expression of the various ORFs is controlled by differential 
splicing of the single genomic mRNA, producing unspliced, singly spliced, and 
multiply spliced mRNA (Kashanchi and Brady, 2005). Therefore, the replication 
of HTLV -1 is controlled by a group of nuclear and cytoplasmic processes, including 
transcription, splicing, alternative splicing, mRNA nuclear export, RNA stability, 
and translation (Baydoun et al., 2008). 

Let us consider in more detail Tax and Rex, two HTLV-1 regulatory proteins 
needed for the viral genome expression. Tax is a transcriptional activator of the 
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viral promoter (Sodrosk:i et al., 1984; Cann et al., 1985; Felber et al., 1985; Seiki 
et al., 1986; Derse, 1987; Boxus et al., 2008). Rex affects posttranscriptional 
regulatory steps by promoting transport of the unspliced and singly spliced mRNA 
from the nucleus to the cytoplasm and by promoting expression of the Gag, Pol, 
and Env proteins (Kiyokawa et al., 1985; Inoue et al., 1986, 1987; Derse, 1988; 
Seiki et al., 1988). Tax and Rex were shown to be expressed from two overlapping 
ORFs located in the distal part of the pX region of the virus by a bicistronic viral 
mRNA consisting of three exons (Seiki et al., 1983; Nagashima et al., 1986; Cimi
nale et al., 1992). There are two alternatively spliced isoforms of Rex, p27Rex and 
p21Rex. In p21Rex, residues 1-78 are missing. Furthermore, alternative splicing 
of the pX region in the ORF II generates two accessory proteins, p30 and p13. 

Figure. 1.5 represents the HI'LV-1 proteome map where each major product 
described above is present as a bar whose location corresponds to the location 
of the corresponding gene within the HI'LV-1 genome. PONDR® VLXT disorder 
predictions for each (poly)protein are shown as solid lines inside the corresponding 
bars. A residue is considered to be disordered if its score is above 0.5. The top half 
of each bar shaded in gray corresponds to disorder scores >0.5. Therefore, inside 
each bar, pieces of the PONDR plots located in these shaded area correspond to 
protein fragments predicted to be disordered Cleavage sites producing Gag, Pro, 
and Pol polyproteins are indicated by angled arrows and lettered. Cleavage sites, 
which are responsible for the posttranslational production of MA, CA, NC, RT, 
IN, SU, and TM proteins, are marked by short straight arrows and numbered. Gag, 
Pro, Pol, Env, p12, Tax, p27Rex, p21Rex, p30, and p13 are all the products of the 
genes produced by the sense transcription. Proteins usHBZ and sHBZ are produced 
from genes generated by antisense transcription. In Fig. 1.5, this fact is indicated 
by a long bold arrow marked with letters N and C to indicate the location of 
the beginnings and ends of the corresponding proteins, respectively. Obviously, 
the numbering of residues for the usHBZ and sHBZ presentation was inverted. 
p27Rex, p30, and sHBZ proteins are translated from the spliced genes. There are 
three alternatively spliced pairs of proteins in HI'LV-1: p27Rex and p21Rex, p30 
and p13, and usHBZ and sHBZ. 

Analysis of this figure clearly shows that the economic usage of genetic material 
by HI'LV-1 is translated into very important implementations of intrinsic disorder 
for the corresponding proteins. 

•C 

16 () &646 • 

Figure 1.5 The proteome map of HTI...V-1. See explanation in the text. 
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1. Prevailing intrinsic disorder is observed in posttranslational cleavage sites 
producing polyproteins Gag, Pro, and Pol from the grand-polyproteins 
Gag-Pro and Gar-Pro-Pol, as well as in the cleavage site producing MA, 
CA, NC, RT, IN, SU, and TM proteins from the corresponding polyproteins. 

2. Proteins affected by alternative splicing are in general highly disordered. 
Furthermore, protein fragments removed by alternative splicing are mostly 
disordered. 

3. Protein fragments corresponding to the overlapping genes are either disor
dered or possess complementary disorder distribution if these protein regions 
are not translated from the genes transcribed from the identical ORFs. For 
example, theN-terminal fragment of Tax, which overlaps with a significant 
portion of Rex, is mostly ordered, whereas the corresponding region in the 
Rex proteins is predominantly disordered. Similarly, the C-terminal region of 
p30, which overlaps with the ordered N-terminal fragment of Tax, is mostly 
disordered, as disordered is the p13 protein, which completely overlaps with 
the ordered N-terminal fragment of Tax. 

4. Proteins translated from genes generated by antisense transcription are highly 
disordered. 

The conclusion that the HI'LV-1 proteins produced by the overlapping genes are 
intrinsically disordered in agreement with a recent study where the protein coded by 
overlapping genes from 43 genera of unspliced RNA viruses infecting eukaryotes 
has been analyzed (Rancurel et al., 2009). This study has revealed that overlapping 
proteins have a sequence composition globally biased toward disorder-promoting 
amino acids and are predicted to contain significantly more structural disorder than 
nonoverlapping proteins (Rancurel et al., 2009). 

Importantly, many of the specific implementations of intrinsic disorder listed 
above are not unique to the viral proteins. In fact, sites of proteolytic cleavage 
of proteins from other organisms are frequently located in the disordered regions 
(Fontana et al., 1986, 1997a,b, 2004; Polverino de Laureto et al., 1995; Iakoucheva 
et al., 2001; de Laureto et al., 2006). It has been also shown that regions of mRNA 
that undergo alternative splicing code for disordered proteins much more often 
than they code for structured proteins (Romero et al., 2006). Finally, the so-called 
retro-proteins, that is, proteins whose sequence is read backward providing a new 
polypeptide that does not align with its parent sequence, were shown to lack an 
ordered 3D structure (Lacroix et al., 1998). 

1.6 CONCLUDING REMARKS 

The modern literature on protein intrinsic disorder in viral proteomes has been 
systematically analyzed. Published data clearly show that viral proteins are both 
different and similar to proteins from their hosts. On one hand, viral proteins 
are less densely packed, possess a much weaker network of interresidue interac
tions (manifested by the lower contact density parameters, the increased fraction of 
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residues not involved in secondary structure elements, and the abundance of short 
disordered regions), have an unusually high occurrence of polar residues, and are 
characterized by the lower destabilizing effects of mutations. On the basis of these 
peculiar features, it has been concluded that viral proteins are not likely to have 
evolved for higher thermodynamic stability but rather to be more adaptive for fast 
change in their biological and physical environments. On the other hand, recent 
studies clearly show that intrinsic disorder is widespread in viral proteomes and has 
a number of important functional implementations. In fact, almost all viral proteins, 
irrespective of their functions, have biologically important disordered regions. The 
list of functions attributed to these disorder regions of viral proteins overlaps with 
disorder-based activities of proteins from other organisms. In fact, many functional 
Pfam seed domains of the viral origin were shown to possess various levels of 
intrinsic disorder, with "-'150 such seeds being completely disordered Disordered 
Pfam domains were involved in various crucial functions, such as signaling, reg
ulation, and interaction with nucleic acids and proteins, suggesting that similar to 
proteins from all domains of life, intrinsic disorder is heavily used by viral proteins 
in their functions. Therefore, although viral proteins possess a number of unique 
features, they still rely intensively on intrinsic disorder at almost all stages of their 
intriguing life cycle. 
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ABBREVIATIONS 

AFV1 
APMV 
ATL 
CA 
CD 
CDK9 
DLS 
EIAV 
HA 
HBZ 
HCV 
HEF 
HN-1 

Acidianus filamentous virus 1 
Acanthamoeba polyphaga mimivirus 
adult T -cell leukemia 
capsid 
circular dichroism 
cyclin-dependent kinase 9 
dynamic light scattering 
equine infectious anemia virus 
hemagglutinin 
basic leucine zipper factor 
hepatitis C virus 
HA esterase fusion 
human immunodeficiency virus-1 
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HMM 
HPV 
HTLV-1 
IDP 
IDR 
IN 
MA 
MVM 
NC 
NS 
ORF 
PKB 
PONDR 
PP2A 
RRE 
Rf 
SIFV 
SNmac 
su 
TM 
TMV 

hidden Markov model 
human papilloma virus 
human T -cell lymphotropic virus type 1 
intrinsically disordered protein 
intrinsically disordered region 
integrase 
matrix 
minute virus of mice 
nucleocapsid 
nonstructural 
open reading frame 
protein kinase P 
predictor of natural disordered regions 
protein phosphatase 2A 
Rev-response element 
reverse transcriptase 
Sulfolobus islandicus filamentous virus 
simian immunodeficiency virus 
surface 
transmembrane 
tobacco mosaic virus 

REFERENCES 

23 

Abad-Zapatero C, Abd.el-Meguid SS, Johnson JE, Leslie AG, Rayment I, Rossmann MG, 
Suck D, Tsukibara T. Structure of southern bean mosaic virus at 2.8 A resolution. 
Nature 1980;286:33-39. 

Baker TS, Caspar DL, Murakami WT. Polyoma virus hexamer tubes consist of paired 
pentamers. Nature 1983;303:446-448. 

Bateman A, Birney E, Cerruti L, Durbin R, Etwiller L, Eddy SR, Griffiths-lones S, Howe 
KL, Marshall M, Sonnbammer EL. The Pfam protein families database. Nucleic Acids 
Res 2002;30:276-280. 

Bateman A, Coin L, Durbin R, Finn RD, Hollich V, Griffiths-lones S, Khanna A, Marshall 
M, Moxon S, Sonnhammer EL, Studholme DJ, Yeats C, Eddy SR. The Pfam protein 
families database. Nucleic Acids Res 2004;32:D138-D141. 

Baydoun HH, Bellon M, Nicot C. HTLV-1 Yin and Yang: Rex and p30 master regulators 
of viral mRNA trafficking. AIDS Rev 2008; 10: 195-204. 

Bergh 0, Borsheim KY, Bratbak G, Heldal M. High abmdance of viruses found in aquatic 
environments. Nature 1989;340:467-468. 

Blanco FJ, Hess S, Pannell LK, Rizzo NW, Tyck.o R. Solid-state NMR data support a 
helix-loop-helix structural model for the N-terminal half of HIV -1 Rev in fibrillar form. 
J Mol Biol2001;313:845-859. 

Boxer EL, Nanda SK, Baron MD. The rindetpest virus non-structural C protein blocks 
the induction of type 1 interferon. VIrology 2009;385:134-142. 



24 INIRINSIC DISORDER IN VIRAL PROTEINS 

Bo:ms M, Twizere JC, Legros S, Dewulf JF, Kettmann R, Willems L. The HTI...V-1 Tax 
interactome. Retrovirology 2008;5:76. 

Brazil DP, Hemmings BA. Ten years of protein kinase B signalling: a hard Akt to follow. 
Trends Biochem Sci 2001;26:657-664. 

Brelnn A, Nielsen SJ, Miska EA, McCance DJ, Reid JL, Bannister AJ, Kouzarides T. 
The E7 oncoprotein associates with Mi2 and histone deacetylase activity to promote 
cell growth. EMBO J 1999;18:2449-2458. 

Breitbart M, Rohwer F. Here a virus, there a virus, everywhere the same virus? Trends 
Microbiol 2005;13:278-284. 

Brown DR, Kitchin D, Qadadri B, Neptune N, Batteiger T, Ermel A. The human papil
lo:mavirus type 11 E1-E4 protein is a trans glutaminase 3 substrate and induces 
abnormalities of the cornified cell envelope. VIrology 2006;345:290-298. 

Bruns K, Fossen T, Wray V, Henklein P, Tessmer U, Schubert U. Structural characteri
zation of the HIV-1 Vpr N terminus: evidence of cis/trans-proline isomerism. J Biol 
Chern 2003;278:43188-43201. 

Bullough PA, Hughson FM, Skehel JJ, Wlley DC. Structure of influenza haemagglutinin 
at the pH of membrane fusion. Nature 1994;371:37-43. 

Cady SD, Luo W, Hu F, Hong M. Structure and function of the influenza A M2 proton 
channel. Biochemistry 2009;48:7356-7364. 

Campbell GR, Loret EP. What does the structure-function relationship of the HIV-1 Tht 
protein teach us about developing an AIDS vaccine? Retrovirology 2009;6:50. 

Canchaya C, Fournous G, Chibani-Chennoufi S, Dillmann ML, Brussow H. Phage as 
agents of lateral gene transfer. Curr Opin Microbiol 2003;6:417-424. 

Cann AJ, Rosenblatt JD, Wachsman W, Shah NP, Chen IS. Identification of the 
gene responsible for human T-cellleukaemia virus transcriptional regulation. Nature 
1985;318:571-574. 

Caspar DL, Klug A. Physical principles in the construction of regular viruses. Cold Spring 
Harb Symp Quant Biol 1962;27:1-24. 

Chen JJ, Reid CE, Band V, Androphy EJ. Interaction of papillom.avirus E6 oncoproteins 
with a putative calcium-binding protein. Science 1995;269:529-531. 

Cheng Y, LeGall T, Oldfield CJ, Dunker AK, Uversky VN. Abundance of intrin
sic disorder in protein associated with cardiovascular disease. Biochemistry 
2006;45:10448-10460. 

Chung KM, Liszewski MK, Nybakken G, Davis AE, Townsend RR, Fremont DH, Atkin
son JP, Diamond MS. West Nile virus nonstructural protein NS1 inhibits complement 
activation by binding the regulatory protein factor H. Proc Natl Acad Sci USA 
2006;103:19111-19116. 

Ciminale V, Pavlakis GN, Derse D, Cunningham CP, Felber BK. Complex splicing in 
the human T-cell leukemia virus (HTI...V) family of retroviruses: novel mRNAs and 
proteins produced by H1LV type I. J Vrrol1992;66:1737-1745. 

Cripe TP, Haugen TH, Turk JP, Thbatabai F, Schmid PG, 3rd, Durst M, Gissmann 
L, Roman A, Turek LP. Transcriptional regulation of the human papillomavirus-
16 E6-E7 promoter by a keratinocyte-dependent enhancer, and by viral E2 trans
activator and repressor gene products: implications for cervical carcinogenesis. Embo 
J 1987;6:3745-3753. 



REFERENCES 25 

Davy CE, Ayub M, Jackson DJ, Das P, Mcintosh P, Doorbar J. HPV16 E1;E4 protein 
is phosphorylated by Cdk2/cyclin A and relocalizes this complex to the cytoplasm. 
Vrrology 2006;349:230-244. 

de Laureto PP, Thsatto L, Frare E, Marin 0, Uversky VN, Fontana A. Conformational 
properties of the SDS-bound state of alpha-synuclein probed by limited proteolysis: 
unexpected rigidity of the acidic C-terminal tail. Biochemistry 2006;45: 11523-11531. 

Derse D. Bovine leukemia virus transcription is controlled by a virus-encoded trans-acting 
factor and by cis-acting response elements. J Vrrol 1987;61:2462-2471. 

Derse D. trans-acting regulation of bovine leukemia virus mRNA processing. J Vrrol 
1988;62:1115-1119. 

Dey A, Atcha lA, Bagchi S. HPV16 E6 oncoprotein stimulates the transforming growth 
factor-beta 1 promoter in fibroblasts through a specific GC-rich sequence. Vrrology 
1997;228:190-199. 

Doerig C, Hirt B, Beard P, Antonietti JP. Minute virus of mice non-structural protein 
NS-1 is necessary and sufficient for trans-activation of the viral P39 promoter. J Gen. 
Vrrol 1988;69(Pt 10):2563-2573. 

Drake JW, Charlesworth B, Charlesworth D, Crow JF. Rates of spontaneous mutation. 
Genetics 1998;148:1667-1686. 

Du M, Fan X, Hong E, Chen JJ. Interaction of oncogenic papillomavirus E6 proteins with 
:fibulin-1. Biochem Biophys Res Comm 2002;296:962-969. 

Dunker AK, Brown CJ, Lawson JD, lakoucheva LM, Obradovic Z. Intrinsic disorder and 
protein function. Biochemistry 2002a;41:6573-6582. 

Dunker AK, Brown CJ, Obradovic Z. Identification and functions of usefully disordered 
proteins. Adv Protein Chem 2002b;62:25-49. 

Dunker AK, Cortese MS, Romero P, Iakoucheva LM, Uversky VN. Flexible nets. 
The roles of intrinsic disorder in protein interaction networks. FEBS J 2005;272: 
5129-5148. 

Dunker AK, Lawson JD, Brown CJ, Williams RM, Romero P, Oh JS, Oldfield CJ, Campen 
AM, Ratliff CM, Hipps KW, Ausio J, Nissen MS, Reeves R, Kang C, Kissinger CR, 
Bailey RW, Griswold MD, Chiu W, Garner EC, Obradovic Z. Intrinsically disordered 
protein. J Mol Graph Model2001;19:26-59. 

Dunker AK, Obradovic Z, Romero P, Garner EC, Brown CJ. Intrinsic protein disorder in 
complete genomes. Genome Inform SerWorkshop Genome Inform 2000;11:161-171. 

Dunker AK, Oldfield CJ, Meng J, Romero P, Yang JY, Chen JW, Vacic V, Obradovic Z, 
Uversky VN. The unfoldomics decade: an update on intrinsically disordered proteins. 
BMC Genomics 2008a;9(Suppl2): Sl. 

Dunker AK, Silman I, Uversky VN, Sussman JL. Function and structure of inherently 
disordered proteins. Curr Opin Struct Biol 2008b;18:756-764. 

Dunker AK, Uversky VN. Signal transduction via unstructured protein conduits. Nat Chem 
Biol 2008;4:229-230. 

Durrer P, GalliC, Hoenke S, Corti C, Gluck R, Vorherr T, Brunner J. H+-induced mem
brane insertion of influenza virus hemagglutinin involves the HA2 amino-terminal 
fusion peptide but not the coiled coil region. J Biol Chem 1996;271:13417-13421. 

Dyson HJ, Wright PE. Intrinsically unstructured proteins and their functions. Nat Rev 
Mol Cell Biol2005;6:197-208. 

Dyson N, Howley PM, Munger K, Harlow E. The human papilloma virus-16 E7 oncopro
tein is able to bind to the retinoblastoma gene product. Science 1989;243:934-937. 



26 INIRINSIC DISORDER IN VIRAL PROTEINS 

Eckert DM, Kim PS. Mechanisms of viral membrane fusion and its inhibition. Annu Rev 
Biochem 2001;70:777-810. 

Edwards RA, Rohwer F. VIral metagenomics. Nat Rev Microbiol2005;3:504-510. 

Fehrmann F, Klumpp DJ, Laimins LA. Human papillomavirus type 31 E5 protein supports 
cell cycle progression and activates late viral functions upon epithelial differentiation. 
J Vrrol2003;77:2819-2831. 

Felber BK, Paskalis H, Kleinm.an-Ewing C, Wong-Staal F, Pavlakis GN. The pX pro
tein of H1LV-I is a transcriptional activator of its long terminal repeats. Science 
1985;229:675-679. 

Feng ZP, Zhang X, Han P, Arora N, Anders RF, Norton RS. Abundance of intrinsically 
unstructured proteins in P. Falciparum and other apicomplexan parasite proteomes. 
Mol Biochem Parasitol 2006;150:256-267. 

Filippova M, Song H, Connolly JL, Dermody TS, Duerksen-Hughes PJ. The human 
papillomavirus 16 E6 protein binds to tumor necrosis factor (INF) R1 and protects 
cells from 1NF-induced apoptosis. J Biol Chem 2002;277:21730-21739. 

Finn RD, Tate J, Mistry J, Coggill PC, Sammut SJ, Hotz HR, Ceric G, Forshm.d K, Eddy 
SR, Sonnhammer EL, Bateman A. The Pfam protein families database. Nucleic Acids 
Res 2008;36:D281-D288. 

Fontana A, de Lameto PP, Spolaore B, Frare E, Picotti P, Zambonin M. Probing protein 
structure by limited proteolysis. Acta Biochim Pol2004;51:299-321. 

Fontana A, Fassina G, Vlta C, Dalzoppo D, Zamai M, Zambonin M. Correlation between 
sites of limited proteolysis and segmental mobility in thermolysin. Biochemistry 
1986;25:1847-1851. 

Fontana A, Polverino de Laureto P, DeFilippis V, Scaramella E, Zambonin M. Probing 
the partly folded states of proteins by limited proteolysis. Fold Des 1997a;2:R17 -R26. 

Fontana A, Zambonin M, Polverino de Laureto P, De Filippis V, Clementi A, Scaramella 
E. Probing the conformational state of apomyoglobin by limited proteolysis. J Mol 
Biol 1997b;266:223-230. 

Forterre P. The origin of viruses and their possible roles in major evolutionary transitions. 
VIrUS Res 2006;117:5-16. 

Forterre P, Prangishvili D. The origin of viruses. Res Microbiol2009;160:466-472. 

Frattini MG, Laimins LA. Binding of the human papillomavirus E1 origin-recognition 
protein is regulated through complex formation with the E2 enhancer-binding protein. 
Proc Natl Acad Sci USA 1994;91:12398-12402. 

Fry EE, Newman JW, Curry S, Najjam S, Jackson T, Blakemore W, Lea SM, Miller L, 
Burman A, King AM, Stuart DI. Structure of Foot-and-mouth disease virus serotype 
A10 61 alone and complexed with oligosaccharide receptor: receptor conservation in 
the face of antigenic variation. J Gen Vrrol2005;86:1909-1920. 

Gao L, Aizaki H, He JW, Lai MM. Interactions between viral nonstructural proteins 
and host protein h VAP-33 mediate the formation of hepatitis C virus RNA replication 
complex on lipid raft. J Vrrol 2004;78:3480-3488. 

Gao Q, Kumar A, Srinivasan S, Singh L, Mukai H, Ono Y, Wazer DE, Band V. 
PKN binds and phosphorylates human papillomavirus E6 oncoprotein. J Biol Chem 
2000;275: 14824-14830. 

Gao Q, Srinivasan S, Boyer SN, Wazer DE, Band V. The E6 oncoproteins of high
risk papillomaviruses bind to a novel putative GAP protein, E61P1, and target it for 
degradation. Mol Cell Biol1999;19:733-744. 



REFERENCES 27 

Garcia-Alai MM, Alonso LG, de Prat-Gay G. TheN-terminal module of HPV16 E7 is an 
intrinsically disordered domain that confers conformational and recognition plasticity 
to the oncoprotein. Biochemistry 2007;46:10405-10412. 

Genther SM, Sterling S, Duensing S, M1m.ger K, Sattler C, Lambert PF. Quantitative role 
of the human papillomavirus type 16 E5 gene during the productive stage of the viral 
life cycle. J Vrrol 2003;77:2832-2842. 

Gewin L, Galloway DA. E box-dependent activation of telomerase by human papillo
mavirus type 16 E6 does not require induction of c-myc. J Vrrol2001 ;75:7198-7201. 

Glalm.Singer BA, Lee SS, Thomas M, Banks L, Javier R. Interactions of the PDZ-protein 
MAGI-1 with adenovirus E4-0RF1 and high-risk papillomavirus E6 oncoproteins. 
Oncogene 2000;19:5270-5280. 

Gloss B, Bernard HU, Seedorf K, Klock G. The upstream regulatory region of the 
human papilloma virus-16 contains an E2 protein-independent enhancer which is spe
cific for cervical carcinoma cells and regulated by glucocorticoid hormones. Embo J 
1987;6:3735-3743. 

Gob GK, Dunker AK, Uversky VN. A comparative analysis of viral matrix proteins using 
disorder predictors. Vrrol J 2008a;5:126. 

Gob GK, Dunker AK, Uversky VN. Protein intrinsic disorder toolbox for comparative 
analysis of viral proteins. BMC Genomics 2008b;9(Suppl 2): S4. 

Gob GK, Dunker AK, Uversky VN. Protein intrinsic disorder and influenza virulence: the 
1918 H1N1 and H5N1 viruses. Vrrol J 2009;6:69. 

Gob Kl, Cusick ME, Valle D, Childs B, Vidal M, Barabasi AL. The human disease 
network. Proc Natl Acad Sci USA 2007;104:8685-8690. 

Gramberg T, Sunseri N, Landau NR. Accessories to the crime: recent advances in HIV 
accessory protein biology. Curr HIV/AIDS Rep 2009;6:36-42. 

Gross-Mesilaty S, Reinstein E, Bercovich B, Tobias KE, Schwartz AL, Kahana C, 
Ciechanover A. Basal and human papillomavirus E6 oncoprotein-induced degra
dation of Myc proteins by the ubiquitin pathway. Proc Natl A cad Sci USA 
1998 ;95:8058 -8063. 

Halpern AL, Mftnger K. HPV-16 E7: Correspondence between primary structure and 
biological properties, HPV Sequence Database. Los Alamos: Los Alamos National 
Laboratory; 1995. pp. III-58-III-73. 

Harrison SC, Olson AJ, Schutt CE, Wmkler FK, Bricogne G. Tomato bushy stunt virus 
at 2.9 A resolution. Nature 1978;276:368-373. 

Henklein P, Bruns K, Sherman MP, Thssmer U, Licha K, Kopp J, de Noronha CM, Greene 
WC, Wray V, Schubert U. Functional and structural characterization of synthetic HIV-
1 Vpr that transduces cells, localizes to the nucleus, and induces G2 cell cycle arrest. 
J Biol Chern 2000;275:32016-32026. 

Holmes EC. Vrral evolution in the genomic age. PLoS Biol2007;5:e278. 

Hughes FJ, Romanos MA. E 1 protein of human papillomavirus is a DNA helicase/ATPase. 
Nucleic Acids Res 1993;21:5817-5823. 

Iakoucheva LM, Brown CJ, Lawson JD, Obradovic Z, Dunker AK. Intrinsic disorder in 
cell-signaling and cancer-associated proteins. J Mol Biol 2002;323:573-584. 

lakoucheva LM, Kimzey AL, Masselon CD, Bruce JE, Garner EC, Brown CJ, Dunker 
AK, Smith RD, Ackerman EJ. Identification of intrinsic order and disorder in the DNA 
repair protein XPA. Protein Sci 2001;10:560-571. 



28 INIRINSIC DISORDER IN VIRAL PROTEINS 

Inoue J, Seiki M, Yoshida M. The second pX product p27 chi-III of HTI.. V -1 is required 
for gag gene expression. FEBS Lett 1986;209:187-190. 

Inoue J, Yoshida M, Seiki M. Transcriptional (p40x) and post-transcriptional (p27x-III) 
regulators are required for the expression and replication of human T-cell leukemia 
virus type I genes. Proc Natl Acad Sci USA 1987;84:3653-3657. 

Iyer LM, Balaji S, Koonin EV, Aravind L. Evolutionary genomics of nucleo-cytoplasmic 
large DNA viruses. Vrrus Res 2006;117:156-184. 

Jian Y, Schmidt-Grimminger DC, Chien WM, Wu X, Broker TR, Chow LT. Post
transcriptional induction of p21cip1 protein by human papillomavirus E7 inhibits 
unscheduled DNA synthesis reactivated in differentiated keratinocytes. Oncogene 
1998;17:2027-2038. 

Kashanchi F, Brady JN. Transcriptional and post-transcriptional gene regulation of HTI..V-
1. Oncogene 2005;24:5938-5951. 

Kiyokawa T, Seiki M, !washita S, Imagawa K, Shimizu F, Yoshida M. p27x-III and 
p21x-III, proteins encoded by the pX sequence of human T-cellleuk.emia virus type 
I. Proc Natl Acad Sci USA 1985;82:8359-8363. 

Kiyono T, Hiraiwa A, Fujita M, Hayashi Y, Akiyama T, Ishibashi M. Binding of high
risk human papilloma virus E6 oncoproteins to the human homologue of the Drosophila 
discs large tumor suppressor protein. Proc NatlAcad Sci USA 1997;94:11612-11616. 

Koonin EV, Senkevich TG, Dolja VV. The ancient Vrrus World and evolution of cells. 
Biol Direct 2006;1:29. 

Koralnik IJ, Gessain A, Klotman ME, Lo Monico A, Berneman ZN, Franchini G. Protein 
isoforms encoded by the pX region of human T-cellleuk.emiallym.photropic virus type 
I. Proc Natl Acad Sci USA 1992;89:8813-8817. 

Kuk.imoto I, Aihara S, Yoshiike K, Kanda T. Human papillomavirus oncoprotein E6 binds 
to the C-terminal region of human minichromosome maintenance 7 protein. Biochem 
Biophys Res Comm 1998;249:258-262. 

Kumar A, Zhao Y, Meng G, Zeng M, Srinivasan S, Delmolino LM, Gao Q, Dimri G, 
Weber GF, Wazer DE, Band H, Band V. Human papillomavirus oncoprotein E6 inacti
vates the transcriptional coactivator human ADA3. Mol Cell Biol2002;22:5801-5812. 

Lacroix E, Viguera AR, Serrano L. Reading protein sequences backwards. Fold Des 
1998;3:79-85. 

Larocca D, Chao LA, Seto MH, Brunck. TK. Human T-cellleuk.emia virus minus strand 
transcription in infected T-cells. Biochem Biophys Res Comm 1989;163:1006-1013. 

Lawrence CM, Menon S, Eilers BJ, Bothner B, Khayat R, Douglas T, Young MJ. Struc
tural and functional studies of archaeal viruses. J Biol Chern. 2009;284:12599-12603. 

Leavitt SA, SchOn A, Klein JC, Manjappara U, Chaiken IM, Freire E. Interactions of 
HIV-1 proteins gp120 and Nef with cellular partners define a novel allosteric paradigm. 
Curr Protein Pept Sci 2004;5:1-8. 

Lee SS, Glaunsinger B, Mantovani F, Banks L, Javier RT. Multi-PDZ domain protein 
MUPP1 is a cellular target for both adenovirus E4-0RF1 and high-risk papillomavirus 
type 18 E6 oncoproteins. J Vrrol 2000;74:9680-9693. 

Leechanachai P, Banks L, Moreau F, Matlashewski G. The E5 gene from human papil
lomavirus type 16 is an oncogene which enhances growth factor-mediated signal 
transduction to the nucleus. Oncogene 1992;7:19-25. 



REFERENCES 29 

Li S, Labrecque S, Gauzzi MC, Cuddihy AR, Wong AH, Pellegrini S, Matlashewski 
GJ, Koromilas AE. The human papilloma virus (HPV)-18 E6 oncoprotein physically 
associates with 'JYk2 and impairs Jak-STAT activation by interferon-alpha. Oncogene 
1999;18:5727-5737. 

Li X, Coffino P. High-risk human papillomavirus E6 protein has two distinct binding sites 
within p53, of which only one determines degradation. J Vrrol1996;70:4509-4516. 

Liddington RC, Yan Y, Moulai J, Sahli R, Benjamin 1L, Harrison SC. Stru.ctme of simian 
virus 40 at 3.8-A resolution. Nature 1991;354:278-284. 

Liljas, L. The role of disordered segments in viral coat proteins. In: Cheng, RH, Hammar, 
L, editors. Conformational proteomics of macromolecular architecture. New Jersy, 
London, Singapore, Beijing, Shanghai, Hong Kong, Taipei, Chennai: World Scientific 
Publishing Co.; 2004. pp.53-77. 

Lommer BS, Luo M. Structural plasticity in influenza virus protein NS2 (NEP). J Biol 
Chern 2002;277:7108-7117. 

Longhi S. Nucleocapsid stru.ctme and function. Curr Thp Microbiol Immunol 
2009;329:103-128. 

Massimi P, Pim D, Banks L. Human papillomavirus type 16 E7 binds to the conserved 
carboxy-terminal region of the TATA box binding protein and this contributes to E7 
transforming activity. J Gen Vrrol1997;78(Pt 10):2607-2613. 

Matsuoka M, Green PL. The HBZ gene, a key player in H1LV-1 pathogenesis. Retrovi
rology 2009;6:71. 

Mazurek S, Zwerschke W, Jansen-Durr P, Eigenbrodt E. Effects of the human papilloma 
virus HPV -16 E7 oncoprotein on glycolysis and glutaminolysis: role of pyruvate kinase 
type M2 and the glycolytic-enzyme complex. Biochem J 2001;356:247-256. 

Mcintyre MC, Ruesch MN, Laimins LA. Human papillomavirus E7 oncoproteins bind a 
single form of cyclin E in a complex with cdk2 and p107. Vrrology 1996;215:73-82. 

Midic U, Oldfield CJ, Dunker AK, Obradovic Z, Uversky VN. Protein disorder in 
the human diseasome: Unfoldomics of human genetic diseases. BMC Genomics 
2009;10(Suppl 1):S12. 

Minezaki Y, Homma K, Kinjo AR, Nishikawa K. Human transcription factors contain a 
high fraction of intrinsically disordered regions essential for transcriptional regulation. 
J Mol Biol2006;359:1137-1149. 

Mohan A, Sullivan WJ, Radivojac P, Dunker AK, Uversky VN, Jr. Intrinsic disorder in 
pathogenic and non-pathogenic microbes: discovering and analyzing the unfoldomes 
of early-branching eukaryotes. Mol Biosyst 2008;4:328-340. 

Mohr IJ, Clark R, SunS, Androphy EJ, MacPherson P, Botchan MR. Thrgeting the E1 
replication protein to the papillomavirus origin of replication by complex formation 
with the E2 transactivator. Science 1990;250:1694-1699. 

Morellet N, Roques BP, Bouaziz S. Structure-function relationship of Vpr: biological 
implications. Curr HIV Res 2009;7:184-210. 

Morosov A, Phelps WC, Raychaudhuri P. Activation of the c-fos gene by the HPV16 
oncoproteins depends upon the cAMP-response element at -60. J Biol Chern 
1994;269:18434-18440. 

Nagashima K, Yoshida M, Seiki M. A single species of pX mRNA of human T-cell 
leukemia virus type I encodes trans-activator p40x and two other phosphoproteins. J 
Vrrol 1986;60:394-399. 



30 INIRINSIC DISORDER IN VIRAL PROTEINS 

Nakagawa S, Huibregtse JM. Human scribble (Vartul) is targeted for ubiquitin-mediated 
degradation by the high-risk papillomavirus E6 proteins and the E6AP ubiquitin-protein 
ligase. Mol Cell Biol 2000;20:8244-8253. 

Nayak: DP, Balogun RA, Yamada H, Zhou ZH, Barman S. Influenza virus morphogenesis 
and budding. V!rus Res 2009;143:147-161. 

Nayak: DP, Hui EK, Barman S. Assembly and budding of influenza virus. VJruS Res 
2004;106:147-165. 

Obradovic Z, Peng K, Vucetic S, Radivojac P, Brown CJ, Dunker AK. Predicting intrinsic 
disorder from amino acid sequence. Proteins 2003;53(Suppl 6):566-572. 

Oh ST, Kyo S, Laimins LA. Telomerase activation by human papillomavirus type 16 E6 
protein: induction of human telomerase reverse transcriptase expression through Myc 
and GC-rich Sp1 binding sites. J Vrrol2001;75:5559-5566. 

Ohlenschlager 0, Seiboth T, Zengerling H, Briese L, Marchanka A, Ramachandran R, 
Baum M, Korbas M, Meyer-Klaucke W, Durst M, Gorlach M. Solution structure of 
the partially folded high-risk human papilloma virus 45 oncoprotein E7. Oncogene 
2006;25:5953-5959. 

Oldfield CJ, Cheng Y, Cortese MS, Brown CJ, Uversky VN, Dunker AK. Com
paring and combining predictors of mostly disordered proteins. Biochemistry 
2005a;44: 1989-2000. 

Oldfield CJ, Cheng Y, Cortese MS, Romero P, Uversky VN, Dunker AK. Coupled folding 
and binding with alpha-helix-forming molecular recognition elements. Biochemistry 
2005b;44:12454-12470. 

Oldfield CJ, Meng J, Yang JY, Yang MQ, Uversky VN, Dunker AK. Flexible nets: 
disorder and induced fit in the associations of p53 and 14-3-3 with their partners. 
BMC Genomics 2008;9(Suppl 1): Sl. 

Patel D, Huang SM, Baglia LA, McCance DJ. The E6 protein of human papillo
mavirus type 16 binds to and inhibits co-activation by CBP and p300. Embo J 
1999;18:5061-5072. 

Pim D, Massimi P, Dilworth SM, Banks L. Activation of the protein kinase B pathway by 
the HPV-16 E7 oncoprotein occurs through a mechanism involving interaction with 
PP2A. Oncogene 2005;24:7830-7838. 

Polverino de Lameto P, De Filippis V, Di Bello M, Zambonin M, Fontana A. Probing 
the molten globule state of alpha-lactalbumin by limited proteolysis. Biochemistry 
1995;34:12596-12604. 

Prangishvili D, Forterre P, Garrett RA. VJruSes of the Archaea: a unifYing view. Nat Rev 
Microbiol 2006;4:83 7-848. 

Radivojac P, lakoucheva LM, Oldfield CJ, Obradovic Z, Uversky VN, Dunker AK. Intrin
sic disorder and functional proteomics. Biophys J 2007;92:1439-1456. 

Rancurel C, Khosravi M, Dunker AK, Romero PR, Karlin D. Overlapping genes pro
duce proteins with unusual sequence properties and offer insight into de novo protein 
creation. J Vrrol2009;83:10719-10736. 

Raoult D, Forterre P. Redefining viruses: lessons from Mimivirus. Nat Rev Microbiol 
2008;6:315-319. 

Rayment I, Baker TS, Caspar DL, Murakami WT. Polyoma virus capsid structme at 22.5 
A resolution. Nature 1982;295:110-115. 

Reanney DC. The evolution of RNA viruses. Annu Rev Microbiol1982;36:47-73. 



REFERENCES 31 

Reingewertz Til, Benyamini H, Lebendiker M, Shalev DE, Friedler A. The C-tenninal 
domain of the HIV -1 Vif protein is natively unfolded in its unbound state. Protein Eng 
Des Sel 2009;22:281-287. 

Ristriani T, Masson M, Nomine Y, Laurent C, Lefevre JF, Weiss E, Trave G. HPV 
oncoprotein E6 is a structure-dependent DNA-binding protein that recognizes four-way 
junctions. J Mol Biol2000;296:1189-1203. 

Ristriani T, Nomine Y, Masson M, Weiss E, Trave G. Specific recognition of four-way 
DNA junctions by the C-terminal zinc-binding domain of HPV oncoprotein E6. J Mol 
Biol 2001 ;305:729-739. 

Romero P, Obradovic Z, Kissinger CR, Villafranca JE, Dunker AK. Identifying Disor
dered regions in proteins from amino acid sequences. IEEE Int Conf Neural Networks 
1997;1:90-95. 

Romero P, Obradovic Z, Kissinger CR, Villafranca JE, Gamer E, Guilliot S, Dunker AK. 
Thousands of proteins likely to have long disordered regions. Pac Symp Biocomput 
1998;437-448. 

Romero P, Obradovic Z, Li X, Garner EC, Brown CJ, Dunker AK. Sequence complexity 
of disordered protein. Proteins 2001 ;42:38-48. 

Romero PR, Zaidi S, Fang YY, Uversky VN, Radivojac P, Oldfield CJ, Cortese MS, 
Sickmeier M, LeGall T, Obradovic Z, Dunker AK. Alternative splicing in concert 
with protein intrinsic disorder enables increased functional diversity in multicellular 
organisms. Proc Natl Acad Sci USA 2006;103:8390-8395. 

Ronco LV, Karpova AY, Vidal M, Howley PM. Human papillomavirus 16 E6 oncoprotein 
binds to interferon regulatory factor-3 and inhibits its transcriptional activity. Genes 
Dev 1998;12:2061-2072. 

Rossmann MG, Mesyanzhinov VV, Arisaka F, Leiman PG. The bacteriophage T4 DNA 
injection machine. Curr Opin Struct Biol2004;14:171-180. 

Rybicki EP. The classification of organisms at the edge of life, or problems with virus 
systematics. S Afr J Sci 1990;86:182-186. 

Sano E, Carlson S, Wegley L, Rohwer F. Movement of viruses between biomes. Appl 
Environ Microbiol 2004;70:5842-5846. 

Scheffner M, Huibregtse JM, Vierstra RD, Howley PM. The HPV-16 E6 and E6-AP 
complex functions as a ubiquitin-protein ligase in the ubiquitination of p53. Cell 
1993;75:495-505. 

Scheffner M, Werness BA, Huibregtse JM, Levine AJ, Howley PM. The E6 oncoprotein 
encoded by human papillomavirus types 16 and 18 promotes the degradation of p53. 
Cell 1990;63: 1129-1136. 

Sedman SA, Barbosa MS, Vass WC, Hubbert NL, Haas JA, Lowy DR, Schiller IT. The 
full-length E6 protein of human papillomavirus type 16 has transforming and trans
activating activities and cooperates with E7 to immortalize keratinocytes in culture. J 
Vrrol 1991;65:4860-4866. 

Seelamgari A, Maddukuri A, Berro R, de la Fuente C, Kehn K, Deng L, Dadgar S, Bot
tazzi ME, Ghedin E, Pumfery A, Kashanchi F. Role of viral regulatory and accessory 
proteins in HIV-1 replication. Front Biosci 2004;9:2388-2413. 

Seiki M, Hattori S, Hirayama Y, Yoshida M. Human adultT-cellleukemia virus: complete 
nucleotide sequence of the provirus genome integrated in leukemia cell DNA. Proc 
Natl Acad Sci USA 1983;80:3618-3622. 



32 INIRINSIC DISORDER IN VIRAL PROTEINS 

Seiki M, Inoue J, Hidaka M, Yoshida M. Two cis-acting elements responsible for post
transcriptional trans-regulation of gene expression of human T-cellleukemia virus type 
I. Proc Natl Acad Sci USA 1988;85:7124-7128. 

Seiki M, Inoue J, Takeda T, Yoshida M. Direct evidence that p40x of human T
cell leukemia virus type I is a trans-acting transcriptional activator. EMBO J 
1986;5:561-565. 

Shojania S, O'Neil JD. HIV-1 Tat is a natively unfolded protein: the solution conformation 
and dynamics of reduced HIV -1 Tat-(1-72) by NMR spectroscopy. J Biol Chern 
2006;281 :834 7-8356. 

Skehel JJ, Bayley PM, Brown EB, Martin SR, Waterfield MD, White JM, Wilson 
lA, Wtley DC. Changes in the conformation of infiuenza virus hemagglutinin at 
the pH optimum of virus-mediated membrane fusion. Proc Natl Acad Sci USA 
1982;79:968-972. 

Skehel JJ, Wtley DC. Coiled coils in both intracellular vesicle and viral membrane fusion. 
Cell1998;95:871-874. 

Skehel JJ, Wiley DC. Receptor binding and membrane fusion in virus entry: the infiuenza 
hemagglutinin. Annu Rev Biochem 2000;69:531-569. 

Sodroski J, Trus M, Perkins D, Patarca R, Wong-Staal F, Gelmann E, Gallo R, Haseltine 
WA. Repetitive structure in the long-terminal-repeat element of a type II human T-cell 
leukemia virus. Proc Natl Acad Sci USA 1984;81:4617-4621. 

Srivenugopal KS, Ali-Osman F. The DNA repair protein, 0(6)-methylguanine-DNA 
methyltransferase is a proteolytic target for the E6 human papillomavirus oncoprotein. 
Oncogene 2002;21 :5940-5945. 

Stevens J, Corper AL, Basler CF, Taubenberger JK, Palese P, Wtlson lA. Structure of 
the uncleaved human H1 hemagglutinin from the extinct 1918 infiuenza virus. Science 
2004;303:1866-1870. 

Straight SW, Hinkle PM, J ewers RJ, McCance DJ. The E5 oncoprotein of human papillo
mavirus type 16 transforms fibroblasts and effects the downregulation of the epidermal 
growth factor receptor in keratinocytes. J Vrrol 1993;67:4521-4532. 

Surendran R, Herman P, Cheng Z, Daly TJ, Ching Lee J. HIV Rev self-assembly 
is linked to a molten-globule to compact structural transition. Biophys Chern 
2004;108:101-119. 

Suzuki Y. Sialobiology of infiuenza: molecular mechanism of host range variation of 
infiuenza viruses. Biol Pharm Bull 2005;28:399-408. 

Thomas M, Banks L. Human papillomavirus (HPV) E6 interactions with Bak are con
served amongst E6 proteins from high and low risk HPV types. J Gen. Vrrol 1999;80(Pt 
6):1513-1517. 

Thomas MC, Chiang CM. E6 oncoprotein represses p53-dependent gene activation via 
inhibition of protein acetylation independently of inducing p53 degradation. Mol Cell 
2005;17:251-264. 

Tokurik:i N, Oldfield CJ, Uversky VN, Berezovsky IN, Tawfik DS. Do viral proteins 
possess unique biophysical features? Trends Biochem Sci 2009;34:53-59. 

Tommasino M, Adamczewski JP, Carlotti F, Barth CF, Manetti R, Contorni M, Cavalieri 
F, Hunt T, Crawford L. HPV16 E7 protein associates with the protein kinase p33CDK2 
and cyclin A. Oncogene 1993;8:195-202. 

Tompa P. Intrinsically ImStructured proteins. Trends Biochem Sci 2002;27:527-533. 



REFERENCES 33 

Tompa P. The functional benefits of protein disorder. J Mol Struct- Theochem 2003; 
666-667:361-371. 

Tompa P, Fuxreiter M, Oldfield CJ, Simon I, Dunker AK, Uversky VN. Close encoun
ters of the third kind: disordered domains and the interactions of proteins. Bioessays 
2009;31:328-335. 

Tong X, Boll W, Kircbhausen T, Howley PM. Interaction of the bovine papillomavirus 
E6 protein with the clatbrin adaptor complex AP-1. J Vuol 1998;72:476-482. 

Tong X, Howley PM. The bovine papillomavirus E6 oncoprotein interacts with paxillin 
and disrupts the actin cytoskeleton. Proc Natl Acad Sci USA 1997;94:4412-4417. 

Ustav M, Stenlund A. Transient replication of BPV -1 requires two viral polypeptides 
encoded by the E1 and E2 open reading frames. EMBO J 1991;10:449-457. 

Uversky VN. Natively unfolded proteins: a point where biology waits for physics. Protein 
Sci 2002a; 11 :739-756. 

Uversky VN. What does it mean to be natively unfolded? Eur J Biochem 2002b;269:2 -12. 

Uversky VN. Protein folding revisited. A polypeptide chain at the folding-misfolding
nonfolding cross-roads: which way to go? Cell Mol Life Sci 2003;60:1852-1871. 

Uversky VN. Amyloidogenesis of natively unfolded proteins. Curr Alzheimer Res 
2008a;5: 260-287. 

Uversky, VN. Intrinsic disorder in proteins associated with neurodegenerative diseases. In: 
Ov4di J, Orosz F, editors. Protein folding and misfolding: neurodegenerative diseases. 
New York, USA: Springer; 2008b. 

Uversky VN, Gillespie JR, Fink AL. Why are ''natively unfolded" proteins unstructured 
under physiologic conditions? Proteins 2000;41:415-427. 

Uversky VN, Oldfield CJ, Dunker AK. Showing your ID: intrinsic disorder as an ID for 
recognition, regulation and cell signaling. J Mol Recogn 2005;18:343-384. 

Uversky VN, Oldfield CJ, Dunker AK. Intrinsically disordered proteins in human diseases: 
Introducing the D2 concept. Annu Rev Biophys Biomol Struct 2008;37:215-246. 

Uversky VN, Roman A, Oldfield CJ, Dunker AK. Protein intrinsic disorder and human 
papillomaviruses: increased amount of disorder in E6 and E7 oncoproteins from high 
risk HPVs. J Proteome Res 2006;5:1829-1842. 

Vacic V, Uversky VN, Dunker AK, Lonardi S. Composition Profiler: a tool for dis
covery and visualization of amino acid composition differences. BMC Bioinformatics 
2007;8:211. 

Vendel AC, Lumb KJ. Molecular recognition of the human coactivator CBP by the HIV -1 
transcriptional activator Tat. Biochemistry 2003;42:910-916. 

Ward JJ, Sodhi JS, McGuffin LJ, Buxton BF, Jones DT. Prediction and functional 
analysis of native disorder in proteins from the three kingdoms of life. J Mol Biol 
2004;337:635-645. 

Weber T, Paesold G, GalliC, Mischler R, Semenza G, Brunner J. Evidence for H(+)
induced insertion of influenza hemagglutinin HA2N-terminal segment into viral mem
brane. J Biol Chern 1994;269:18353-18358. 

Wharton SA, Calder U, Ruigrok RW, Skehel JJ, Steinhauer DA, Wlley DC. Electron 
microscopy of antibody complexes of influenza virus haemagglutinin in the fusion pH 
conformation. EMBO J 1995;14:240-246. 

Wlley DC, Skehel JJ. The structure and function of the hemagglutinin membrane glyco
protein of influenza virus. Annu Rev Biochem 1987;56:365-394. 



34 INIRINSIC DISORDER IN VIRAL PROTEINS 

Wilson lA, Skehel JJ, Wiley DC. Structure of the haemagglutinin membrane glycoprotein 
of infiuenza virus at 3 A resolution. Nature 1981;289:366-373. 

Wilson R, Fehrmann F, Laimins LA. Role of the E1-E4 protein in the differentiation
dependent life cycle of human papillomavirus type 31. J Vrrol 2005;79:6732-6740. 

Wray V, Federau T, Henklein P, Klabunde S, Kunert 0, Schomburg D, Schubert U. 
Solution structure of the hydrophilic region of HIV-1 encoded virus protein U (Vpu) 
by CD and 1H NMR spectroscopy. Int J Pept Protein Res 1995;45:35-43. 

Wright PE, Dyson HJ. Intrinsically unstructured proteins: re-assessing the protein 
structure-function paradigm. J Mol Biol 1999;293:321-331. 

Wright PE, Dyson HJ. Linking folding and binding. Curr Opin S truct Biol2009; 19:31-38. 
Xue B, Li L, Meroueh SO, Uversky VN, DlDlker AK. Analysis of structured and intrinsi

cally disordered regions of transmembrane proteins. Mol Biosyst 2009a;5: 1688-1702. 
Xue B, Oldfield CJ, Dunker AK, Uversky VN. CDF it all: consensus prediction of intrin

sically disordered proteins based on various cumulative distribution functions. FEBS 
Lett 2009b;583:1469-1474. 

Xue B, Williams RW, Oldfield CJ, Gob GK, Dunker AK, Uversky VN. Vrral disorder 
or disordered viruses: do viral proteins possess mrlque features? Protein Pept Lett 
2010;17:932-951. 

Zhang B, LiP, Wang E, Brahmi Z, Dunn KW, Blum JS, Roman A. The E5 protein of 
human papillomavirus type 16 perturbs MHC class II antigen maturation in human 
foreskin keratinocytes treated with interferon-gamma. Vrrology 2003;310:100-108. 

Zimmermann H, Degenk:olbe R, Bernard HU, O'Connor MJ. The human papillomavirus 
type 16 E6 oncoprotein can down-regulate p53 activity by targeting the transcriptional 
coactivator CBP/p300. J Vrrol 1999;73:6209-6219. 

Zwerschk:e W, Mazmek: S, Massimi P, Banks L, Eigenbrodt E, Jansen-Durr P. Modu
lation of type M2 pyruvate kinase activity by the human papillomavirus type 16 E7 
oncoprotein. Proc Natl Acad Sci USA 1999;96:1291-1296. 



2 
FUNCTIONAL ROLE 
OF STRUCTURAL DISORDER 
IN CAPSID PROTEINS 

LARSLILJAS 

2.1 INTRODUCTION 

Capsid proteins form a protective coat around the nucleic acid of a virus. Some
times called coat proteins, they are found in all virus particles. The coat always has 
some kind of symmetry, the most common being icosahedral. Icosahedral symme
try gives isometric structures, or variants thereof, that lead to elongated particles 
with rounded ends. The other type of symmetry found is helical symmetry, leading 
to rod-shaped or filamentous particles. In some viruses, there are no further compo
nents, but many of them have more than one layer of proteins. Enveloped viruses 
have a lipid bilayer with membrane-bound proteins. These outer layers may also be 
symmetric, but large viruses surrounded by membranes often lack a defined shape, 
even if the complex of nucleic acid and protein (the nucleocapsid) is symmetric. 

It has been possible to determine the structure of many viral capsids using X-ray 
crystallography, and we therefore know much about the capsid proteins and their 
interaction with other proteins and the nucleic acid. This has been possible even for 
relatively large viruses, such as bluetongue virus cores with 900 protein subunits 
(Grimes et al., 1998) and adenovirus with 780 subunits (Reddy et al., 2010), but 
only in one case for a virus with a lipid membrane (Cockburn et al., 2004). For 
enveloped viruses, our knowledge about capsid structure and function comes from 
cryo-electron microscopy, combined with structure determination of isolated capsid 
proteins that for some reason have not assembled into large structures. Recently, 
cryo-electron microscopy has reached a resolution where atomic structure of large 
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virus particles can be modeled (Liu et al., 2010; Zhang et al., 2010), but this has 
not yet been possible for any membrane virus. 

The structures of capsid proteins and capsids have shown that many of these 
proteins consist of a globular part and extended arms (Chapman and Liljas, 2003; 
Liljas, 2004). The arms may be ordered in a capsid through interactions with 
other viral components, but it is apparent that they are flexible in the isolated 
protein. This chapter is about, among other things, how the disordered segments 
become ordered in the capsid. The crystallization process is insensitive to a possible 
internal asymmetry in a viral particle when the surface is icosahedrally symmetric. 
In structures of icosahedral capsids, those portions of the capsid protein that do 
not follow the icosahedral symmetry will have a random orientation in the crystal 
and appear disordered. It is not possible to decide whether these portions have a 
unique conformation, present in all particles and determined by interactions with 
the nucleic acid, or their conformation is random. 

The extended arms in capsid proteins have a number of functions, and this 
chapter discusses the function of disordered or flexible arms for nucleic acid inter
actions, control of assembly, and stabilization of particles. 

2.2 NUCLEIC ACID RECOGNITION AND BINDING 

The symmetry of capsids is achieved by using many identical copies of the capsid 
protein. The capsid protein may interact with the nucleic acid both to recognize it, 
ensuring that the correct nucleic acid is included in the capsid, and to neutralize the 
negative charges of the phosphates. The nucleic acid is a single molecule (or a few 
molecules) and does not easily adopt the same type of symmetry, especially in the 
case of icosahedral symmetry. Many capsid proteins, therefore, use flexible arms 
to interact with the nucleic acid, and these arms are not visible in the structures 
because of their conformational flexibility. 

The first crystal structures of viral particles to be determined were those of some 
icosahedral plant viruses with a single-stranded RNA genome. All these viruses had 
a capsid protein with a fold that dubbed the jelly-roll fold. They also shared the 
property of a disordered N-terminal extension. This arm had several positively 
charged and very few negatively charged residues and was therefore assumed to 
interact with the RNA. This observation has now been extended by many structures 
and holds for the plant viruses in the families Tombusviridae and Bromoviridae and 
the genus sobemoviruses, as well for the insect viruses in the genera Nodaviridae 
and Tetraviridae and for animal viruses in the family Polyomaviridae. 

A typical example of that is the sobemoviruses, which are single-stranded RNA 
viruses. There are five known structures of sobemoviruses, all of which have 180 
identical coat protein subunits of about 250 amino acid residues. A comparison of 
the sequences and structures of their ordered parts is found in Plevka et al. (2007). 
AnN-terminal segment with a length of 26-38 amino acid residues is disordered 
in the capsid protein of all these viruses. This segment has 5-12 arginine/lysine 
residues, and all of them have at least one stretch of three or more positively 
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Figure 2.1 The disordered N-terminal segments of the coat proteins of five sobe
moviruses for which the crystal structme of the capsid is known. The positively charged 
arginine and lysine residues are shown in bold. The sequences are from the cocksfoot 
mottle virus (CfMV), rice yellow mosaic virus (RYMV), sesbania mosaic virus (SeMV), 
southern cowpea mosaic virus (SCpMV), and ryegrass mosaic virus (RgMV). 

charged residues (Fig. 2.1 ). There are at most a single negatively charged residue, no 
aromatic residues, and only a few nonpolar residues. The sequences are, therefore, 
of a type that suggests that they are disordered (Uversky et al., 2000). These 
sequences are not conserved and cannot be aligned reliably, but all of them share 
the characteristic of being positively charged. 

In the insect viruses of the Nodaviridae family, the capsid is built up in a similar 
way as in the sobemoviruses with 180 identical subunits encapsulating two single
stranded RNA molecules. The capsid protein has the same jelly-roll topology and 
an N-terminal segment that is not part of the globular fold of the subunit. The 
N-terminal segments in these viruses have a length of 47-55 amino acid residues 
and have about 30% positively charged residues, with a strong (or complete) pref
erence for arginine residues (Fig. 2.2). The properties of these segments are similar 
to those of the sobemoviruses. In contrast to the sobemoviruses, where the crystal 
structure shows essentially no trace of the RNA molecule, parts of the nucleic acid 
are visible in the crystal structures of nodaviruses. This means that some of the 
RNA molecule has adapted to the symmetrical shell and is bound similarly to the 
protein. The RNA is bound as a double-stranded segment. In one of the nodaviruses, 
Pariacoto virus (fang et al., 2001), theN-terminal segment is mostly ordered in 60 
of the 180 identical subunits (Fig. 2.3). This segment interacts directly with one of 
the double-stranded RNA segments with several of the arginine and lysine residues 
close to the phosphate groups in RNA. TheN-terminal segments of the other 120 
subunits probably interact with segments of the RNA that are further away from 

BBV VRNNNRRRQRTQRIVTTTTQTAPVPQQN-----VPKQPRRRRNRARRNRRQGRAMNMGAL 
FHV VNNNRPRRQRAQRVVVTTTQTAPVPQQN-----VPRNGRRRRNRTRRNRRRVRGMNMAAL 
PaV VSRTKNRRNKARKVVSRSTALVPMAPASQRTGPAPRKPRKRNQALVRN-----------
NoV VSKAARRR-----------RAAPRQQQRQQSNRASNQPRRR--RARRTRRQQRMAATNNM 

Figure 2.2 Aligned sequences of the disordered N-terminal segments of the coat proteins 
of four nodaviruses. The positively charged arginine and lysine residues are shown in bold. 
The sequences are from the black beetle virus (BBV), Flock House virus (FHV), Pariacoto 
virus (PaV), and Nodamura virus (NoV). 
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(a) 

(b) 

Figure 2.3 (a). Two trimers of Pariacoto virus showing the interaction with segments 
of double-stranded RNA (PDB code lf8v). The three types of subunits are colored blue, 
green, and red (subunits A, B, and C, respectively). The partially ordered N-tenninal arms 
of the A subunit are shown in dark blue. These arms interact with the RNA segments. The 
corresponding arms of the other subunits are disordered. (b). Details of the interaction 
showing the interaction between positively charged residues in the ordered ann and the 
RNA (gray lines with colored phosphate groups). Only the ordered arms of the two A 
subunits (residues 7-46) are shown. The view is parallel to the inner surface along the 
major groove of the double helix. (See insert for color representation of the figure.) 

the syt'Ili'D&rical capsid and no longer adapt to the icosahedral syi'IUU:try of the 
protein layer. 

Although the capsid proteins of many silq)le viruses have positively charged 
N-terminal segments, there are several examples of viruses that have proteins with 
a similar jelly-roll fold but no extended arrm interacting with the RNA. The plant 
viruses in the Tymoviridae family (Canady et al ., 1996) are one exalq)le. In this 
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family of viruses, the single-stranded RNA binds spermidine molecules, which 
interact with the phosphate groups in the nucleic acid. 

Positively charged N-terminal segments that bind to nucleic acid are not 
restricted to the simple viruses previously described. In alphaviruses, which are 
enveloped animal viruses, a capsid with 240 identical protein subunits encloses a 
single-stranded RNA molecule. The capsid protein has anN-terminal segment of 
about 110 amino acid residues and a C-terminal globular domain of about 100 
residues that has the fold of a serine protease (Choi et al., 1991). TheN-terminal 
segment has about 30 positively charged residues that form patches interrupted 
by proline-rich and glutamine-rich regions. In cryo-electron microscopy, fitting of 
the protease part in the density of the capsid leaves density corresponding to a 
segment connecting the protease with the RNA region of the map (Mukhopadhyay 
et al., 2006). 

Likewise, in hepatitis B viruses, a segment of the capsid protein is positively 
charged and interacts with the nucleic acid molecule, in this case double-stranded 
DNA. Hepatitis B virus is an enveloped virus. The conformation of the capsid is 
known from recombinant expression of a fragment of the capsid protein where the 
nucleic-acid-binding C-terminal extension is removed (Wynne et al., 1999). The 
protein has a completely helical fold, another example illustrating that enveloped 
viruses mostly do not have capsid proteins with the jelly-roll fold, in contrast to 
the nonenveloped viruses. Among the 36 residues of the C-terminal extension, 17 
are arginine residues. 

In addition to the nonspecific interactions that occur between the :flexible seg
ments of the protein and the nucleic acid, there is also specific recognition of the 
nucleic acid by capsid proteins. These interactions control that the correct nucleic 
acid molecules are encapsidated. They have been difficult to study structurally, and 
the only case of a binding between a capsid protein and a recognition signal in a 
nucleic acid where structural data are available is that of the small bacterial virus 
MS2 (ValegArd et al., 1994). In this case, there are, however, no extended or dis
ordered segments involved in the interaction. In other viruses, especially in viruses 
with capsid proteins with the jelly-roll fold, such as the nodaviruses, both the gen
eral neutralization and the specific recognition of the viral nucleic acid may use 
the extended disordered segments (Marshall and Schneemann, 2001; Schneemann 
and Marshall, 1998). 

2.3 CONTROL OF ASSEMBLY 

Icosahedral viruses are built up of 60 identical units related by the two-, three-, 
and fivefold symmetry axes of such objects. Many viruses have capsids built up 
of multiples of 60 identical subunits, and this means that chemically identical 
subunits have distinct environments after capsid formation. To explain how the 
capsid proteins assemble into stable structures with these differences in interactions, 
Caspar and Klug (1962) proposed the quasi-equivalence hypothesis. This states that 
the subunits form similar (quasi-equivalent) interactions according to a scheme that 
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leads to a series of allowed triangulation numbers (T = 3, 4, 7, and so on), which 
indicate the multiples of 60 subunits in the capsid. The basis of the hypothesis is 
that the differences between hexameric and pentameric arrangements of proteins 
are small enough to allow similar interactions to form. 'This hypothesis has been 
shown to hold for the great majority of viruses, but it does not explain in what way 
the quasi-equivalent interactions differ in detail and how the correct interaction 
forms at assembly. 

The first crystal structures of icosahedral viruses were of plant viruses with 
T = 3 quasi-symmetry and showed that the correct assembly was controlled by 
N-terminal arms that were ordered only in one set of subunits and disordered in 
the other (Abad-Zapatero et al., 1980; Harrison et al., 1978). The ordered arms were 
bound in one of the sets of quasi-equivalent subunit-subunit interfaces, making it 
distinct (fiat) compared to the other (bent) contacts (Fig. 2.4). 'This order-disorder 
switching was found in all sobemoviruses and tombusviruses, which have simi
lar capsids. Removal of the arm in these viruses results in formation of capsids 
with only 60 subunits (Erickson et al., 1985; Hsu et al., 2006; Sangita et al., 
2004 ). A similar arrangement of subunits is also found in structures of viruses 
in the Caliciviridae, Nodaviridae, and Tetraviridae families. In nodavirus capsids, 
the switching is controlled both through order/disorder in an N-terminal arm and 
through binding of RNA elements (Fig. 2.3). In the tetravirus Nudaurelia capensis 
a> virus Nudaurelia Capensis a> Virus (NwV), an insect virus with T = 4 quasi
symmetry, a C-terminal region of the protein shows an order-disorder switching, 
where ordered segments in 120 subunits create fiat contacts, and bent contacts form 
where the corresponding segments are disordered (Helgstrand et al., 2004 ). 

Another way of controlling the assembly of capsids with quasi-equivalent sym
metry using order/disorder is found in the T = 3 capsids of viruses in the Bro
moviridae and Tymoviridae families. Here, extended N-terminal arms from two 
of the three types of subunits form a sixfold arrangement stabilizing a hexamer 
of proteins, while the corresponding arms in the third type of subunit, forming 
pentamers, are disordered (Canady et al., 1996; Speir et al., 1995). 

An even more complex way of controlling quasi-equivalence is found in poly
omaviruses. These viruses have subunits arranged in a T = 7 quasi-symmetric 
lattice, but at the sixfold positions, only pentamers are found. The central part of 
all the 72 pentamers have the same conformation, but extended C-terminal arms 
from each subunit are used to control the packing (Liddington et al., 1991 ). There 
are three distinct types of pentamer-pentamer interactions, and in all cases, part of 
the C-terminal segment interacts intimately, and in the same way, with one of the 
capsid proteins in the neighboring pentamer (Fig. 2.5). In this family of viruses, 
removal of a suitable segment of the C-terminal region also leads to formation of 
T = 1 particles (Yokoyama et al., 2007). 

Extended arms and order-disorder switching are used to control quasi-symmetry 
in many nonenveloped icosahedral virus capsids. In these viruses, the capsid pro
teins with extended arms have the same jelly-roll fold. In capsids formed by proteins 
with other types of folds, the control of quasi-equivalence seems to use other mech
anisms. The T = 3 leviviruses (ValegArd et al., 1990) are examples for capsids that 
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Figure 2.4 The bent and flat contacts in a sobemovirus (PDB code 4sbv). (a) 1be flat 
contact between the B (left) and C (right) subunits (the quasi-sixfold contact). The partly 
ordered ann in the C subunits is shown in dark. It is inserted between the B and C 
subunits, and the visible N-terminus (marked) forms a trimeric structure called the ~
annulus with the corresponding arms from two other C subunits (not illustrated here). (b) 
The bent contact between two A subunits (the fivefold contact). 1be visible N-terminus 
is indicated. To simplify the comparison of (a) and (b), the molecules to the right have 
the same orientation. 

assermle without order-disorder mechanisrm. Many lmge viruses use scaffolding 
proteins that are removed after assermly. 

2.4 STABIT..IZATION OF THE CAPSID AND CONTROL OF NUCLEIC 
ACID RELEASE 

A complex use of extended arrm that has been studied in structural detail is found 
in the picornaviruses, which are small RNA viruses. In picomaviruses, such as 
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Figure 2.5 The capsid protein of SV40, illustrating the use of arms to link pentamers 
in the capsid (PDB code lsva). The visible N- and C-tennini are marked. In dark is the 
invading C-tenninal ann (residues 296-355) from a subunit in another pentamer. The 
ann forms a ~-strand that is clamped by the N-tenninal segment of the invaded subunit. 

rhinovirus, poliovirus, and foot-and-mouth disease virus, the capsid shell is assem
bled from 180 subunits, but these are of three distinct types, and the capsid does 
not show quasi-sylllllmy (Acharya et al ., 1989; Hogle et al ., 1985; Rossmann 
et al., 1985). The three different subunits are called VPO, VP1 , and VP3. At a late 
stage during assenbly, part of theN-terminal of VPO is cleaved to create the VP4 
peptide of about 70 amino acid residues and the major VP2 protein. Such a mat
uration cleavage also is found in many other types of viral capsids, for exarq>le, 
nodaviruses, tetraviruses, and the influenza virus, and it is mostly a necessary step 
to allow infection of the host cell Since the capsid should release the nucleic 
acid in some way upon infection, a maturation cleavage of a peptide creates a 
metastable capsid that is sensitive to some signal created during the infection pro
cess. The mechanisrm leading to release of the nucleic acid are widely different, 
but the signal may be exposure to slightly acidic pH, such as found in endosomes, 
or interaction with receptors. 

VP1 , VP2, and VP3 an have a jelly-roll fold and extended N-terminal arrm with 
lengths of 50-80, about 60, and about 45 residues, respectively. The arrangement 
in the capsid of the jelly-roll part of the subunits resembles that of small plant 
T = 3 viruses such as the sobemoviruses. TheN-terminal arrm of the three sub
units, together with VP4, form an extended network on the inside of the capsid 
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Figure 2.6 1be arms on the inside of the protein shell in a pioomavirus (PDB code 
1pvc). One protomer of VP1 (blue), VP2 (green), VP3 (red), and VP4 (turquoise) is 
shown. 1be jelly-roll domain of VP1 and the N-terminal segments of VP2, VP3, and 
VP4 from neighboring protomers are included to illustrate some of the contacts. The N
terminal arms are in dark colors. Conserved interactions between arms in picornaviruses 
are indicated by arrows. (See insert for color representation of the figure.) 

(Fig. 2.6). Only short segrmnts of the N-tenninal parts of VP1 and VP2 are disor
dered in the intact v.irions. This network stabilizes the different types of contacts 
between the subunits in the capsid. It is formed during asseni>ly and is completed 
after the cleavage of VFO into VP4 and VP2 (Basavappa et al ., 1994). The confor
mation of these arms is partially conserved among the picornaviruses, and a similar 
network is also found in the cricket paralysis virus, a meni>er of the Dicistroviridae 
family (Liljas et al ., 2002). 

The amino acid sequences of the extended arms are not of the same kind as 
the arms interacting with the nucleic acid. The sequences do not show preferences 
for a few kinds of amino acids as is the case for the arms interacting with nucleic 
acid, and there are aromatic residues, which are lacking in the other types of arms. 
This probably reftects that these arms have a unique way of interacting with the 
con:pact part of the subunits. The contact surfaces have, therefore, evolved to be 
of the same kind as contact surfaces within a globular domain, but the contacts are 
formed only after the asseni>ly and cleavage of VPO. 

In the case of polioviruses, the signal leading to conformational changes and 
release of the RNA is the binding to the receptor. Binding to the host cell or 
even to soluble receptor molecules leads to the release of VP4 and exposure of 
theN-terminal portion of VP1 (Fricks and Hogle, 1990). The released VP4 and 
N-terminal of VP1 are thought to form a mermrane pore through which the RNA 
can enter the host cell (Bubeck et al ., 2005). 
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3 
STRUCTURAL DISORDER 
WITHIN THE NUCLEOPROTEIN 
AND PHOSPHOPROTEIN 
FROM MEASLES, NIPAH, 
AND DENDRA VIRUSES 

JOHNNY HABCHI, LAURENT MAMELLI, AND SONIA LONGHI 

3.1 THE REPLICATIVE COMPLEX OF MEASLES, NIPAH, 
AND DENDRA VIRUSES 

Measles virus (MeV) is a Morbilli virus member within the Paramyxoviridae family 
of the Mononegavirales order. This order includes several human pathogens with 
a strong socioeconomical impact and comprises both well-characterized viruses 
(e.g., MeV, mumps virus (MuV) and parainfluenza, rabies, and Ebola viruses) and 
emerging viruses, such as the Nipah virus (NiV) and Hendra virus (HeV). Although 
these latter viruses share the same overall genome organization of members of the 
Paramyxovirinae subfamily (Lamb and Kolakofsk:y, 2001; Lamb and Parks, 2007), 
a few distinctive properties, including the much larger size of their genome and 
their broad host range, led to the creation of the Henipavirus genus to accommodate 
these newly emerged zoonotic viruses (Wang et al., 2000; Eaton et al., 2007). 

Mononegavirales are enveloped viruses. Their envelope, which is composed of 
a lipid bilayer derived from the plasma membrane of the host cell, contains the 
attachment (H) and fusion (F) glycoproteins. Beneath the envelope, the viral matrix 
protein associates with the cytoplasmic tails of the H and F proteins, as well as with 
the viral core particle or nucleocapsid. The genome of Mononegavirales consists of 
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a nonsegmented, single-stranded RNA molecule of negative polarity (e.g., whose 
sequence is complementary to that of the encoded open reading frames (ORFs)). 
The genome of Paramyxoviridae encodes six proteins, namely, the nucleoprotein 
(N), the phosphoprotein (P), the matrix protein (M), the F and H glycoproteins, and 
the polymerase "large" L protein. With 18,234 (HeV) or 18,246 (NiV) nucleotides, 
the genome of henipaviruses is larger than that of MeV, which is 15,892 nucleotides 
in length. The extra length of the Henipavirus genome mainly arises from addi
tional, unique long untranslated sequences at the 31 end of the N, P, M, F, and 
G genes. 

As in all Mononegavirales members, the genome is encapsidated by N to form 
a helical nucleocapsid. In all Paramyxovirinae members, the genome length is 
divisible by six, this property being related to the fact that each N monomer in 
the viral nucleocapsid binds to six nucleotides (Lamb and Parks, 2007). This is 
also true for HeV and NiV despite their much larger genome sizes. The viral 
RNA is tightly bound within the nucleocapsid and does not dissociate during RNA 
synthesis, as well illustrated by the resistance of the MeV genome to silencing 
by small interfering RNA (Bitko and Barik, 2001). Hence, this N-RNA complex, 
rather than naked RNA, is the template for both transcription and replication. 
These latter activities are carried out by the RNA-dependent RNA polymerase that 
is composed of the large (L) protein and the phosphoprotein (P). Pis an essential 
polymerase cofactor in that it tethers the L protein onto the nucleocapsid template. 
This ribonucleoprotein complex made of RNA, N, P, and L constitutes the basic 
elements of the viral transcriptase and replicase (i.e., the viral replicative unit) 
(Fig. 3.1a). Although minigenome replicon studies showed that Henipavirus N, P, 
and L proteins are necessary and sufficient to sustain replication of viral RNA 
(Halpin et al., 2004 ), only few functional studies that focused on the replicative 
machinery of henipaviruses have been published so far. Hence, in this chapter, and 
unless differently specified, the functions of the Henipavirus N, P, and L proteins 
are taken to be similar to those of their counterparts from other Paramyxoviridae 
members based on analogy. 

Once the viral ribonucleoprotein complexes are released into the cytoplasm of 
infected cells, transcription of viral genes occurs using endogenous NTPs as sub
strate. Following primary transcription, the polymerase switches to a processive 
mode and ignores the gene junctions to synthesize a full, complementary strand 
of genome length. This positive-stranded RNA (antigenome) does not serve as 
a template for transcription, and its unique role is to provide an intermediate in 
genome replication. In Mononegavirales, the intracellular concentration of the N 
protein is thought to be the main element controlling the relative level of transcrip
tion versus replication. When N is limiting, the polymerase functions preferentially 
as a transcriptase, thus leading to an increase in the intracellular concentration of 
viral proteins, including N. When N levels are high enough to allow encapsidation 
of the nascent RNA chain, the polymerase functions preferentially as a replicase 
(Plumet et al., 2005) (see Longhi and Canard (1999), Lamb and Kolakofsky (2001), 
Albertini et al., (2005), Roux (2005), and Lamb and Parks (2007) for reviews on 
transcription and replication). Studies on Sendai virus (SeV, a paramyxovirus) 
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Figure 3.1 Schematic representation of the (a) NNUc_P-L and (b) ~-P complexes of 
Paramyxovirinae members. The disordered NTAll. and PNT regions are represented by 
lines. The encapsidated RNA is shown as a dotted line embedded in the middle of N 
by analogy with RV, VSV, and RSV N-RNA complexes (Albertini et al., 2006; Green 
et al., 2006; Tawar et al., 2009). The multimerization domain of P (PMD) is represented 
with a dumbbell shape according to Tarbouriech et al. (2000b). Pis depicted as a tetramer 
by analogy with SeV P (Tarbouriech et al., 2000b). The polymerase complex is formed 
by L and a tetramer of P. The tetrameric P is shown bound to NNUc through three of 
its four C-terminal XD "arms," as in the model of Curran and Kolakofsky (CUrran and 
Kolakofsky, 1999). The segment connecting PMD and XD is represented as disordered 
by analogy to MeV (Karlin et al., 2003; Longhi et al., 2003). The L protein is shown as 
an oval contacting P through both PMD, by analogy with SeV (Smallwood et al., 1994), 
and PNT, by analogy with rinderpest virus (Sweetman et al., 2001). Source: Modified 
from Bourhis et al. (2005, 2006). 

(Horikami et al., 1992) and on the vesicular stomatitis virus 0/SV, a rhabdovirus) 
(Qanungo et al., 2004) have shown that the polymerase in replication mode consists 
of an L-P-N complex, whereas in transcription mode, it is a complex of L, P, and 
cellular proteins. 

By virtue of their role in encapsidating the genome, the Ns from MeV, NiV, 
and HeV are the most abundant viral structural proteins. They all consist of a 
globular N-terminal domain referred to as NcoRE (roughly spanning the first 400 
residues) and of a flexible, C-terminal domain referred to as NTAIL (aa 401-525 for 
MeV, and aa 400-532 for both NiV and HeV). As we will see, the combination 
of these two domains supports a dynamic range of N protein functions that go 
far beyond those of a static structural component of the viral core particle. Within 
MeV-infected cells, N is found in a soluble, monomeric form (referred to as N>) and 
in a nucleocapsid assembled form (referred to as NNUc). The soluble form of MeV 
N is localized in both the cytosol and the nucleus (Gombart et al., 1993; Horikami 
and Moyer, 1995). Sato and coworkers have recently identified the determinants of 
the cytoplasmic to nuclear trafficking within theN sequence of MeV and canine 
distemper virus (CDV), a closely related Morbillivirus. They both possess a novel 
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nuclear localization signal (NLS) at positions 70-77 and a nuclear export signal 
(NES). The NLS has a novel leucine/isoleucine-rich motif (TGILISIL), whereas 
the NBS is composed of a leucine-rich motif (LLRSL1LF). While in CDV the 
NBS occurs at positions 4-11, in MeV it is located in the C-terminus (Sato et al., 
2006). In both viruses, the nuclear export of N is CRM1-independent. At present, 
the intranuclear function(s) of MeV N protein is unknown. 

Following the synthesis of the N protein, a chaperone is required to maintain this 
protein in a soluble and monomeric form in the cytoplasm. This role is played by 
the P protein, whose association simultaneously prevents illegitimate self-assembly 
of Nand retains N in the cytoplasm (Huber et al., 1991; Spehner et al., 1997). This 
soluble Nl-P complex (Fig. 3.1b) is used as the substrate for the encapsidation 
of the nascent genomic RNA chain during replication. The assembled form of N 
also forms complexes with P, either isolated (NNUC_p) or bound to L (NNUc_P-L), 
which are essential to RNA synthesis by the viral polymerase (Ryan and Portner, 
1990; Buchholz et al., 1994). 

The viral polymerase, which is responsible for both transcription and replication, 
is poorly characterized It is thought to carry out most (if not all) enzymatic activi
ties required for transcription and replication, including nucleotide polymerization, 
mRNA capping, and polyadenylation. So far, no functional Paramyxoviridae poly
merase has been purified to homogeneity, with the only exception of the rinder
pest virus L-P complex, which has been partially purified (Gopinath and Shaila, 
2008). Consequently, most of our present knowledge arises from bioinformatics 
studies. Notably, using bioinformatics approaches, we identified a ribose-21-0-
methyltransferase domain possibly involved in capping of viral mRNAs, within 
the C-terminal region of Mononegavirales polymerases (with the exception of Bor
naviridae and nucleorhabdoviruses) (Ferron et al., 2002). Consistent with this pre
diction, the methyltransferase activity has been demonstrated biochemically within 
the C-terminal region of the closely related Se V polymerase ( aa 17 56-2228) (Ogino 
et al., 2005). Interestingly, both ribose-21-0 and guanosine-N-7 methyltransferase 
acivities have been mapped to a conserved C-terminal motif of VSV L (Rahmeh 
et al., 2009) using a purified recombinant form of the protein (Li et al., 2008). 

For all Mononegavirales members, the viral genomic RNA is always encapsi
dated by the N protein, and genomic replication does not occur in the absence 
of N> and without concurrent encapsidation of the nascent genomic RNA chain. 
Therefore, during RNA synthesis, the viral polymerase has to interact with the 
N-RNA complex and use the N>-P complex as substrate for encapsidation of 
nascent genomic RNA. Hence, the components of the viral replication machinery, 
namely, P, N, and L proteins, engage in a complex macromolecular ballet. 

Although the understanding of the precise role(s) of N, P, and L within the 
replicative complex of MeV has benefitted significant breakthroughs in recent years 
(see Bourhis et al., (2006), Bourhis and Longhi (2007), Longhi (2009), and Longhi 
and Oglesbee (2010) for reviews), rather limited three-dimensional information 
on the replicative machinery is available. In the case of henipaviruses, even less 
structural data are available, with only one paper focused on the structural char
acterization of their N and P proteins having been published so far (Habchi et al., 
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2010). The scarcity of high resolution structural data for Paramyxovirinae members 
stems from several facts: (i) the difficulty of obtaining homogenous polymers of N 
suitable for X-ray analysis (Schoehn et al., 2001; Karlin et al., 2002); (ii) the low 
abundance of L in virions and its very large size that is a challenge to heterologous 
expression; and (iii) the structural :flexibility of Nand P (Karlin et al., 2002, 2003; 
Longhi et al., 2003; Bourhis et al., 2004, 2005, 2006; Longhi, 2009; Habchi et al., 
2010; Longhi and Oglesbee, 2010). 

Indeed, in the course of the structural and functional characterization of MeV, 
NiV, and HeV replicative complex proteins, we discovered that theN and P proteins 
contain disordered regions of up to 400 residues in length that possess the sequence 
and biochemical features that typify intrinsically disordered proteins (IDPs) (Karlin 
et al., 2002, 2003; Longhi et al., 2003; Bourhis et al., 2004, 2005, 2006; Longhi, 
2009; Habchi et al., 2010). IDPs are functional proteins that lack highly populated 
secondary and tertiary structures under physiological conditions of pH and salinity 
in the absence of a partner, and they exist as dynamic ensembles of conformers 
(for a review see Radivojac et al. (2007)). 

Using bioinformatics approaches (as described in Ferron et al. (2006) and 
Bourhis et al. (2007), we further extended these results to the N and P proteins of 
viruses of the Paramyxovirinae subfamily (Karlin et al., 2003). By combining com
putational and experimental approaches (as described in Receveur-Br6chot et al. 
(2006)), we showed that large disordered regions also occur within the P protein 
of rabies virus (RV, a Rhabdoviridae member) (Gerard et al., 2009) and of respi
ratory syncytial virus (RSV, a Pneumovirinae member within the Paramyxoviridae 
family) (Llorente et al., 2006). Altogether, these data pointed out that structural 
disorder is a conserved and widespread property within these two viral families, 
thus implying functional relevance. 

3.2 STRUCTURAL ORGANIZATION OF THE PHOSPHOPROTEIN 

Like the N, the P protein provides several functions in transcription and replication. 
Beyond serving as a chaperone for N, P binds to the nucleocapsid, thus tethering 
the polymerase onto the nucleocapsid template. The actual oligomeric state of P of 
MeV and Henipavirus is unknown. However, by analogy with the closely related 
SeV (Tarbouriech et al., 2000a, 2000b), it is thought to be tetrameric (Fig. 3.1). 

The P genes of MeV and of henipaviruses encode multiple proteins, including P, 
V, and C (for reviews see Longhi and Canard (1999), Lamb and Kolakofsky (2001), 
Eaton et al. (2007), and Lamb and Parks (2007)). While the C protein is encoded 
by an alternate ORF within the P gene through ribosome initiation at an alternative 
translation codon, the V protein is translated from a P messenger obtained on 
cotranscriptional insertion of a G at the editing site of the P mRNA. The V proteins 
thus share with the P proteins theN-terminal module (MeV PNT (P N-terminal), 
aa 1-230; NiV PNT, aa 1-406; and HeV PNT, aa 1-404) and possess a unique C
terminal, zinc-binding domain (ZnBD). The organization of the P gene suggests that 
Pis a modular protein, consisting of at least two domains: anN-terminal domain 
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(PNT) common to both P and V and a C-terminal domain (PCT) unique to the P 
protein (Figs. 3.2a and 3.3a). Transcription requires only the PCT domain, whereas 
genome replication requires PNT also. Within Paramyxovirinae, PNT plays the role 
of a chaperone for newly synthesized N (Nl), and it is this interaction that leads 
to the formation of the encapsidation complex {Nl-P) that is used as a substrate 
by the polymerase during RNA replication (for review Longhi and Canard (1999) 
Lamb and Kolakofsky (2001), and Lamb and Parks (2007)). Within the MeV N>-P 
complex, P to N binding is mediated by the dual PNT -NcORE and PCT -NTAIL 
interaction (Chen et al., 2003) (Fig. 3.1b). It has recently been suggested that the 
MeV N>-P complex has a very short half-life (Plumet et al., 2005). 

3.2.1 The Intrinsically Disordered PNT Domains of Measles, Nipah, 
and Dendra VIruses 

After purification from the soluble fraction of Escherichia coli, the PNT domains 
from MeV, NiV, and HeV display an abnormally slow migration in SDS-PAGE, 
with an apparent molecular mass of 32 kDa for MeV PNT (expected mass 25 kDa) 
(Karlin et al., 2002) and 60 kDa for both NiV and HeV PNT domains (expected 
mass 45 kDa) (Habchi et al., 2010). Notably, in all cases, mass spectrometry analy
ses confirmed that the recombinant products possess the expected molecular mass. 
This anomalous behavior, which constitutes a hallmark of structural disorder, is 
related to a rather high content in acidic residues. This characteristic has been 
previously described in the literature for other Paramyxovirinae P proteins (Lamb 
and Kolakofsky, 2001; Lamb and Parks, 2007) and, more generally, in other IDPs 
(fompa, 2002). 

The hydrodynamic properties of PNT domains inferred from size exclusion chro
matography (SEC) are consistent with these protein domains possessing extended 
conformations in solution (fable 3.1). Indeed, they display rather large values of 
hydrodynamic radius (Stokes radius, Rs) (41 A and 44 A for MeV and Henipavirus 
PNT, respectively) compared to the theoretical values of Rs expected for globular 
proteins having the same molecular mass as that of either Henipavirus PNT (29 A) 
or MeV PNT (23 A) (fable 3.1). In addition, the theoretical expected Rs for fully 
unfolded proteins of the same molecular mass as that of either MeV or Henipavirus 
PNT domains are 46 A and 60 A, respectively (Table 3.1). Thus, the experimentally 
observed Rs are not compatible with the values expected for globular proteins, but 
rather with those expected for (at least partly) unfolded polypeptide chains. 

The absence of a globular core has been further demonstrated by limited pro
teolysis experiments, which showed that PNT domains are fully exposed to the 
solvent (Karlin et al., 2002; Habchi et al., 2010). In addition, the very negative 
ellipticity at 200 nm observed in the far-UV CD (circular dichroism) spectra of 
MeV (Fig. 3.2b) and henipaviruses PNT (Fig. 3.3b), together with the small spread 
of the resonance frequencies (between 7.8 and 8.7 ppm) of the Nuclear Over
hauser Effect Spectroscopy (NOESY) spectra (Fig. 3.3c and data not shown), 
support the absence of stable secondary structures (Karlin et al., 2002; Habchi 
et al., 2010). 
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Figure 3.2 (a) Schematic representation of the modular organization of MeV P, where globular and disordered regions are represented by 
large and narrow boxes, respectively. 1be vertical line separating PNT and PCT is located at the border between the region shared by P and 
V and the region unique to P (see text). 1be hydrophobic region with Ot-belical folding potential at the N-terminus of P is highlighted The 
crystal structures of MeV XD (PDB code lOKS) (Johansson et al., 2003) and SeV PMD (PDB code 1EZJ) (farbouriech et al., 2000b) are also 
shown. Structures were drawn using Pymol (DeLano, 2002). (b) Far-lN CD spectrum of MeV PNT (0.1 mglmL) in 10mM sodium phosphate 
buffer pH 7 at 20°C. (c) MeDor ouput of MeV PNT (accession number CAA91364). The sequence is represented as a single, continuous 
horizontal line below the predicted secondary structure elements. Below the sequence is shown the hierarchical cluster analysis (HCA) plot 
and the predicted regions of disorder that are represented by bidirectional arrows. The region highlighted corresponds to a putative et-MoRE 
possibly involved in Nl binding. MRE. mean residue ellipticity. Source : Modified from Longhi and Oglesbee (2010). 
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Figure 3.3 (a) Schematic representation of the modular organization of HeV P, where 
globular and disordered regions are represented by large and narrow boxes, respectively. 
The vertical line separating PNT and Per is located at the border between the region 
shared by P and V and the region unique toP. 1be hydrophobic Ot-helical region at the 
N-terminus is highlighted. (b) Far-UV circular dichroism spectra of Henipavirus PNT 
(O.lmglmL) in lOmM sodium phosphate buffer pH 7 at 20°C. (c) Two~imensional 
1H NMR NOESY spectrum ofNiV PNT (O.lmM) in lOmM sodium phosphate pH 7, 
150mM Naa, and 10% D20 recorded at lOOK. ppm: values for resonance shifts in parts 
per million of the spectrophotometer frequency. The frame shows the small spread of the 
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TABLE3.1 Hydrodynamic Properties of MeV and Henipaviros PNT 

MM'PP ~ Rsssc RsDLS RsDLS+UREA RsNF RlMG Rsu 
(kDa) (kDa) (A) (A) (A) (A) (A) (A) 

NiV 137 45 44±2 44±3 55±2 29 43 60 
HeV 138 45 44±2 50±3 57±2 29 43 60 
MeV 115 24 41±3 47±4 ND 23 34 46 

"The Stokes radii of MeV and Henipaviros PNT domains as obtained by either SEC (RsSEC) or 
DLS (Rs0LS) analyses in the presence or absence of urea are shown. The average values as obtained 
from three independent measurements are shown. The apparent molecular masses either inferred 
from the SEC calibration column (MM'PP) or expected based on the amino acid sequence ~) 
are shown. The values of the Stokes radii expected for the various conformational states are indi
cated. Abbreviations: NF, natively unfolded; PMG, premolten globule; U, fully unfolded; NO, not 
determined. Source: Data were taken from Habchi et al. (2010) and Karlin c:t al. (2002). 
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Moreover, PNT domains are consistently predicted to be disordered by several 
disorder predictors (Karlin et al., 2002; Habchi et al., 2010), including the method 
of the hydrophobicity/mean charge ratio (Uversky et al., 2000), as well as most 
disorder predictors implemented within the MeDor metaserver for the prediction of 
disorder (Lieutaud et al., 2008) (Fig. 3.2c and data not shown). Using computational 
approaches, we have extended these results to the W protein of Se V (the PNT 
counterpart), as well as to other PNT domains from other Morbillivirus members 
(Karlin et al., 2002). The consistent disorder prediction for PNT domains indicates 
that the lack of stable secondary structure does not arise from a purification artifact, 
being rather an intrinsic property encoded in their primary structure. 

Interestingly, a short (40-50 residues) ordered region is consistently predicted 
at the N-terminus of P of MeV, NiV, and HeV by all the predictors implemented 
in MeDor (Fig. 3.2c and data not shown). This N-terminal module with CL-helical 
folding propensities corresponds to a conserved region amongst Avulavirus, 
Henipavirus, and Rubulavirus members (Karlin et al., 2003), with that from 
rubulaviruses having been shown to be involved in N>-binding (Watanabe 
et al., 1996). Therefore, this region likely corresponds to an CL-helical Molecular 
Recognition Element (CL-MoRE), where MoREs are short, order-prone regions 
within IDPs, which have a certain propensity to bind to a partner and thereby to 
undergo induced folding (i.e., a disorder-to-order transition) (Garner et al., 1999; 
Oldfield et al., 2005; Mohan et al., 2006; Vacic et al., 2007). 

Consistent with the predicted occurrence of short regions with some folding 
potential, hydrodynamic studies showed that Henipavirus PNT domains are not 
fully extended in solution and rather adopt a premolten globule (PMG) confor
mation. PMGs are characterized by a conformational state intermediate between a 
random coil (RC) and a molten globule and possess a certain degree of residual 
compactness because of the presence of residual and :fluctuating secondary and/or 
tertiary structures (Dunker et al., 2001; Uversky, 2002). As shown in Table 3.1, the 
measured hydrodynamic radii of Henipavirus PNT, as inferred from both SEC and 
dynamic light scattering (DLS) studies, are close to the values expected for native 
PMG conformations (fable 3.1). Unexpectedly (i.e., contrary to predictions), the 
measured hydrodynamic radius of MeV PNT is close to the value expected for 
a fully unfolded form (fable 3.1). In further support of the occurrence of some 
residual structure within Henipavirus PNT, DLS studies pointed out a significant 
increase in the Rs of the PNT domains on addition of urea (fable 3.1). Further
more, the HeV PNT domain has a notable behavior in that its Rs, as measured 
by DLS, is slightly, but significantly, larger than that inferred from SEC studies 
(fable 3.1). This observation is consistent with HeV PNT, adopting a slightly more 
extended conformation with respect to NiV PNT. The more extended conformation 
of MeV and HeV PNT domains with respect to NiV PNT is also revealed by their 
far-UV CD parameters. Indeed, Uversky noticed that IDPs can be subdivided into 
PMG-like and RC-like as a function of their ellipticity values at 200 and 222 nm 
(Uversky, 2002). Strikingly, both MeV and HeV PNT domains are closer to the 
random coil-like region of the plot than NiV PNT (Fig. 3.4). 
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Figure 3.4 A 222-200 nm ellipticity plot The mean residue ellipticity (MRE) values at 
222nm of a set of well-characterized unfolded or premolten globule proteins (Uversky, 
2002) have been plotted against the MRE values at 200 nm. The position in the plot of 
MeV and Henipavirus PNT is highlighted. RC, random coil; PMG, premolten globule. 
Source: Modified from Habchi et al. (2010). 

Thus the MeV and henipaviruses PNT domains are not fully unfolded, but they 
conserve some transiently populated secondary structure content typical of the PMG 
subfamily of IDPs, with the extent of residual compactness following the order 
NiV PNT > HeY PNT > MeV PNT. The residual ordered secondary structure 
present within NiV PNT, and to a lower extent within HeY PNT, likely arises 
from a transiently populated a.-MoRE. That the conformational space sampled by 
these interaction-prone short segments within intrinsically disordered regions can be 
restricted even in the absence of the partner has already been reported (Fuxreiter 
et al., 2004). It has been proposed that the residual intramolecular interactions 
that typify the PMG state may enable a more efficient start of the folding process 
induced by a partner by lowering the entropic cost of the folding-coupled-to-binding 
process (Tompa, 2002; Fuxreiter et al., 2004; Lacy et al., 2004). 

What are the functional implications of the intrinsic disorder of PNT domains? 
PNT domains are reminiscent of transcriptional acidic activator domains (AADs). 
AADs play a role in recruiting the transcriptional machinery via protein-protein 
interactions, and their function does not rely on a precise tertiary structure. Recently, 
several studies have shown that AADs act through bulky hydrophobic residues 
scattered within acidic residues. The numerous, charged residues would help to 
keep these hydrophobic residues in an aqueous environment, allowing them to 
establish weak, short-distance contacts with hydrophobic patches in their targets. 
According to this model, specificity of AADs for their physiological partners is 
determined by other factors dictating their colocalization with those partners (on 
DNA), and affinity is ensured by the intervention of multiple activation domains 
that strengthen the interaction (Melcher, 2000). AADs undergo induced folding in 
the presence of their physiological partner (Melcher, 2000). In the case of SeV, PNT 
was shown to be required for the synthesis of genomic RNA (Curran et al., 1995). 
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1bis activity is related to the involvement of PNT domain in the formation of 
the N>-P complex that is the substrate for the encapsidation of the nascent RNA 
chain, but it could also be attributed to a weak PNT-L interaction, as shown in 
the case of rinderpest virus (Sweetman et al., 2001). In contrast, a stable L-P 
interaction site has been mapped within the PCT domain (Smallwood et al., 1994 ). 
Given the similarity of AADs to PNT, the colocalization of PNT and L on the 
N-RNA complex would be ensured by the presence of a stable, independent L-P 
interaction site. The colocalization, together with the presence of multiple PNT 
domains within the P tetramer, would strengthen the PNT -L interaction. 

Interestingly, the incubation of MeV and henipaviruses PNT domains in the 
presence of increasing concentrations of 2,2,2-trifl.uoroethanol (fFE) induces a 
pronounced gain of a.-helicity (Karlin et al., 2002; Habchi et al., 2010, p. 1536). 
TFE is an organic solvent that mimics the hydrophobic environment experienced by 
proteins during protein-protein interactions and is thus widely used as an empirical 
probe of hidden structural propensities of proteins and to unveil regions that have 
a propensity to undergo induced folding (Dahlman-Wright and McEwan, 1996; 
Hua et al., 1998). In the case of MeV PNT, limited proteolysis experiments in 
the presence of TFE led to the identification of a thermolysin-resistant fragment. 
1bis fragment, spanning residues 27-99 for MeV PNT, contains a protein region 
(aa 27 -38) with a strong propensity to fold as an a.-helix. This a.-helix may well 
represent an a.-MoRE involved in a disorder-to-order transition of PNT domain on 
binding to a partner (Karlin et al., 2002). 

Does a PNT domain actually undergo induced folding on interaction with its 
physiological partner(s)? It is conceivable that theN-terminus of P folds on binding 
to N>. This gain of structure may favor recognition of the N>-P complex by the 
polymerase and the proper positioning of N monomers on the nascent RNA chain. 
However, direct answers to this question await the availability of the two potential 
physiological partners of PNT, namely, N> and the L protein 

3.2.2 The Partly Disordered PCT Domain 

Beyond PNT domain, other disordered regions have been identified within the P of 
MeV and Henipavirus. Indeed, the Per domain has a modular organization, being 
composed of alternating disordered and structured regions (Karlin et al., 2003, 
Habchi, 2010 p. 1536) (Figs. 3.2a and 3.3a). Within MeV PCT, the region span
ning residues 304-376 of P (referred to as PMD for Pmultimerization domain) 
is responsible for the oligomerization of P (Chen et al., 2005), while the XD 
is responsible for binding to both NTAIL (Johansson et al., 2003) and the cel
lular ubiquitin E3 ligase Pirh2 (Chen et al., 2005). In morbilliviruses and heni
paviruses, sequence analysis predicts a coiled-coil region within the PMD. The 
coiled-coil organization has been experimentally confirmed in the case of PMDs 
of SeV (farbouriech et al., 2000b) and rinderpest virus (Rahaman et al., 2004). 
Although no experimental data are available on the oligomeric state of Henipavirus 
P, the protein is thought to oligomerize via PMD by analogy to Morbillivirus 
members. 



S'IRUCfURAL ORGANIZATION OF Tim PHOSPHOPROIEIN 59 

We have previously reported the crystal structure of MeV XD and shown that 
it consists of a triple a.-helical bundle (Johansson et al., 2003) (Fig. 3.2a). High 
resolution structural data are also available for the XDs of the closely related MuV 
and SeV, the structure of which have been solved by X-ray crystallography and 
nuclear magnetic resonance (NMR), respectively (Blanchard et al., 2004; Kingston 
et al., 2008). The MuV XD (aa 343-391 of P) has a few notable distinguishing 
properties with respect to MeV and SeV XDs.lndeed, MuV XD has been shown to 
exist as a molten globule in solution, being loosely packed and devoid of a stable 
tertiary structure (Kingston et al., 2004, 2008). In addition, contrary to the MeV and 
SeV XDs, MuV XD does not interact with NTAIL and rather establishes contacts 
with the structured NcoRE region of N (Kingston et al., 2004). Structural data are 
also available for the C-terminal domain of Rhabdoviridae members, namely, RV 
(Mavrakis et al., 2004), VSV (Ribeiro et al., 2008), and Mokola virus (Assenberg 
et al., 2010). Interestingly, comparison of the P nucleocapsid-binding domains 
solved so far suggests that the N-RNA binding domains are structurally conserved 
among Paramyxoviridae and Rhabdoviridae P in spite of low sequence conservation 
(Delmas et al., 2010). They, therefore, provide a fascinating example of convergent 
evolution. 

In all Paramyxovirinae members, PMD and XD are separated by a flexible 
linker region predicted to be poorly ordered (Karlin et al., 2003). Indeed, in the 
case of SeV, NMR studies carried out on the 474-568 region of P (referred to 
as PX) showed that the region upstream XD (aa 474-515 of P) is disordered 
(Bernado et al., 2005; Houben et al., 2007a). The flexibility and solvent exposure 
of this linker region has been also experimentally determined in the case of MeV, 
where recombinant Per was shown to undergo spontaneous cleavage at position 
436 (Longhi et al., 2003). Finally, in morbilliviruses, an additional flexible region 
(referred to as "spacer'') occurs upstream PMD (Karlin et al., 2003). 

The disordered nature of PNT domains and of the "spacer" region connecting 
PNT to PMD likely reflects a way of alleviating evolutionary constraints within 
overlapping ORFs, in agreement with previous reports that pointed out a relation
ship between overlapping genes and structural disorder (Jordan et al., 2000; Kovacs 
et al., 2010; Narechania et al., 2005; Rancurel et al., 2009). Indeed, PNT partially 
overlaps the C protein (being encoded by the same RNA region), and the spacer 
region partially overlaps the ORF encoding the ZnBD of the V protein (Fig. 3.2a) 
(Lamb and Kolakofsky, 2001; Lamb and Parks, 2007). Disorder, which is encoded 
by a much wider portion of sequence space as compared to order, can indeed rep
resent a strategy by which genes encoding overlapping reading frames can lessen 
evolutionary constraints imposed on their sequence by the overlap, allowing the 
encoded overlapping protein products to sample a wider sequence space without 
losing function. 

In the same vein, by comparing the modular organization of the P proteins 
within the Paramyxovirinae subfamily, we noticed that a larger PNT domain in 
henipaviruses accounts for the extra length of their P protein (Figs. 3.2a and 3.3a). 
This finding is consistent with the higher tolerance of disordered regions to inser
tions or major rearrangements as compared to ordered ones. 
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3.3 STRUCTURAL ORGANIZATION OF THE NUCLEOPROTEIN 

Bioinformatics, deletion, and electron microscopy studies have shown that 
Paramyxoviridae Ns are divided into two regions: a structured N-terminal moiety, 
NcoRE (aa 1-400 in MeV and aa 1-399 in henipaviruses), which contains all 
the regions necessary for self-assembly and RNA binding (Buchholz et al., 1993; 
Curran et al., 1993; Bankamp et al., 1996; Liston et al., 1997; Myers et al., 1997; 
Myers et al., 1999; Karlin et al., 2002; Kingston et al., 2004), and a C-terminal 
domain, NTAIL (aa 401-525 in MeV and aa 400-532 in Henipavirus), which 
is intrinsically disordered (Longhi et al., 2003; Habchi et al., 2010) (Figs. 3.5a 
and 3.6a). NTAIL protrudes from the globular body of NcoRE and is exposed at 
the surface of the viral nucleocapsid (Heggeness et al., 1980, 1981; Karlin et al., 
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Figure 3.5 (a) Schematic representation of the modular organization of MeV N, where 
the disordered NTAIL domain is represented by a narrow box. The location of N-N, N-P, 
and RNA-binding sites is indicated. The central conserved region (CCR, aa 258-357) 
involved in oligomerization and in RNA binding is depicted in dark gray. The three 
NTAIL Boxes conserved among Morbillivirus members (Diallo et al., 1994) are shown, as 
well as the location of the binding sites of NR, hsp70, XD, and M. The experimentally 
characterized et-MoRE involved in binding to XD is shown (Kingston et al., 2004). (b) 
MeDor output of MeV NTAIL (accession number P04851). The first and the last regions 
highlighted in light gray correspond to a putative a-MoRE involved in binding to NR 
(Laine et al., 2005) and to an 1-MoRE contributing to the interaction with XD (Bomhis 
et al., 2005) (see text). The second region highlighted in light gray corresponds to the 
experimentally characterized a-MoRE (Kingston et al., 2004). Conventions are the same 
as in Fig. 3.2c. 



Figure 3.6 (a) Schematic representation of the modular organization of Henipavirus 
N. 1be disordered NTAJL domain is represented by a narrow box. The two putative Ot
MoREs (aa 408-422 and aa 473-493), as weU as a putative irregular MoRE (1-MoRE) 
(aa 523-532) and a putative MoRE of dubious state (aa 444-464, see region oontoured by 
a dashed line) are shown. (b) MeDoroutputofNiV NTAJL where the four putative MoREs 
are highlighted in dark gray. Conventions are the same as in Fig. 3.2c. Far-UV CD spectra 
of (c) NiV and (d) HeV NTAIL· The spectra were recorded in 10mM sodium phosphate 
pH 7 at 20°C in the presence of increasing concentrations ofTFE (0%, 7.5%, 15%, 20%, 
and 30%). Protein concentrations ranged from 0.06 mglmL (30% TFE) to 0.1 mglmL (0% 
TFE). The insets show the Ot-helical oontent at the various TFEconcentrations as estimated 
by CDSSTR. Source : Modified from Habchi et aL (2010). 

2002). NTAJL contains the regions responsible for binding toP in both Nl-P and 
~uc_p colq)lexes (Fig. 3.1) (Bank31q) et al ., 1996; Liston et al ., 1997; Longhi 
et al., 2003; Kingston et al ., 2004). 

When expressed in heterologous systems, MeV Nand NN N self-assemble to 
form large helical nucleocapsidlilre particles with a broad ~distribution (Spehner 
et al ., 1991 ; Warnes et al ., 1995; Bhella et al., 2002; Tan et al ., 2004; Kerdiles et al ., 
2006). MeV nucleocapsid&, as vi~ by negative stain transmission electron 
microscopy, have a typical herringbonelilre appearance (Bhella et al ., 2002, 2004; 
Karlin et al ., 2002; Longhi et al ., 2003; Schoehn et al ., 2004). The nucleocapsid of 
an Paramyxoviridae meni>ers has a considerable conformational ftextbility and can 
adopt different helical pitches (the axial rise per turn) and twists (the nll11i>er of 
subunits per turn) resulting in conformations differing in their extent of COiq)3Ct
ness (Heggeness et al ., 1980, 1981 ; Egelman et al ., 1989; Bhella et al ., 2002, 2004; 
Schoehn et al., 2004). Because of this property, Paramyxoviridae Ns are poorly 
amenable to high resolution structural characterizations. Because of variable helical 
parameters, the reconbinant or viral nucleocapsid& are also difficult to analyre using 
electron microscopy coupled to image analysis. Despite these technical drawbacks, 
elegant electron microscopy studies by two independent groups led to real-space 
helical reconstruction of MeV nucleocapsids (Bhella et al., 2004; Schoehn et al ., 
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2004 ). These studies showed that the most extended nucleocapsid conformation 
has a helical pitch of 66 A, while twist varies from 13.04 to 13.44 (Bhella 
et al., 2004). Notably, these studies also highlighted a cross talk between NcoRE 
and NTAIL, which was judged based on the observation that removal of the 
disordered NTAIL domain leads to increased nucleocapsid rigidity, with significant 
changes in both pitch and twist (see Longhi et al., 2003; Bhella et al., 2004; 
Schoehn et al., 2004 ). Distinct nucleocapsid morphologies have been associated 
with either high or low levels of viral transcriptional activity, making variations in 
NTAIL -NcoRE interaction a possible determinant of viral gene expression (Robbins 
et al., 1980). 

Conversely, high resolution structural data are available for two Rhabdoviridae 
members, namely, RV and VSV (Albertini et al., 2006; Green et al., 2006; Luo 
et al., 2007), and for RSV (fawar et al., 2009), for which the crystal structures 
of N-RNA rings have been solved. The N of these viruses consists of two lobes 
and possesses an extended terminal arm that makes contacts with a neighboring N 
monomer. The RNA is tightly packed between the two N lobes and, in the case 
of RV and VSV, points toward the inner cavity of theN-RNA rings. Conversely, 
in the case of RSV, the RNA is located on the external face of theN-RNA rings 
(fawar et al., 2009). Thus, in all these Ns, the RNA is not accessible to the solvent 
and has to be partially released from N to become accessible to the polymerase. 
In addition, the crystal structure of the N of the Boma disease virus has also been 
solved. Although it also shares a bilobal morphology with the N proteins from the 
above-mentioned viruses, its structure was not solved from N-RNA rings but from 
the N protein alone and was shown to consist of a tightly packed homotetramer 
centered at the fourfold crystallographic axis of the crystal (Rudolph et al., 2003). 

Functional and structural similarities between the Ns of Rhabdoviridae and of 
Paramyxovirinae members are well established. In particular, they share the same 
organization in two well-defined regions, NcoRE and NTAIL, and in both families 
a central conserved region (CCR) is involved in RNA binding and self-assembly 
of Ns (Kouznetzoff et al., 1998; Myers et al., 1999). Incubation of the RV nucle
ocapsid with trypsin results in the removal of the C-terminal region (aa 377 -450) 
(Kouznetzoff et al., 1998). This NTAIL -free nucleocapsid is no longer able to bind 
to P, thus suggesting that in the family Rhabdoviridae, NTAIL plays a role in the 
recruitment of Pas in the case of Paramyxoviridae (Schoehn et al., 2001). However, 
in contrast to NiV, HeV, and MeV, the RV NTAIL domain is structured, as is that of 
VSV (Albertini et al., 2006; Green et al., 2006). In the case of RSV, the last 12-20 
residues of N are disordered in the crystal (fawar et al., 2009). Although VSV, 
RV, and RSV Ns share the same bilobed morphology, presently it is not known 
whether this morphology is also conserved in MeV and henipaviruses. Notably, 
bioinformatics analyses predict that MeV N coRE is organized into two subdomains 
(aa 1-130 and aa 145-400) (Ferron et al., 2006; Bourhis et al., 2007) separated 
by a variable, antigenic loop (aa 131-149) (Giraudon et al., 1988), which might 
fold cooperatively into a bilobed morphology. 

As indicated previously, the N region responsible for binding to P within the 
MeV NNUc-P complex is located within NTAIL, whereas the N>-P complex 
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involves an additional interaction between NcoRE and the disordered N-terminal 
domain of P (PNT) (Fig. 3.1). In other words, the MeV Nl-P complex reflects 
dual PNT-NCORE and PCT-NrAIL interactions (Chen et al., 2003) (Fig. 3.1). 
Studies on SeV suggested that an Nl-P complex is absolutely necessary for 
the polymerase to initiate encapsidation (Baker and Moyer, 1988). Therefore, 
formation of the Nl-P complex would have at least two separate functions: (i) 
prevent illegitimate self-assembly of N and (ii) allow the polymerase to deliver N 
to the nascent RNA to initiate replication. 

The regions within NcORE responsible for binding to PNT within the N>-P 
complex have been mapped to residues 4-188 and 304-373, with the latter region 
being not strictly required for binding but rather favors it (Bank:amp et al., 1996) 
(Fig. 3.5a). However, precise mapping of such regions is hard because NcoRE does 
not have a modular structure, and consequently, it is difficult to distinguish between 
gross structural defects and specific effects of deletions. 

3.3.1 The Intrinsically Disordered NTAIL Domains of Measles, Nipah, 
and Dendra V~ruses 

In morbilli viruses, NTAIL is responsible for binding to P in both N>-P and NNUC-P 
complexes (Bank:amp et al., 1996; Liston et al., 1997; Longhi et al., 2003; Kingston 
et al., 2004). Within the MeV NNUC_p complex, NTAIL is also responsible for the 
interaction with the polymerase (L-P) complex (Bank:amp et al., 1996; Liston et al., 
1997; Longhi et al., 2003; Kingston et al., 2004) (Fig. 3.1). 

NTAIL domains of NiV, HeV, and MeV possess features that are hallmarks of 
intrinsic disorder: (i) they are hypersensitive to proteolysis (Karlin et al., 2002; 
Habchi et al., 2010); (ii) they cannot be visualized in cryo-electron microscopy 
reconstructions of nucleocapsid& (Bhella et al., 2004 ); and (iii) they have an amino 
acid sequence that is highly variable amongst phylogenetically related members 
(see Fig. 81 in Habchi et al. (2010)). 

In agreement, the sequence properties of NTAIL domains conform to those of 
IDPs. IDPs have been shown to be enriched in charged and polar residues (R, 
Q, S, and E), which are generally found in solvent-exposed loops of structured 
proteins (and hence referred to as disorder-promoting residues), and to be depleted 
in hydrophobic, bulky residues (W, C, F, Y, I, L), which are generally buried in 
structured proteins (and hence referred to as order-promoting residues) (Dunker 
et al., 2001). While the amino acid composition of NcoRE does not deviate sig
nificantly from the average composition of proteins found in the Protein Data 
Bank (PDB), the NTAIL regions are depleted in order promoting residues and 
enriched in disorder promoting residues (Longhi et al., 2003; Habchi et al., 2010). 
Moreover, MeV, NiV, and HeV NTAIL domains are predicted to be mainly (if 
not fully) disordered by the secondary structure and disorder predictors imple
mented within the MeDor metaserver (Lieutaud et al., 2008) (Figs. 3.5b and 3.6b). 
Notably, however, short order-prone regions, possibly corresponding to MoREs, 
can be readily detected within NiV, HeV, and MeV NTAIL domains (Figs. 3.5b 
and 3.6b). 
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TABLE3.2 Hydrodynamic Properties of MeV and Henipavims NTAIL 

MWPP M~ RsSEC RsDLS RsDLS+ UREA RsNF RsPMG Rsu 
(kDa) (kDa) (A) (A) (A) (A) (A) (A) 

NiV 43 15 28±2 28±3 37±2 19 28 34 
HeV 43 15 28±2 26± 1 37±2 19 28 34 
MeV 36 15 27±3 30±2 ND 19 28 34 

The Stokes radii of MeV and Henipavirus NThiL domains as obtained by either SEC (Rg8 EC) or DLS 
(Rs 0 LS) analyses in the presence or absence of urea are shown. The average values as obtained from 
three independent measurements are shown. The apparent molecular masses either inferred from 
the SEC calibration column (MM"I'P) or expected based on the amino acid sequence (MMI"'0 ) are 
shown. The values of the Stokes radii expected for the various conformational states are indicated. 
Abbreviations: NF, natively folded; PMG, premolten globule; U, fully unfolded; ND, not detennined. 
Source: Data were taken from Habchi et al. (2010) and from Longhi et al. (2003). 

Biochemical, hydrodynamic, and spectroscopic analyses, similar to those car
ried out during the characterization of PNT domains, confirmed that MeV and 
Henipavirus NTAIL domains belong to the family of IDPs (Longhi et al., 2003; 
Habchi et al., 2010). Although these NTAIL domains are mostly unfolded in solu
tion, they have been shown to retain a certain degree of compactness based on 
their Rs (Table 3.2) and ellipticity values at 200 and 222 nm (Longhi et al., 2003; 
Habchi et al., 2010). Furthermore, DLS studies in the presence of urea showed 
an increase in the Rs for all these domains, thereby confirming their native PMG 
state (Table 3.2). Altogether, these characteristics indicate that MeV, NiV, and HeY 
NTAIL domains can be classified within the PMG subfamily (Longhi et al., 2003; 
Bourhis et al., 2004; Habchi et al., 2010). 

As already mentioned, the functional relevance of PMGs is related to a facilitated 
induced folding process. That NTAIL does indeed undergo induced folding was 
pointed out by CD studies. Those studies showed that MeV NTAIL undergoes an 
CL-helical transition in the presence of PCT (Longhi et al., 2003), while both NiV 
and HeY NTAIL were shown to gain CL-helicity in the presence of TFE (Habchi 
et al., 2010) (Fig. 3.6c,d). In the case of MeV, an CL-MoRE (aa 488-499 of N) has 
been identified within one (namely, Box 2) out of three NTAIL regions (referred 
to as Box 1, Box 2, and Box 3) that are conserved within Morbillivirus members 
(Diallo et al., 1994) (Fig. 3.5). The role of the MeV CL-MoRE in binding toP and 
in the CL-helical induced folding of NTAIL was further confirmed by spectroscopic 
and biochemical experiments carried out on a truncated NTAIL form devoid of the 
489-525 region (Bourhis et al., 2004). Apart from the CL-MoRE, two additional 
short regions with some folding potential can be detected within MeV NTAIL: one 
located in the 400-420 region and another located at the C-terminus (aa 516-525) 
(Fig. 3.5b). Notably, the former region was shown to represent the binding site 
to an yet uncharacterized N Receptor, referred to as NR, which is expressed at 
the surface of dendritic cells of lymphoid origin (both normal and tumoral) (Laine 
et al., 2003) and of T and B lymphocytes (Laine et al., 2005), while the latter 
region has been shown to play a role in the binding to XD (Section 3.3.2). 
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In the case of Henipavirus NTAIL, four putative MoREs were identified: (i) two 
a-MoREs (aa 408-422 and aa 473-493), roughly corresponding to the NR-binding 
site and to the experimentally characterized a-MoRE of MeV NTAIL. respectively; 
(ii) an irregular MoRE (I-MoRE) (aa 523-532) corresponding to the XD-binding 
region located at the C-terminus of MeV NTAIL; and (iii) an additional putative a
MoRE (aa 444-464) (Fig. 3.6b). However, based on the experimentally observed 
behavior of both the Henipavirus NTAIL, the latter MoRE is more probably of a
helical type: indeed far-UV CD studies pointed out an increase in the a-helical 
content of HeV and NiV NTAIL domains on addition of increasing concentrations 
of TFE, while no concomitant dose-dependant increase in the content of ~-content 
was detected (see insets in Fig. 3.6c,d). 

3.3.2 Molecular Mechanisms of the XD-Induced Folding 
of Measles Virus NTAIT.. 

In the case of MeV, the P region responsible for the interaction with and induced 
folding of NTAIL has been mapped to the C-terminal XD (aa 459-507) of P 
(Fig. 3.1), and its crystal structure has been solved at 1.8 A resolution (Johansson 
et al., 2003). A model of the interaction between XD and thea-MoRE of MeV 
NTAIL was then built, in which NTAIL is embedded in a large XD hydrophobic 
cleft delimited by helices a2 and a3 of XD. According to this model, burying 
hydrophobic residues of the a-MoRE would provide the driving force to induce 
the folding of the a-MoRE, thus leading to a pseudo-four-helix arrangement that 
occurs frequently in Nature (Johansson et al., 2003). This model has been subse
quently validated by Kingston and coworkers who solved the crystal structure of 
a chimeric form mimicking this complex (Fig. 3.7a,b) (Kingston et al., 2004). 

The C-terminal region of both the Henipavirus P proteins (also referred to as 
XD, see Fig. 3.3a) is predicted to be structured and to adopt a predominant a-helical 
conformation (data not shown). By analogy with other Paramyxovirinae members, 
we can speculate that this globular region could be the counterpart of the MeV 
XD and thus be involved in binding to NTAIL. Definite answers to the possible 
conservation amongst these viruses of a similar NTAIL-XD interaction profile await 
additional experimental work that is presently in progress in our laboratory. 

Small angle X-ray scattering (SAXS) studies of the MeV NTAIL -XD complex 
provided a low resolution model of the NTAIL bound form, which showed that 
most of NTAIL (aa 401-488) remains disordered within the complex (Fig. 3.7c,d) 
(Bourhis et al., 2005). The lack of a protruding appendage corresponding to the 
extreme C-terminus of NTAIL suggests that, besides Box 2, Box 3 could also be 
involved in binding to XD (Bourhis et al., 2005). That MeV XD does indeed affect 
the conformation of Box 3 has been confirmed by heteronuclear NMR (HN-NMR) 
studies, where analysis of the HSQC (heteronuclear single quantum coherence) 
spectra of 15N-labeled NTAIL (or of a truncated form devoid of Box 3) showed 
that the addition of XD triggered both a-helical folding of Box 2 and a minor, but 
significant, magnetic perturbation within Box 3 (Bourhis et al., 2005; Gely et al., 
2010). 
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Figure 3.7 (a,b) Crystal structure of the chimeric construct between XD and the 01-
MoRE of MeV NTAIL (aa 486-504 of N, dark gray, ribbon representation) (PDB code 
1T60) (Kingston et al., 2004). XD is shown by a ribbon (a) or surface (b) representation. 
In b, the hydrophobic residues ofXD and of the 01-MoRE are shown in white. (c) Model 
of the NTAIL-XD complex as derived by small angle X-ray scattering studies (Bowbis 
et al, 2005). The circle points to the lack of a protruding shape from the globular body 
of the model The crystal structure of the chimera between XD and the NTAIL region 
encompassing residues 486-504 (PDB code 1T60) (Kingston et al, 2004) is shown. 
The picture was drawn using Pymol (DeLano, 2002). (d) Low resolution model of the 
NTAIL-XD complex showing that (i) the 401-488 region of NTAIL is disordered and 
exposed to the solvent; (ii) the 01-MoRE is packed against XD; and (iii) the C-terminus of 
NTAIL (Box 3) does not protrude from the globular part of the model. Source : Modified 
from Bowbis et al (2005). 
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(d) 

Figure 3.7 (Continued) 

In further support of the role of Box 3 in binding to XD, surface plasmon 
resonance (SPR) studies showed that removal of either Box 3 alone or Box 2 plus 
Box 3 results in a strong increase (three orders of magnitude) in the equilibrium 
dissociation constant, with the Ko increasing from 80 nM to 12 ~-tM (Bourhis et al., 
2005) (Table 3.3). Conversely, and as expected from the low resolution model 
inferred from SAXS data, Box 1 does not contribute to binding to XD (Table 3.3). 
When synthetic peptides mimicking Box 1, Box 2, and Box 3 were used, Box 2 
peptide (aa 487-507) was found to display an affinity for XD (Ko of 20 nM) that 
was similar to that between XD and NTAIL (Ko of 80 nM), consistent with the 
role of Box 2 as the primary binding site (Table 3.3). Surprisingly, however, Box 
3 peptide exhibits an insignificant affinity for XD (Ko of approximately 1 mM) 
(Table 3.3). In the sarre vein, HN-NMR experirrents using 15N-labeled XD pointed 
out lack of magnetic perturbation within the domain on addition of unlabeled Box 
3 peptide, consistent with the lack of stable contacts between XD and Box 3 
(Bernard et al. , 2009). The discrepancy between the data obtained with NrAIL
truncated proteins and with peptides could be accounted for by assuming that Box 
3 would act only in the context of NTAIL and not in isolation. Consistent with 
this hypothesis, both NTAIL and NTAIL.:\3 (i.e., NTAIL devoid of Box 3 and thus 
spanning residues 401-516 of N) trigger slightly more pronounced chemical shift 
variations within 15N-labeled XD than Box 2 peptide alone, indicating that the 
region downstream Box 2 (either Box 3 itself or the region connecting Box 2 to 
Box 3) contributes to binding to XD, although only when acting in concert with 
Box 2 (Bernard et al. , 2009). Thus, according to this model, Box 3 and Box 2 would 
be functionally coupled in the binding of NTAIL to XD. One can speculate that the 
burying of the hydrophobic side of ex-MoRE in the hydrophobic cleft forrred by 
helices a2 and a3 of XD would provide the primacy driving force in the NTAIL -XD 
interaction and that Box 3 would act to further stabilize the bound conformation. 

In striking contrast with these data, in a recent study by the group of Kingston, 
where synthetic peptides corresponding to the 477-505 or 477-525 region ofNTAIL 
were used, no evidence was obtained in support of a role of the 505-525 region in 
binding to XD (Yegarrbaram and Kingston, (2010)). In addition, in that study, the 
experirrentally determined Ko of the XD-binding reaction was found to be either 
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TABLE 3.3 Calculated EquDibrium Dissociation Constants (Ko) between MeV 
XD and MeV NTAIL Proteins and Peptides Using Surface Plasmon Resonance 

Quality of Fit 

Analyte Residuals Cbi2 Ko 

Box1 peptide (aa 401-421) -0.6 to 0.6 0.048 9mM 
(TIEDKISRAVGPRQAQVSFLH) 

Box 2 peptide (aa 487-507) -1.8 to 1.8 0.209 20nM 
(DSRRSADALLRLQAMAGISEE) 

Box 3 peptide (aa 505-525) -0.6 to 0.6 0.038 1mM 
(SEEQGSDIDTPIVYNDRNLLD) 

NTAILHN (aa 401-525 with anN-term 6-His tag) -1.2 to 1.6 0.150 92nM 
NTAILHNFC (aa 401-525 with an N-term 6-His tag -1.5 to 1.5 0.676 80nM 

and a C-term DYKDDDDK flag sequence) 
NTAILM (aa 401-516 with anN-term 6-His tag -0.6 to 0.4 0.043 121LM 

and a C-term DYKDDDDK flag sequence) 
NTAILA2,3 (aa 401-488 with anN-term 6-His tag -2.4 to 2.4 0.919 411J.-M 

and a C-term DYKDDDDK flag sequence) 
NTAILM (aa 421-525 with anN-term 6-His tag -1.2 to 1.2 0.239 49nM 

and a C-term DYKDDDDK flag sequence) 

Source: Data were taken from Bourhis et al. (2005) and Longhi and Oglesbee (2010). 

7.4 or 15 ILM depending on whether the 477-525 or the 477-505 peptide was 
used, respectively (Yegambaram and Kingston, 2010). 

A role of Se V XD in binding and a.-helical folding of NTAIL has also been shown 
(Houben et al., 2007b). A few features, however, distinguish the SeV NTAIL-XD 
complex from that of MeV. In particular, in SeV NTAIL, the XD-binding region 
is restricted to a region with a.-helical propensities (aa 472-493 of N), while the 
C-terminus is not involved in the interaction (Houben et al., 2007b ). Also, while 
binding between MeV XD and MeV NTAIL occurs with a rather strong affinity (Ko 
of 80 nM) (Bourhis et al., 2005), the experimentally determined Ko for the SeV 
couple is much higher (60 11M) (Houben et al., 2007b). In this regard, however, 
it should be pointed out that since the dissociation constant for the SeV NTAIL
XD binding reaction has been determined using NMR titration, it may have been 
overestimated as a result of the generally high protein concentrations used in these 
studies, leading to nonideal experimental conditions. Finally, contrary to the MeV 
NTAIL -XD complex that is mediated by hydrophobic interactions (Johansson et al., 
2003; Kingston et al., 2004), the SeV-binding interface is dominated by charged 
residues (Houben et al., 2007b ). 

In view of unraveling the precise MeV NTAIL region undergoing a.-helical fold
ing, as well as the impact of XD binding on Box 3, the NTAIL -XD interaction has 
been also investigated by using site-directed spin-labeling (SDSL) electron para
magnetic resonance (EPR) spectroscopy. The basic strategy of SDSL involves the 
introduction of a paramagnetic nitroxide side chain through covalent modification 
of a selected protein site. This is usually accomplished by cysteine-substitution 
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mutagenesis, followed by covalent modification of the unique sulfydryl group with 
a selective nitroxide reagent, such as the methanethiosulfonate derivative (see Feix 
and Klug (1998), Hubbell et al. (1998), Biswas et al. (2001), and Belle et al. 
(2010) for reviews). From the EPR spectral shape of a spin-labeled protein, one 
can extract information in terms of radical mobility, which re:fl.ects the local mobil
ity of residues in the proximity of the radical. Variations in the radical mobility can, 
therefore, be monitored in the presence of partners, ligands, or organic solvents. 

Fourteen single-site MeV NTAIL cysteine variants were designed, purified, and 
labeled, thus enabling grafting of a nitroxide paramagnetic probe on 12 sites scat
tered in the 488-525 region and on 2 sites located outside the reported region of 
interaction with XD (Morin et al., 2006; Belle et al., 2008). EPR spectra were then 
recorded in the presence of either the secondary structure stabilizer TFE or XD. 

Different regions of NTAIL were shown to contribute to a different extent to the 
binding to XD: while the mobility of the spin labels grafted at positions 407 and 
460 was unaffected on addition of XD, the mobility of spin labels grafted within the 
488-502 and the 505-522 regions was severely and moderately reduced, respec
tively (Belle et al., 2008). Furthermore, EPR experiments in the presence of 30% 
sucrose (i.e., under conditions in which the intrinsic motion of the protein becomes 
negligible with respect to the intrinsic motion of the spin label), allowed precise 
mapping of the NTAIL region undergoing a-helical folding to residues 488-502. 
The drop in the mobility of the 505-522 region on binding to XD was shown to be 
comparable to that observed in the presence of 20% TFE (Belle et al., 2008), a con
dition where Box 2 undergoes a-helical folding, whereas Box 3 does not (Bourhis 
et al., 2005). This observation suggests that the restrained mobility experienced by 
the Box 3 region on binding to XD is due to neither a steric hindrance exerted by 
XD nor a direct interaction with XD, but arises from the a-helical folding of the 
neighboring Box 2. 

The mobility of the 488-502 region was found to be restrained even in the 
absence of the partner (Belle et al., 2008; Kavalenka et al., 2010), a behavior that 
could be accounted for by the existence of a transiently populated folded state. 
That the region spanning residues 491-499 adopts an a-helical conformation in 
about 50% of the conformers sampled by the free form of MeV NTAIL has also been 
confirmed by HN-NMR studies (Gely et al., 2010). These findings are in agreement 
with previous reports that showed that the conformational space of MoREs (Oldfield 
et al., 2005) in the unbound state is often restricted by their inherent conformational 
propensities, thereby reducing the entropic cost of binding (Tampa, 2002; Fuxreiter 
et al., 2004; Lacy et al., 2004; Sivakolundu et al., 2005). 

Using a novel approach that relies on a combination of SDSL EPR spectroscopy 
and modeling of local rotation conformational spaces, we could describe the struc
ture of the partly disordered MeV NTAIL-XD complex and showed that in spite of 
the local gain of rigidity induced by XD binding, the 505-525 region of NTAIL con
serves a significant degree of freedom even in the bound form (Fig. 3.8) (Kavalenka 
et al., 2010). 

Finally, EPR equilibrium displacement experiments showed that the XD-induced 
folding of MeV NTAIL is a reversible phenomenon (Morin et al., 2006; Belle et al., 
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Figure 3.8 Model of the partly disordered MeV NTAJL-XD complex as a conformational 
ensemble. Fifty best-fit structures of the 488-525 region of NTAJL in complex with XD. 
'The NTAJL conformers are depicted with a color gradient ranging from dark grey to light 
'lJey with decreasing structural density, while XD is shown in black Source: Modified 
from Kavalenka et al (2010). 

2008). These results represent the first experimental evidence indicating that NTAIL 

adopts its original PMG conformation after dissociation of XD. This point is par
ticularly relevant, taking into consideration that the contact between XD and NTAJL 

within the replicative corq>lex has to be dynamically made and broken to allow the 
polymerase to progress along the nucleocapsid terq>late dwing both transcription 
and replication. Hence, the complex cannot be excessively stable for this transition 
to occur efficiently at a high rate (Section 3.4). 

In conclusion, using a panel of various physicochemical approaches, the inter
action between MeV NTAIL and XD was shown to irq>ly the stabilization of the 
helical conformation of ex-MoRE, which is otherwise only transiently populated in 
the unbound form. The occurrence of a transiently populated a-helix even in the 
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absence of the partner suggests that the molecular mechanism governing the folding 
of NTAIL induced by XD could rely on conformer selection (i.e ., selection by the 
partner of a preexisting conformation) (Tsai et al., 200la,b). Recent data based on a 
quantitative analysis ofNMR titration studies (Gely et al., 2010) suggest, however, 
that the binding reaction may also irq>ly a binding intermediate in the form of 
a weak, nonspecific encounter corq>lex and hence may also occur through a "fly 
casting" mechanism (Shoemaker et al., 2000) (Fig. 3.9). That binding-coupled-to
folding events rather may rely on a mixed mechanism implying both fly casting 
and conformational selection has already been reported (Espinoza-Fonseca, 2009). 
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Figure 3.9 Model for MeV NTAIL -XD complex formation that utilizes both conformer 
selection and nonspecific encounter complex formation. 1be helix, corresponding to the 
primary binding site for XD, is partly preformed in the absence ofXD. In the nonspecific 
binding model, a weak encounter complex may also form between NTAIL and XD. This 
encounter complex is converted to a tightly bound complex by the folding of the Ot-MoRE. 
It is unclear if this folding occurs during the lifetime of the encounter complex. In the 
conformer selection model, the preformed helix interacts with XD to form a tightly bound 
complex. In both cases, following Ot-helical folding of Box 2, Box 3 becomes more rigid. 
The four conformers that are contoured schematically represent the final stage in complex 
formation, which consists of an ensemble of conformers in which Box 3 has a reduced 
conformational freedom that may favor the establishment of weak, nonspecific contacts 
with XD. Source : Modified from Gely et al (2010). 
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XD-induced stabilization of the helical conformation of the a-MoRE is also 
accompanied by a reduction in the mobility of the downstream region. The lower 
flexibility of the region downstream Box 2 is not due to the gain of a-helicity and 
it cannot be ascribed to a restrained motion due to the presence of XD or to the 
establishment of stable contacts with XD. Rather, it likely arises from the gain of 
rigidity brought by the a-helical folding of the neighboring Box 2 region, which 
results in a reduced Box 3 conformational sampling. The reduced conformational 
freedom of Box 3 may favor the establishment of weak, nonspecific contacts with 
XD (Fig. 3.9). At present, the exact role that Box 3 plays in the stabilization of 
the MeV NTAIL-XD complex remains to be unraveled. Indeed, although recent 
data clearly indicate that transient long-range tertiary contacts between Box 2 and 
Box 3 are unlikely (Gely et al., 2010), it is still unclear whether Box 3 contributes 
to binding to XD through weak (transient) nonspecific contacts or through another 
unknown mechanism. The possibility that Box 3 may act by reducing the entropic 
penalty of the binding-coupled-to-folding process (Tampa and Fuxreiter, 2008) 
seems to be unlikely: indeed, replacement of the Box 3 region by an irrelevant, 
eight-residues-long Flag sequence (DYKDDDDK) led to a dramatic drop (two 
orders of magnitude) in the affinity toward XD, which is contrary to what would 
be expected for a nonbinding region contributing to the overall entropy of the 
system (Table 3.3). 

3.4 FUNCTIONAL ROLE OF STRUCTURAL DISORDER WITHIN 
N AND PIN TERMS OF TRANSCRIPTION AND REPLICATION 

The Ko value of the MeV NTAIL-XD binding reaction, as experimentally deter
mined by SPR studies, is in the 100 nM range (Bourhis et al., 2005). This affinity 
is considerably higher than that derived from both isothermal titration calorimetry 
and SPR studies (Ko of 7.4-13 11M) (Kingston et al., 2004; Yegambaram and 
Kingston, 2010). However, it should be pointed out that these studies were carried 
out using NTAIL peptides encompassing residues 477-505 or 477-525 rather than 
full-length NTAJL. A weak binding affinity, implying fast association and dissocia
tion rates, would ideally fulfill the requirements of a polymerase complex that has 
to cartwheel on the nucleocapsid template during both transcription and replication. 
However, a Ko in the 11M range would not seem to be physiologically relevant 
considering the low intracellular concentrations of P in the early phases of infection, 
and the relatively long half-life of active P-L transcriptase complex tethered on 
the nucleocapsid template, which has been determined to be well over 6 h (Plumet 
et al., 2005). Moreover, such a weak affinity is not consistent with the ability to 
readily purify MeV nucleocapsid-P complexes using rather stringent techniques 
such as CsCl isopycnic density centrifugation (Robbins and Bussell, 1979; Stallcup 
et al., 1979; Robbins et al., 1980; Oglesbee et al., 1989). On the other hand, a more 
stable XD-NTAIL complex would be expected to hinder the processive movement 
of P along the nucleocapsid template. In agreement with this model, the elongation 
rate of MeV polymerase was found to be rather slow (three nucleotides per sec
ond) (Plumet et al., 2005), and MeV NTAIL amino acid substitutions that lower the 
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affinity toward XD result in enhanced transcription and replication levels, as well as 
in increased polymerase rate (Oglesbee, Gerlier and Longhi, unpublished data). In 
addition, the C-terminus of MeV NTAIL has been shown to have an inhibitory role 
on transcription and genome replication, as indicated by minireplicon experiments, 
where deletion of the C-terminus of N enhances basal reporter gene expression 
(Zhang et al., 2002). Deletion of the C-terminus of MeV N also reduces the affin
ity of XD for NTAIL, providing further support for modulation of XD-NTAIL binding 
affinity as a basis for polymerase elongation rate. Thus, Box 3 would dynamically 
control the strength of the NTAIL-XD interaction by stabilizing the complex prob
ably through several weak, nonspecific contacts with XD. Removal of Box 3 or 
interaction of Box 3 with other partners (Section 3.5), would reduce the affinity of 
MeV NTAIL for XD, thus stimulating transcription and replication. Modulation of 
MeV XD-NTAIL binding affinity could be dictated by interactions between NTAIL 
and cellular and/or viral cofactors. Indeed, the requirement for cellular or viral 
cofactors in both transcription and replication has been already documented in the 
case of MeV (Vincent et al., 2002) and other Mononegavirales members (Fearns 
and Collins, 1999; Hartlieb et al., 2003). Furthermore, in both CDV and MeV, 
viral transcription and replication are enhanced by the major inducible heat shock 
protein (hsp70), and this stimulation relies on interaction with NTAIL (Oglesbee 
et al., 1993, 1996; Vasconcelos et al., 1998a,b; Zhang et al., 2002, 2005; Carsillo 
et al., 2006; Oglesbee, 2007). These cofactors may serve as elongation factors and 
could act by modulating the strength of the interaction between the polymerase 
complex and the nucleocapsid template (Section 3.5). 

In MeV, NTAIL also influences the physical properties of the nucleocapsid helix 
that is formed by NcoRE (Longhi et al., 2003; Schoehn et al., 2004). Electron 
microscopy analyses of nucleocapsids formed by either N or NcoRE indicate that 
the presence of NTAIL was associated with a greater degree of fragility as evidenced 
by the tendency of helices to break into individual ring structures. This fragility 
is associated with the evidence of increased nucleocapsid :flexibility, with helices 
formed by NcoRE alone forming rods (Longhi et al., 2003; Schoehn et al., 2004). It 
is, therefore, conceivable that the induced folding of NTAIL resulting from the inter
action with P (and/or other physiological par1ners) could also exert an impact on 
the nucleocapsid conformation in such a way as to affect the structure of the repli
cation promoter. Indeed, the replication promoter, located at the 31 end of the viral 
genome, is composed of two discontinuous elements that form a functional unit 
when juxtaposed on two successive helical turns (fapparel et al., 1998) (Fig. 3.10). 
The switch between transcription and replication could be dictated by variations in 
the helical conformation of the nucleocapsid, which would result in a modification 
in the number of N monomers (and thus ofnucleotides) per turn, thereby disrupting 
the replication promoter in favor of the transcription promoter (or vice versa). Mor
phological analyses, showing the occurrence of a large conformational :flexibility 
within Paramyxoviridae nucleocapsids (Oglesbee et al., 1989, 1990; Bhella et al., 
2002, 2004 ), tend to corroborate this hypothesis. In further support for a possible 
role of cellular cofactors in affecting the nucleocapsid conformation thereby favor
ing transcription and replication, hsp70-nucleocapsid complexes of CDV exhibit 



(a) (b) 

Figure 3.10 (a) Schematic representation and (b) cryo-electron microscopy reconstruc
tion of the MeV nucleocapsid highlighting the bipartite structure of the replication pro
moter composed of two discontinuous units juxtaposed on successive helical turns (see 
regions wrapped by the N monomers highlighted by an asterisk). Source : Courtesy of 
D. Bhella, MRC, Glasgow, UK; modified from l.onghi (2009). 

an expanded helical diameter, an increased fragility (as judged by tendency to 
fragrmnt into rings), and an enhanced exposure of the genomic RNA to nuclease 
degradation (Oglesbee et al ., 1989). 

In the same vein, preliminacy data indicate that incubation of MeV nucleocap
sids in the presence of XD triggers unwinding of the nucleocapsid, thus possibly 
enhancing the accessibility of genomic RNA to the polymerase colq)lex (Bhella 
and Longhi, unpublished data). Hence, it is telq)ting to propose that the XD
induced a-helical folding of NTAIL could trigger the opening of the two lobes of 
NcoRE, thus rendering the genomic RNA accessible to the solvent. Altogether, 
these data establish a relationship between NTAIL -binding partners, nucleocapsid 
conformation, and exposure of the genomic RNA. 

The presence of unstructured domains in both N and P would allow for coor
dinated interactions between the polymerase COiq)leX and a large surface area of 
the nucleocapsid telq)late, including successive turns of the helix . Unstructured 
regions are in fact considerably more extended in solution than globular ones. For 
instance, MeV PNT has a Stokes radius of 4 om (Karlin et al ., 2002). However, the 
Stokes radius only reflects a mean dimension. Indeed, the maximal extension of 
PNT, as measured by SAXS (Longhi and Receveur-Brechot, unpublished data), is 
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Figure 3.11 Model of the MeV polymerase complex actively replicating genomic RNA. 
Disordered regions are represented by lines. 'The location of the viral RNA (dotted line) 
within the ~C_p complex is schematically represented at the interior of the nucleo
capsid only for clarity. Wrthin the ~c_p complex, Pis represented as bound to ~c 
through three of its four terminal XD arms according to the model of Curran and Kolakof
sky (1999). For the sake of clarity, only a few NTAJL regions are drawn. PNT regions 
within the L-P complex have not been represented in panels 2 and 3. 'The numbering of 
the different panels indicates the chronology of events. (a) L is bound to a P tetramer. The 
newly synthesized RNA is shown as already partially encapsidated. (b) The encapsidation 
complex ~-P binds to the nucleocapsid template through three of its four XD arms. 
The extended conformation of NrAIL and PNT would allow the formation of a tripartite 
complex between~. P, and the polymerase (circled). It is tempting to imagine that the 
proximity of the polymerase (or an unknown signal from the latter) may promote the 
release of~ by XD, thus leading to ~ incorporation within the assembling nucleocap
sid. The ~ release would also lead to cartwheeling of the L- P complex through binding 
of the free XD arm onto the nucleocapsid template (arrow) as in the model of Curran and 
Kolakofsky (1999). (c) PNT delivers ~ to the newly assembled nucleocapsid (arrow). 
Source: Modified from Bourhis et al (2005, 2006). 

considerably lmger (> 40 run). In corqr.nison, one turn of the MeV nucleocapsid 
is 18 run in diameter and 6 om high (Bhella et al ., 2002). Thus, PNT could easily 
stretch over several turns of the nucleocapsid, and since P is rwltimeric, Nl-P 
might have a considerable extension (Fig. 3.11). In the same vein, it is striking 
that SeV and MeV PCf domains, which interact with the intrinsically disordered 
NTAIL domain, colq)rise a ftexible linker (Marion et al ., 2001 ; Longhi et al., 2003; 
Blanchard et al ., 2004; Bernado et al ., 2005). This certainly suggests the need for 
a great structural flexibility. This flexibility could be necessaty for the tetrameric P 
to bind several turns of the helical nucleocapsid. Indeed, the promoter signals for 
the polymerase are located on the first and the second turn of the SeV nucleocapsid 
(Tapparel et al., 1998). 

Likewise, the maximal extension of MeV NTAIL in solution is 13 om (Longhi 
et al ., 2003). The very long reach of disordered regions could enable them to act as 
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linkers and to tether par1ners on large macromolecular assemblies, thereby acting 
as scaffolding engines as already described for intrinsically disordered scaffold 
proteins (Cortese et al., 2008; Balazs et al., 2009). Accordingly, one role of the 
tentaclelike NTAIL projections in actively replicating nucleocapsids could be to put 
into contact several proteins within the replicative complex, such as the N>-P and 
the P-L complexes (Fig. 3.11). 

In respiroviruses and morbilliviruses, PNT contains binding sites for N> (Curran 
et al., 1994; Harty and Palese, 1995; Sweetman et al., 2001) and L (Curran and 
Kolakofsky, 1991; Curran et al., 1995; Sweetman et al., 2001). This pattern of 
interactions among N>, P, and L, mediated by unstructured regions of either P or 
N, suggests that N>, P, and L might interact simultaneously at some point during 
replication. Notably, the existence of a N-P-L tripartite complex has been recently 
proved by coimmunoprecipitation studies in the case of VSV, where this tripartite 
complex constitutes the replicase complex, as opposed to the transcriptase complex 
that consists of L, P, and host cellular proteins, such as hsp60 (Gupta et al., 2003; 
Qanungo et al., 2004 ). 

A model can be proposed, where during the replication of MeV, the extended 
conformation of PNT and NTAIL would be key to allowing contact between the 
assembly substrate {Nl-P) and the polymerase complex (L-P), thus leading to 
a tripartite N>-P-L complex (Fig. 3.11). This model emphasizes the plasticity of 
intrinsically disordered regions, which might give a considerable reach to the ele
ments of the replicative machinery. 

Interestingly, there is a striking parallelism between the MeV NTAIL -XD inter
action and the MeV PNT -NcoRE interaction (Fig. 3.1b). Both interactions are not 
stable by themselves and must be strengthened by the combination of other inter
actions. This might ensure easy breaking and reforming of interactions and could 
result in transient, easily modulated interactions. One can speculate that the gain 
of structure of MeV NTAIL on binding to XD could result in stabilization of the 
N-P complex. At the same time, folding of NTAIL would result in a modification 
in the pattern of solvent-accessible regions, resulting in the shielding of specific 
regions of interaction. As a result, NTAIL would no longer be available for binding 
to its other par1ners. Although induced folding likely enhances the affinity between 
interacting proteins, the dynamic nature of these interactions could rely on (i) the 
intervention of viral and/or cellular cofactors modulating the strength of such inter
actions and (ii) the ability of the IDP to establish weak affinity interactions through 
residual disordered regions. 

Finally, as binding of MeV NTAIL to XD allows tethering of the L protein on 
the nucleocapsid template, the NTAIL-XD interaction is crucial for both viral tran
scription and genomic replication. As neither NTAIL nor XD has cellular homologs, 
this interaction is an ideal target for antiviral inhibitors. In silico screening of small 
compounds for their ability to bind to the hydrophobic cleft of XD is in progress. 
Using HN-NMR, a few candidate molecules are being tested for their ability to bind 
to XD and to prevent interaction with NTAIL (Morelli, Guerlesquin, and Longhi, 
unpublished data). 
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3.5 STRUCTURAL DISORDER AND MOLECULAR PARTNERSIDP 

One of the functional advantages of disorder is related to an increased plasticity that 
enables disordered regions to bind to numerous structurally distinct targets (Dunker 
et al., 2005; Uversky et al., 2005; Haynes et al., 2006). In agreement, intrinsic dis
order is a distinctive and common feature of "hub" proteins, with disorder serving 
as a determinant of protein interactivity (Dunker et al., 2005; Uversky et al., 2005; 
Haynes et al., 2006). The lack of a rigid 3D structure allows IDPs to establish 
interactions that are characterized by a high specificity and a low affinity; while 
high specificity is ensured by the very large surface area that is generally buried 
in complexes involving IDPs (Tampa, 2003), low affinity arises from an unfavor
able entropic contribution associated to the disorder-to-order transition (Dunker 
et al., 1998, 2001, 2002; Wright and Dyson, 1999; Dunker and Obradovic, 2001; 
Gunasekaran et al., 2003; Uversky et al., 2002; Dyson and Wright, 2005; Fink, 
2005). The extent of the entropic penalty is, however, tightly related to the extent 
of conformational sampling of the prerecognition state, that is, on the degree to 
which MoREs are preconfigured in solution before binding; the occurrence of a 
partly preconfigured MoRE in the unbound state in fact reduces the entropic cost 
of binding, thereby enhancing affinity (Tampa, 2002; Fuxreiter et al., 2004; Lacy 
et al., 2004; Sivakolundu et al., 2005; Mohan et al., 2006; Vacic et al., 2007). 
As such, IDPs exhibit a wide binding diversity, with some of them binding their 
partners with strong affinities, as is the case of the MeV NTAIL -XD and MeV 
NTAIL -hsp70 (see below) couples. 

The disordered nature of NTAIL confers to this N domain a large malleability, 
enabling it to adapt to various partners and to form complexes that are critical for 
both transcription and replication. Hence, thanks to its exposure at the surface of 
the viral nucleocapsid, MeV NTAIL establishes numerous interactions with various 
viral partners, including P, the P-L complex, and the matrix protein (Iwasaki et al., 
2009) (Fig. 3.12). Beyond viral partners, MeV NTAIL also interacts with cellular 
proteins, including hsp70 (Zhang et al., 2002, 2005), the interferon regulatory factor 
3 (IRF3) (Colombo et al., 2009; tenOever et al., 2002), the cell protein responsible 
for the nuclear export of N (S ato et al., 2006), and, possibly, components of the cell 
cytoskeleton (Moyer et al., 1990; De and Banerjee, 1999) (Fig. 3.12). Moreover, 
MeV NTAIL within viral nucleocapsid& released from infected cells also binds to 
cell receptors involved in MeV-induced immunosuppression (Marie et al., 2001; 
Laine et al., 2003, 2005) (Fig. 3.12). Likewise, both MeV and SeV PNT domains 
have been reported to interact with multiple partners, with the former interacting 
with N (Chen et al., 2003) and cellular proteins (Liston et al., 1995) and the latter 
interacting with the unassembled form of N (N>) and the L protein (Curran et al., 
1994, 1995). 

In both CDV and MeV, the interaction between NTAIL and hsp70 stimulates 
both transcription and genome replication (Oglesbee et al., 1993, 1996; Vascon
celos et al., 1998a,b; Zhang et al., 2002, 2005; Carsillo et al., 2006; Oglesbee, 
2007). In MeV, two binding sites for hsp70 have been identified (Zhang et al., 
2002, 2005). High affinity binding (Ko of 10 nM) is supported by CL-MORE, and 
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Figure 3.12 Schematic representation of the complex molecular partnership established 
by MeV NTAIL· Cryo-electron miaoscopy reconstruction of MeV nucleocapsid according 
to BheUa et al. (2004) and BheUa (2007), onto which only a few NTAJL regions have 
been depicted for the sake of clarity. The ribbon representations of MeV XD (PDB code 
lOKS) (Johansson et al, 2003), the regulatory domain of IRF3 (PDB code lQWf) (Qin 
et al, 2003), and the Escherichia coli DnaK chaperone (the prokaryotic counterpart of 
hsp70) (PDB code 2KHO) (Bertelsen et al., 2009) are shown. Since no structural data 
are available for MeV M, the ribbon representation of the matrix protein from RSV 
(PDB code 2VQP) (Money et al., 2009) is shown. The question mark symbolizes the 
lack of structural data for both MeV M and NR. The latter is represented inserted in the 
membrane ofBff lymphocytes and dendritic ceUs (DCs). The pictures were drawn using 
Pymol (DeLano, 2002). 

hsp70 was shown to corqJetitively inhibit binding of XD to NTAIL (Zhang et al., 
2005). A second low affinity binding site is present within Box 3 (Zhang et al., 
2002; Carsillo et al., 2006). Variability in Box 3 sequence does not influence the 
binding affinity of NTAIL for hsp70 since this reaction is primarily determined by 
ex-MORE, yet the ability of hsp70 to directly bind Box 3 does have functional 
consequences (Zhang et al ., 2005). Analysis of an infectious virus containing the 
N522D substitution within Box 3 shows loss of hsp70-dependent stirwlation of 
transcription but not genome replication (Zhang et al ., 2005). These findings sug
gest that hsp70 could enhance transcription and genome replication by reducing the 
stability of P-NTAIL colq)lexes, thereby promoting successive cycles of binding 
and release that are essential to polymerase movement along the nucleocapsid tem
plate (Bourhis et al ., 2005 ; Zhang et al., 2005). hsp70-dependent reduction of the 
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stability of P-NTAIL complexes would rely on competition between hsp70 and XD 
for binding to NTAIL through (i) competition for binding to CL-MoRE (and this would 
occur at low hsp70 concentrations) and (ii) neutralization of the contribution of the 
C-terminus of the NTAIL to the formation of a stable P-NTAIL complex (and this 
would occur in the context of elevated cellular levels of hsp70 and only for MeV 
strains that support hsp70 binding in this region) (Zhang et al., 2005). Another 
possible mechanism for the hsp70-dependent enhancement of viral transcription 
and replication is related to the ability of hsp70 to maintain the nucleocapsid in a 
transcription-competent form (Oglesbee and Gerlier, unpublished data). 

The basis for the separable effects of hsp70 on genome replication versus tran
scription remains to be shown, with template changes unique to a replicase versus 
transcriptase being a primary candidate. The latter could involve unique nucleo
capsid ultrastructural morphologies, with hsp70-dependent morphologies being well 
documented for CDV (Oglesbee et al., 1989, 1990). Another possibility is that the 
transcriptase and replicase complexes may be different, with the latter possibly 
including hsp70 by analogy to the replicase complex of VSV that was shown to 
incorporate hsp60 (Qanungo et al., 2004). 

Notably, many heat shock proteins function as chaperone complexes, and we 
have recently shown that high affinity MeV NTAIL -hsp70 binding requires an hsp40 
co-chaperone that interacts primarily with the hsp70 nucleotide-binding domain and 
displays no significant affinity for NTAIL. hsp40 directly enhances hsp70 ATPase 
activity in an NTAIL -dependent manner, and formation of hsp40-hsp70-NTAIL intra
cellular complexes requires the presence of NTAIL Box 2 and Box 3. These results 
are consistent with the functional interplay between the hsp70 nucleotide and 
substrate-binding domains, where ATP hydrolysis is rate limiting to high affin
ity binding to client proteins and is enhanced by hsp40 (Couturier et al., 2009). 
Further investigation is required to determine if limitations in intracellular levels 
of hsp40 may influence permissiveness to viral gene expression or development of 
antiviral immune responses. 

Other cellular partners for MeV NTAIL binding may similarly require cofac
tors not identified in the final complex. We have recently reported that the MeV 
NTAIL-IRF3 interaction requires a specific cellular environment, such as that pro
vided by 293T human cells (Colombo et al., 2009). Indeed, using a large panel of 
spectroscopic approaches, we failed to detect any direct interaction between puri
fied IRF3 regulatory domain and either full-length Nor NTAIL. nor could we detect 
such an interaction in E coli and in a yeast two-hybrid assay. This dependence from 
a specific cellular context likely reflects the requirement for a human or mammalian 
cellular cofactor that remains to be identified (Colombo et al., 2009). 

MeV NTAIL binding to cellular partners may also occur in the extracellular 
environment After apoptosis of infected cells, the viral nucleocapsid is released in 
the extracellular compartment where it becomes available to cell surface receptors. 
While NcoRE specifically interacts with Fey RII (Laine et al., 2005), NTAIL interacts 
with the yet uncharacterized NR (Laine et al., 2003, 2005). The MeV NTAIL -NR 
interaction was shown to trigger an arrest in the Go/G1 phase of cell cycle, whereas 
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the NcoRE-FcyRII interaction triggers apoptosis (Laine et al., 2005). Both mech
anisms have the potential to contribute to immunosuppression that is a hallmark of 
MeV infections (Laine et al., 2005). Flow cyto:fl.uorimetry studies carried out on 
truncated forms of NTAIL allowed the identification of the NTAIL region responsible 
for the interaction with NR (Box1, aa 401-420) (Laine et al., 2005). Whether MeV 
NTAIL directly interacts with NR and whether this interaction requires a cofactor, 
as in the case of hsp70 and IRF3, remain to be elucidated. 

3.6 CONCLUSIONS 

As thoroughly discussed in this chapter, N and P are multifunctional proteins exert
ing multiple biological functions. The molecular bases for this property reside in 
the ability of their disordered regions to establish interactions with various partners. 
Since many, if not all, of these interactions are critical for transcription and genome 
replication, they provide excellent targets for antiviral agents. In this context, the 
discovery that the N and P domains supporting these multiple protein interactions 
are intrinsically disordered is particularly relevant indeed protein-protein inter
actions mediated by disordered regions provide interesting drug discovery targets 
with the potential to increase significantly the discovery rate for new compounds 
(see Cheng et al. (2006) and Uversky (2010) and references therein cited). 

Although we cannot formally rule out the possibility that MeV and Henipavirus 
PNT and NTAIL domains may undergo some degree of folding in the context of 
the full-length P and N proteins, a few studies directly support the conclusion that 
disorder is retained in the context of the full-length proteins. Indeed, in SeV, the 
PNT region has been shown to be disordered not only in isolation but also in 
the context of the full-length protein (Chinchar and Portner, 1981; Deshpande and 
Portner, 1985), as were the linker region between PMD and XD in the context of 
PCT (farbouriech et al., 2000a) and the region upstream XD in both SeV and MeV 
(Longhi et al., 2003; Bernado et al., 2005; Houben et al., 2007a). Likewise, the 
MeV NTAIL region is also disordered within the entire N, being equally accessible 
to monoclonal antibodies in isolation and within recombinant nucleocapsids and 
being not visible by electron microscopy (Longhi et al., 2003). Experiments aimed 
at assessing the disordered state of NTAIL in the context of full-length N proteins 
from both MeV and henipaviruses are in progress. As for the possibility that PNT 
and NTAIL are effectively disordered in vivo, further experimental work is required 
to address this question. In this regard, it is noteworthy that available data address
ing the disordered state of IDPs in vivo are mixed. On one hand, in-cell NMR 
experiments on the natively unfolded FlgM protein suggest a more folded confor
mation in the cellular environment of live bacteria (Dedmon et al., 2002). On the 
other hand, a few reports support a disordered state for other IDPs either in living 
cells or in the presence of crowding agents that mimic the crowded environment 
of cells (Longhi et al., 2003; McNulty et al., 2006; Bodart et al., 2008). 

Recent studies showed that viruses and eukaryota have 10 times more conserved 
disorder (roughly 1%) than archaea and bacteria (0.1%) (Chen et al., 2006) and 
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also pointed out that viral proteins, and, in particular, proteins from RNA viruses, 
are enriched in short disordered regions (Tokuriki et al., 2009). In this latter study, 
the authors propose that beyond affording a broad partnership, the wide occurrence 
of disordered regions in viral proteins could also be related to the typical high 
mutation rates of RNA viruses, representing a strategy for buffering the deleterious 
effects of mutations (Tokuriki et al., 2009). 

Taking into account these considerations, as well as the correlation between over
lapping genes and disorder (Jordan et al., 2000; Narechania et al., 2005; Rancurel 
et al., 2009; Kovacs et al., 2010), we propose that the main advantage of the abun
dance of disorder within viruses would reside in pleiotropy and genetic compaction. 
Indeed, disorder provides a solution to reduce both genome size and molecular 
crowding, where a single gene would (i) encode a single (regulatory) protein prod
uct that can establish multiple interactions via its disordered regions and hence exert 
multiple concomitant biological effects and/or (ii) encode more than one product 
by means of overlapping reading frames. In fact, since disordered regions are less 
sensitive to structural constraints than ordered ones, the occurrence of disorder 
within one or both protein products encoded by an overlapping reading frame can 
represent a strategy to alleviate evolutionary constraints imposed by the overlap. 
As such, disorder would confer to viruses the ability to ''handle" overlaps, thus 
further expanding the coding potential of viral genomes. 
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ABBREVIATIONS 

MeV measles virus 
NiV Nipah virus 
HeV Hendra virus 
H attachment glycoprotein 
F fusion glycoprotein 
ORF open reading frame 
N nucleoprotein 
p phosphoprotein 
M matrix protein 
L large protein 
NTP nucleotide triphosphate 
SeV Sendai virus 
vsv vesicular stomatitis virus 
NcoRE N-terminal, structured domain of N 
NTAIL C-terminal disordered domain of N 
N> monomeric, soluble form of N 
NNUC assembled form of N 
CDV canine distemper virus 
NLS nuclear localization signal 
NBS nuclear export signal 
IDP intrinsically disordered protein 
RV rabies virus 
RSV respiratory syncytial virus 
PNT P N-terminal domain 
ZnBD zinc-binding domain 
PCT P C-terminal domain 
SEC size exclusion chromatography 
DLS dynamic light scattering 

Rs Stokes radius 
MoRE molecular recognition element 
PMG premolten globule 
RC random coil 
AAD acidic activator domain 
TFE 2,2,2-trifl.uoro ethanol 
PMD P multimerization domain 
XD X domain 
MuV mumps virus 
NMR nuclear magnetic resonance 
PX protein X 
CCR central conserved region 
PDB protein data bank 
NR nucleoprotein receptor 
HN-NMR heteronuclear NMR 
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SPR 
SDSL-EPR 
hsp70 
hsp40 
IRF3 

surface plasmon resonance 
site-directed spin-labeling electron paramagnetic resonance 
major inducible heat shock protein 70 kDa 
heat shock protein 40 kDa 
interferon regulator factor 3. 
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STRUCTURAL DISORDER WITHIN 
SENDAI VIRUS NUCLEOPROTEIN 
AND PHOSPHOPROTEIN 
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AND MARTIN BLACKLEDGE 

4.1 INTRODUCTION 

The anticipation that protein structure determination can provide the key to molec
ular function has been challenged in recent years by the realization that up to 
40% of the proteins encoded by the human genome are intrinsically disordered 
or contain disordered regions of significant length (>50 residues) (Tompa, 2002; 
Uversky, 2002; Fink, 2005; Dyson and Wright, 2005b; Dunker et al., 2008). Intrin
sically disordered proteins (IDPs) are functional despite the lack of a well-defined 
three-dimensional structure and, therefore, escape the attention of classical structure 
biology (Wright and Dyson, 1999). 

One of the more intriguing characteristics of IDPs is their capacity to undergo 
structural transitions to partially folded forms on binding to physiological part
ners (Demchenko, 2001; Dyson and Wright, 2002; Sugase et al., 2007). Such 
disorder-to-order transitions are a key feature of the complex relationship between 
the structural dynamics and function of IDPs. The thermodynamics and kinetics of 
the coupled folding and binding reaction are certainly influenced by the intrinsic 
propensity of the chain to form its bound conformation, although the molecular 
mechanisms controlling this behavior remain largely unknown. Therefore, in order 
to obtain a complete picture of how these proteins carry out their biological func
tion, atomic resolution models of the proteins in their free, pre-recognition states 
and in complex with their partners are necessary, as well as a determination of 
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the kinetics and the exact nature of the associated disorder-to-order transitions. In 
the absence of appropriate technology to describe this information, it has become 
essential to develop new experimental methods that allow an atomic resolution 
insight into the relationship between primary sequence and molecular function 
ofiDPs. 

Over the last few years, it has become increasingly clear that intrinsic disor
der is highly abundant within viruses (Xue et al ., 2010). Even though the viral 
genome often codes for a restricted number of proteins, they engage in a rmltitude 
of interactions in order for the transcription and replication machinery to function . 
IDPs play a crucial role in this context, ensuring highly flexible and dynamic inter
actions. Here, we describe structural disorder within one of the paramoxyviruses, 
namely, Seodai virus (SeV) (Skiadopoulos et al ., 2002). The family of paramyx
oviruses consists of enveloped viruses with nonsegmented, negative-stranded RNA 
genomes and includes, in addition to SeV, measles, Hendra, Nipah, and Murq>s 
viruses. 

SeV is responsible for a highly transmissible respiratory tract infection in rats, 
mice, and harmters (Skiadopoulos et al ., 2002). In this virus, the viral RNA is 
protected by rmltiple copies of the nucleoprotein N, forming a helical nucleocap
sid (Arnhejter et al., 1985). Protein N is corq>osed of a highly conserved core 
region, NcoRE (amino acids 1-400) necessary for interaction with the RNA, and 
a C-terminal domain, NTAIL (amino acids 401-524) (Fig. 4.1). The atomic struc
ture of the core region of N is not known, while NTAIL is predicted to be an IDP 
(Houben et al., 2007). 

The polymerase for viral transcription and replication consists of a complex of 
two proteins, the phosphoprotein P and the large protein L . The L protein holds 
the polymerase activity, while P serves as a cofactor to stabilize L and to place the 
polymerase corq>lex on theN-RNA terq>late. L alone is unable to interact with 
N-RNA. No atomic resolution structural infonnation has so far been obtained for 
the L protein; however, recent rmtational analyses have identified residues within 
L that are important for virus replication (Murphy et al ., 2010). 

RNA binding Pbinding 

SeV N N CORE N TAIL 

1 400 524 

N° binding L binding N-RNA binding 

SeVP PNT PMD II I PX 

320 445474 568 

PCT 

Figure 4.1 Domain organization ofSeV nucleoprotein Nand phosphoprotein P. Regions 
predicted to possess high levels of intrinsic disorder are indicated in gray. 
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The SeV P is a 568-amino-acid protein made up of two main domains: the 
N-terminal domain (PNT, amino acids 1-319) and the C-terminal domain (Per, 
amino acids 320-568) (Fig. 4.1). PNT is believed to possess high levels of intrinsic 
disorder (Karlin et al., 2002, 2003; Gerard et al., 2009). So far, no further struc
tural information has been obtained in this region; however, it has been shown 
that a small part of this domain (amino acids 33-41) plays an essential role in 
the formation of the N>-P complex, which keeps Nina soluble and RNA-free 
form during the initial stages of genome replication (Curran et al., 1995). Per 
also possesses intrinsic disorder and consists of two subdomains, the oligomeriza
tion domain (P multimerization domain (PMD), amino acids 320-445) and the X 
domain (PX, amino acids 474-568) (Fig. 4.1). 

Positioning of the polymerase complex on the N-RNA template requires an 
apparently dynamic interaction between NTAIL and PX (Curran et al., 1993; Tuckis 
et al., 2002). NTAIL is believed to undergo a-helical folding of the interaction site 
on binding to PX. This chapter describes the structural characterization of NTAIL 
and Per using a powerful combination of X-ray crystallography, nuclear magnetic 
resonance (NMR) spectroscopy, and small angle X-ray scattering (SAXS). NMR 
is one of the most powerful tools for obtaining an atomic resolution insight into 
IDPs and their structural transitions and physiological interactions, while SAXS 
provides information describing the overall dimensions of proteins and, as such, is 
a highly complementary technique to NMR. 

4.2 CHARACTERIZING DISORDERED PROTEINS BY NMR 
SPECTROSCOPY 

The study of IDPs is complicated by the fact that these proteins are highly dynamic 
and therefore do not adopt a single conformation in solution but rather a continuum 
of rapidly interconverting structures. Classical methods of structural biology are 
inadequate for characterizing the conformational properties of IDPs because of the 
inherent conformational heterogeneity of the chain. Thus, crystallization of IDPs, 
even if successful, could only capture at most one conformation from a dynamic 
continuum and thereby provide only limited information. Any representation of the 
disordered chain as a single structure would be inappropriate, and an ensemble of 
interconverting conformers provides a more representative description. 

NMR spectroscopy has recently evolved into one of the most powerful tech
niques for studying IDPs (Dyson and Wright, 2004, 2005a; Mittag and Forman-Kay, 
2007; Eliezer, 2009; Jensen et al., 2009). Although the protein adopts many different 
conformers in solution, NMR allows site-specific characterization of average prop
erties over all conformers of the disordered chain. Even the simplest measurement, 
such as the chemical shifts of the backbone nuclei, depends on a population
weighted average over all rapidly exchanging local conformations sampled by all 
molecules in the ensemble, on timescales up to the millisecond (Jensen et al., 
2010). Not surprisingly then, the average chemical shifts measured from a broad 
conformational equilibrium can be interpreted in terms of local conformational 
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propensity of the ensemble through the so-called secondary chemical shift (SCS) 
(Wishart et al., 1992; Wishart and Sykes, 1994a, 1994b): 

(4.1) 

Here, 8EXP is the experimental chemical shift and 8Rc is the tabulated amino
acid-specific random coil (RC) values, that is, the expected chemical shifts if no 
secondary structure is present (Wishart et al., 1995; Zhang et al., 2003). In particu
lar, Ca1, C/3, and C' chemical shifts are highly sensitive to the presence of secondary 
structures. For example, a-helical propensity is characterized by positive Ca1 SCSs, 
while ~-sheet propensity is characterized by negative Ca1 SCSs. In addition, by 
comparing the experimental chemical shifts with those expected for a fully formed 
a-helix or ~-sheet, an estimate of the population of secondary structures along the 
disordered chain can be obtained. Tills is indeed the basis of the secondary structure 
propensity (SSP) score proposed recently, which combines the chemical shifts of 
multiple nuclei (Ca1, C/3, and C') in one population score, while at the same time 
avoiding the common chemical shift referencing errors (Marsh et al., 2006). 

Dipolar couplings are also very sensitive probes of time and ensemble-averaged 
conformational equilibria exchanging on timescales up to the millisecond and can 
therefore be used to characterize both the structure and dynamics of disordered 
proteins (Jensen et al., 2009). The dipolar coupling Dij between two spins i andj 
is given by (Emsley and Lindon, 1975) 

YiY)i~J-0 (3cos2 Q(t)- 1) 
8n2r3 2 

(4.2) 

where Q is the angle of the internuclear vector relative to the direction of the static 
magnetic field; Yi and Yj are the gyromagnetic ratios of spin i and j, respectively; 
and r is the internuclear distance. The parentheses indicate an average over all con
formation exchanging on timescales faster than the millisecond. In solution NMR, 
the dipolar coupling between two nuclei is effectively averaged to zero because all 
orientations of the protein molecule are equally probable (isotropic solution). How
ever, the dipolar coupling can be reintroduced, at least partially, by weakly aligning 
the protein molecules in the magnetic field, for example, using an anisotropic solu
tion (Tjandra and Bax, 1997), or exploiting the magnetic anisotropy of paramagnetic 
metal ions (Tolman et al., 1995). These so-called residual dipolar couplings (RDCs) 
add to the experimentally measured scalar coupling (J -coupling), and RDCs can 
therefore be obtained by comparing the coupling splitting in the NMR spectra 
recorded in isotropic and anisotropic solutions. A variety of anisotropic solutions 
exist for weakly aligning proteins in the magnetic field, for example, lipid bicelles 
(Tjandra and Bax, 1997), filamentous phages (Tarbet and Maret, 1979; Clore et al., 
1998; Hansen et al., 1998), lyotropic ethylene glycoValcohol phases (Ritckert and 
Otting, 2000), and polyacrylamide gels, that have been strained either laterally 
or longitudinally to produce anisotropic cavities (Sass et al., 2000; Tycko et al., 
2000). Alignment results from either a steric repulsion between the protein and the 
medium or a combination of electrostatic and steric interactions. 
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Experimentally measured ROCs report on orientations of internuclear bond vec
tors (e.g., N-HN, Ca-Har, Ca-C', and HN-C') that can be expressed with respect 
to a common external reference frame in terms of a second-rank tensor describing 
the overall alignment of the protein molecule in the magnetic field (Blackledge, 
2005): 

YiYj lif.LQ [ 2 3 · 2 J Dii = - 8n 2r 3 Aa(3 cos 8- 1) + l (Ar sm 8 cos 2tp) (4.3) 

Here, Aa and Ar are the axial and rhombic components of the alignment tensor, 
respectively, and 8 and IP represent the orientation of the internuclear vector with 
respect to the alignment tensor. RDCs have been used extensively in the determi
nation of the structure of folded proteins (Tjandra et al., 1997; Bax, 2003; Bax and 
Grishaev, 2005) and for determining the relative orientation of proteins involved in 
protein-protein complexes (Clore, 2000; Ortega-Roldan et al., 2009). In addition, 
RDCs from several different alignment media with independent alignment tensors 
have been used to report on local dynamics occurring in proteins on timescales 
up to the millisecond (Meller et al., 2001; Tolman, 2002; Clore and Schwieters, 
2004; Bouvignies et al., 2005; Lange et al., 2008; Salmon et al., 2009). For a 
steric alignment medium, the alignment tensor can be accurately predicted from 
the overall shape of the protein molecules, for example, using the program PALES 
(Zweckstetter and Bax, 2000; Zweckstetter, 2008), allowing one to obtain infor
mation about average bond vector orientations in lOPs. Below, we demonstrate 
the remarkable ability of chemical shifts and RDCs in combination with SAXS 
to describe the conformational behavior of the intrinsically disordered domains of 
SeV P andN. 

4.3 STRUCTURAL CHARACTERIZATION OF SENDAI VIRUS 
PHOSPHOPROTEIN 

The structure of PMD (see Fig. 4.1 for the domain organization of P) was solved 
by X-ray crystallography (Tarbouriech et al., 2000). It is a tetramer in which each 
monomer is composed of a long a-helix that forms a tetrameric coiled coil and 
a helical bundle of three short a-helices (Fig. 4.2). The central domain contains 
the binding site for protein L, in which the residues K408, R409, E412, K415, 
and E416 have been found to be essential for the formation of the P-L complex 
(Bowman et al., 1999). 

The structure of PX was studied by NMR spectroscopy. According to prediction, 
this domain contains both structured and disordered parts (Fig. 4.1). The 1H-15N 
HSQC spectrum of PX contains both sharp resonances in a reduced 1 H chemi
cal shift range (8.0-8.5 ppm) indicative of a disordered chain, as well as slightly 
broader resonances in a more dispersed 1 H chemical shift range (6.8-9.3 ppm) 
indicative of a globular domain (Fig. 4.3) (Marion et al., 2001). Using stan
dard short-range ( <6 A) distance constraints between protons (nuclear Overhauser 
enhancements (NOEs)), it was found that PX contains a folded, three-helix bun
dle structure (amino acids 516-568) and a long disordered strand (amino acids 
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Top view 

Side view 

Figure 4.2 1\vo views of the crystal structure of the tetrameri:zation domain (PMD) of 
P (PDB accession number lEZJ). 
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Figure 4.3 1H.l 5N HSQC spectrum of PX. The sample contained .50mM phosphate 
buffer and 0.5M NaCl at pH 6.0. The spectrum was recorded at a 1H frequency of 
800MHz at 25"C. 

474-515) via which it is attached to the tetramerization domain of P (Fig. 4.4) 
(Blanchard et al ., 2004). 

One of the major challenges in the study of lOPs is to develop explicit ensermle 
descriptions on the basis of experimental data that in turn can be used to understand 
the conformational behavior of the unfolded chains. A structural model of the 
disordered domain of PX was obtained on the basis of experimental RDCs and 
SAXS (Bernad6 et al ., 2005). The experimental N-HN and C'-HN RDCs could be 
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Figure 4.4 Representation of the structure of PX consisting of a folded three-helix 
bundle domain and a long disordered strand via which it is attached to the tetramerization 
domain of P (PDB accession niDDber 1R4G). Fifteen copies of the unfolded domain are 
shown. 

obtained in the disordered domain of PX despite the heterogeneous conformational 
behavior of the chain, although the couplings are smaller than those measured 
in the folded domain (Fig. 4.5). In order to model the diverse conformational 
Slllq)ling in the disordered domain of PX, an amino-acid-specific random-coil ~ /v 
database was created from loop regions of high resolution X-ray structures. A 
structural ensermle of PX was generated using Monte-Carlo-based sampling of the 
coil database, while at the same time avoiding clashes between different parts of the 
chain using a silq)le steric exclusion model (Bernad6 et al., 2005). This algorithm, 
Flexible-Meccano, allows for a very efficient, restraint-free sampling to fill the 
conformational space available to the disordered sequence. The alignment tensor 
was estimated on the basis of the shape of each member of the ensermle using 
PALES, and the RDCs were calculated using Equation 4.3 and finally averaged 
over the whole ensermle. To ensure convergence of the RDCs in the disordered 
domain, 50,000 conformers were included in the PX ensermle. A relatively good 
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Figure 4.5 Comparison of experimental (solid line) and predicted (dashed line) RDCs in 
PX. 1\vo types of RDCs are shown: N-HN (top) and C!-HN (bottom). 'The experimental 
RDCs were obtained by aligning the protein in a liquid crystal composed of polyethylene 
glycol and 1-bexanol The predicted RDCs were obtained from a structural ensemble 
of PX created using Flexible-Meccano. The protein construct contained an N-terminal 
his-tag of 14 amino acids such that residues 474-568 correspond to intact PX. 

reproduction of experimental RDCs is obtained throughout the chain (Fig. 4.5) 
where the lllq)litude and distribution of RDCs are reproduced. This, and related 
observations in other proteins, indicate that loop regions of high resolution X
ray structures constitute a reasonable model of the disordered state. Note that in 
this particular system, the RDCs ftom each copy of the protein, in both folded 
and disordered domains, depend on the relative alignm;::nt of the two domains, 
constituting a quantitative test of the validity of the approach. 

The model of PX was further validated using experirmntal SAXS data obtained 
under the sarm conditions as the NMR experirmnts. Side chains were added to each 
Flexible-Meccano conforrmr in the unfolded domain using the SCCOMP program 
(Eyal et al., 2004), and SAXS intensity curves were predicted using the program 
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CRYSOL (Svergun et al., 1995). The intensities from each of the confonners were 
averaged, and 2000 conformers were sufficient to achieve convergence of the rel
evant scattering properties sirmlated from the ensemble. The effective radius of 
gyration extracted from the PX ensenble is 28 .7 A, which is in reasonable agree
ment with the experimental value of 29.7 A. In addition, the overall shape of the 
experimental scattering profile agrees well with the profile predicted from the PX 
ensenble, indicating that the obtained structural model of the disordered domain 
is reliable (Fig. 4 .6). 

In order to obtain further insight into the overall dimensions of P, additional 
SAXS measurements were carried out on PCT. The dimensions of the tetramer
ization domain were calculated from the crystal structure, resulting in a length 
of 102 A, a radius of gyration of 33 A, and a cross-sectional radius of gyration 
(measure for the width of the domain) of 13 A. From the SAXS measurements 
of PCT, a radius of gyration of 48 A and a cross-sectional radius of gyration of 
14 A were obtained (Blanchard et al., 2004). In particular, the value of the cross
sectional radius, that is, only 1 A greater than the corresponding value calculated 
for PMD, indicates that PCT can be modeled as a cylinder with a width of 40 A 
and a length of 160 A. Although these dimensions may suggest that the four PX 
domains are positioned close to the axis of the tetramerization domain, significant 
dynamic averaging due to the flexibility of the unfolded domain may also produce 
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Figure 4.6 Defining the size and shape of PX from SAXS. Comparison of background
corrected experimental SAXS curve (intensity I(Q) vs. scattering vector Q, empty gray 
circles) and predicted cwve (solid line) from the structural ensemble of PX created using 
Flexible-M eccano. 
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only a small increase in lateral dimensions, even in the presence of large amplitude 
excursions. A slight overlap between the lengths of PMD (102 A) and PX (10 A) 
was interpreted to give a total length of 160 A (Blanchard et al., 2004). 

To obtain an insight into the P-N interaction, mapping of the interaction site 
of NTAIL on PX was performed by following the changes in the 1 H-15N HSQC 
spectrum of PX on addition of unlabeled NTAIL (Houben et al., 2007). It was found 
that NTAIL binds to the folded domain of PX in the cleft between the helices a2 and 
a3, with an estimated dissociation constant of 57 11M. A surface representation of 
PX in terms of hydrophobic and electrostatic residues shows that NTAIL binds to 
a patch on PX that contains predominately negatively charged residues suggesting 
that the SeV NTAIL-PX interaction is mainly governed by electrostatic forces. This 
is in contrast to the corresponding NTAIL-PX interaction in measles virus, which 
is dominated by hydrophobic forces (Kingston et al., 2004 ). 

4.4 STRUCTURAL CHARACTERIZATION OF THE SENDAI VIRUS 
NUCLEOPROTEIN 

Structural characterization of the C-terminal domain, NTAIL of N, was performed 
using NMR spectroscopy. The 1 H-15N HSQC spectrum of NTAIL (residues 
443-524) displays poor dispersion of the signals in the 1H dimension, indicating 
that NTAIL lacks a tertiary structure and therefore most likely belongs to the family 
of lOPs (Fig. 4.7). The amount of residual structure in NTAIL was initially probed 
by combining the experimental Ca and C/3 chemical shifts in the SSP score, 
showing that NTAIL, although intrinsically disordered, possesses up to 80% helix 
in the 476-495 region (Fig. 4.8). 

Mapping (in the opposite sense to that described above) of the interaction site 
of PX on NTAIL was performed by following the changes in the 1 H-15N HSQC 
spectrum of NTAIL on addition of unlabeled PX (Houben et al, 2007). The largest 
chemical shift changes were observed for the residues 476-495. Interestingly, this 
region possesses helical propensity already in the prerecognition state, and it was 
shown that it becomes more rigid on interaction with PX (Houben et al., 2007). 

To obtain more detailed information about the CL-helical sampling in the inter
action site of NTAIL, different types of RDCs (N-HN, CCL-Ha, CCL-C1, and HN-C') 
were measured in the protein (Jensen et al., 2008). N-HN RDCs have been shown 
to be particularly sensitive to CL-helical elements because they change sign from 
negative in a completely disordered protein to positive within helices (Jensen and 
Blackledge, 2008). The observed change in sign can be explained as follows: the 
average orientation of the N-HN bond vector in a disordered chain where the protein 
is preferentially aligned in a direction parallel to the magnetic field, for example, in 
an elongated cavity, would be expected to be approximately orthogonal to the field 
and therefore gives rise to negative couplings (Eq. 4.2). Within a helical element, 
the bond vector would be aligned more or less parallel to the average chain direction 
and therefore gives rise to positive dipolar couplings (Fig. 4.9). The N-HN RDCs 
obtained in NTAIL are positive with a wavelike fine structure within the molecular 
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Figure 4.7 1H-15N HSQC spectrum ofNTAIL oomprising residues 443-524. 1be sample 
contained 50 mM phosphate buffer and 500 ml NaCI at pH 6.0. The spectrum was recorded 
at a 1H frequency of 600MHz at 25°C. 

recognition element (MoRE), while the RDCs in the disordered chains outside the 
MoRE are predominately negative (Jensen et al ., 2008). The dipolar waves in the 
MoRE are due to the aligned helical elements are slightly tilted with respect to 
the direction of the magnetic field. It has been shown that the tilt angle of the 
helical element with respect to the magnetic field depends in a predictable manner 
on the direction of the disordered chains projected from the helix caps (Jensen and 
Blackledge, 2008). Thus, if the disordered chains are projected in approximately 
the same direction, the tilt angle is close to .mro, while a larger tilt angle is obtained 
if the chains are projected in opposite directions. For these reasons, the size of the 
RDCs and the observed dipolar waves are sensitive to helix length, population, and 
capping. 
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Figure 4.8 Secondary structure propensity (SSP) score of NTAIL (construct comprising 
residues 443-524). Positive SSP score indicates the formation of Ot-belical elements, 
while a negative score indicates the formation of ~-sheetlike structure. The SSP score 
was obtained by combining experimental Ca and C/3 chemical shifts (see text). 

(a) 

(b) 

Figure 4.9 figurative representation of effective angular averaging properties of 1H-
15N bond vectors in a disordered protein dissolved in a weakly aligning medium with the 
director along the magnetic field. (a) RDCs measured for 1HJ5N bond vectors in more 
extended conformations, as commonly found in disordered proteins, will have negative 
values (Q close to 90°). (b) RDCs measured for 1HJ5N bond vectors in turns or helical 
conformations will have positive values (Q close to 0°). 
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In order to exploit the available information in the experimental RDCs, we 
developed a minimal ensemble approach that allowed us to quantitatively charac
terize at the atomic level the a-helical sampling in the MoRE (residues 476-495) 
of NTAIL (Jensen et al., 2008). We used Flexible-Meccano to generate conforma
tional ensembles of NTAIL with helices of different lengths and positions within 
the MoRE. Each ensemble consisted of 10,000 structures in order to ensure con
vergence of the RDCs when averaged over the ensemble. A total of 153 different 
ensembles were necessary to include all possible helices with a minimum length 
of 4 amino acids to a maximum length of 20 amino acids. 1bis approach serves 
to find the minimal ensemble that best fits the experimental RDCs by combining 
the predicted RDCs from the different ensembles and optimizing the populations 
of the helical elements: 

(4.4) 

Here, Pk represents the populations of the n helical conformers for which Dt is the 
individual predicted coupling between nuclei i andj and DB is the predicted cou
pling from the completely disordered state. These effective couplings are compared 
to the experimental data through 

(4.5) 

where O'ij is the estimated uncertainty on the experimental couplings. All four 
measured types of couplings were included in the fitting procedure. The number of 
helical conformers was gradually increased (starting from n = 1), and F-tests were 
applied to verify the statistical significance of the improvement of the fitting of the 
experimental data. It was found that n = 3 is the minimum number of helices that 
is needed to describe the experimental RDCs (Fig. 4.1 0). Thus, the MoRE of NTAIL 
is adopting a conformational equilibrium between three specific helical conformers 
and a completely unfolded form (Fig. 4.11). A maximum helical propensity in the 
MoRE of 75% was obtained from the RDCs, which is in good agreement with the 
value obtained on the basis of the experimental chemical shifts (Fig. 4.8). 

The model of NTAIL obtained using the minimal ensemble approach shows sev
eral features important for molecular recognition in the NTAILIPX system. Thus, 
rather than fraying randomly, the MoRE of NTAIL preferentially populates specific 
a-helical conformers. As mentioned above, the interaction between NTAIL and PX 
is most likely mediated by electrostatic forces, where positively charged residues 
of NTAIL interact with a patch of negative residues located on the surface of PX. 
Three positively charged side chains, R482, R486, and R490, are found in the 
MoRE of NTAJL. These arginines are separated by four amino acids in the primary 
sequence, ensuring that they are located on the same side of helices formed in the 
prerecognition state of NTAIL (Fig. 4.11). 
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Figure 4.10 Comparison of experimental N-HN RDCs (solid line) and predicted RDCs 
(dashed line) in NTAIL· The experimental RDCs were obtained by aligning the protein 
in a liquid crystal oomposed of polyethylene glycol and 1-hexanol. The predicted RDCs 
were calculated from the model of NrAIL shown in Fig. 4.11 obtained using the minimal 
ensemble approach. 

Interestingly, the helices selected by the minimal eoseni>le approach are all pre
ceded by aspartic acids or serioes-two amino acids capable offorming stabilizing 
N-capping interactions (Serrano and Fersht, 1989; Serrano et al., 1992). Thus, these 
residues act as helix promoters in an otherwise unfolded protein showing how the 
favored conformations are encoded in the primary sequence of the MoRE. Possibly, 
equally irqx>rtant is the fact that the direction in which the disordered strands are 
projected from the helix caps is selectively controlled by the presence of these sta
bilizing interactions. This suggests a rrechanism by which the partially folded form 
of NTAIL projects the disordered strands in the most functionally useful direction to 
achieve efficient fly-casting interactions. The fly-casting effect, first hypothesized 
as a rrechaoism for the folding of IDPs on binding, promotes interactions between 
the IDP and its partner by first binding weakly and nonspecifically to its partner, 
then folding as it approaches its binding conformation (Shoemaker et al., 2000). 

In conclusion, the SeV phosphoprotein and nucleoprotein contains large regions 
of intrinsic disorder, and the coni>ination of NMR spectroscopy and SAXS has 
proven extrerrely valuable for obtaining an insight into both local conformational 
salq)ling and overall dirrensions of such large, highly dynamic proteins. The P 
protein is envisaged to cartwheel on theN-RNA terq>late via the sirmltaoeous 
breaking and reforming of contacts with N subunits such that at least two anm of 
the tetrarrer continuously engage theN-RNA. It is clear that the intrinsic dynamics 
of both P and N plays a major role in this context and that the atomic resolution 
models of P and N provide valuable insight into the molecular basis of transcription 
and replication of paramyxoviruses. 
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Figure 4.11 The conformational equilibrium adopted by the MoRE of NTAJL in solution. 
The four most populated conformations are shown as a single structure representing the 
25% disordered conformers, a helix comprising the six amino acids 479-484 populated 
at a level of 36%, a helix 476-488 populated at a level of 28%, and a helix 478-492 
populated at a level of 11%. The side chains of the interaction site of arginines are shown 
in red in each case. 1\venty randomly selected conformers are shown for each of the 
helical segments to illustrate the directionality of the adjacent chains projected from the 
helix caps. The location of the helices selected using the minimal ensemble approach is 
shown in the primary sequence. AU helices are preceded by aspartic acids or serines-two 
residues capable of forming N-capping interactions. (See insert for color representation 
of the figure.) 
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ABBREVIATIONS 

HSQC 
IDP 
MoRE 
NaCl 
NMR 
N 
NcoRE 
NTAIL 
PEG 
p 
PCT 
PMD 
PNT 
PX 
ROC 
RNA 
scs 
SSP 

heteronuclear single quantum coherence 
intrinsically disordered protein 
molecular recognition element 
sodium chloride 
nuclear magnetic resonance 
Sendai virus nucleoprotein 
amino acids 1-400 of Sendai virus nucleoprotein 
amino acids 401-524 of Sendai virus nucleoprotein 
polyethylene glycol 
Sendai virus phosphoprotein 
amino acids 320-568 of Sendai virus phosphoprotein 
amino acids 320-445 of Sendai virus phosphoprotein 
amino acids 1-320 of Sendai virus phosphoprotein 
amino acids 474-568 of Sendai virus phosphoprotein 
residual dipolar coupling 
ribonucleic acid 
secondary chemical shift 
secondary structure propensity 
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5 
STRUCTURAL DISORDER IN 
PROTEINS OF THE RHABDOVIRIDAE 
REPLICATION COMPLEX 

CEDRIC LEYRAT, FRANCINE C.A. GERARD, EURIPEDES A. RIBEIRO, JR, 
IVAN IVANOV, AND MARC JAMIN 

5.1 INTRODUCTION 

5.1.1 The Rhabdoviruses 

The Rhabdoviridae is a large family of enveloped viruses that have a nonsegmented 
genome made of a single strand of negative-sense RNA. The Rhabdoviridae is 
grouped in the order Mononegavirales (MNV) (the name is a composition of three 
elements: mono, single; nega, negative sense; virales, virus) with three other fam
ilies, the Filoviridae (Ebola and Marburg viruses), the Paramyxoviridae (measles, 
mumps, respiratory syncytial viruses), and the Bornaviridae (Barna disease virus), 
because all these viruses, in addition to having a nonsegmented negative-sense 
RNA genome, share similar genome and structural organizations as well as sim
ilar strategies of RNA replication and transcription (Pringle, 1997). Viruses are 
classified as Rhabdoviridae member and currently grouped into six genera on the 
basis of structural properties, antigenicity, and, more recently, phylogenetic anal
yses (fordo et al., 2004 ). Viruses from three genera (Lyssavirus, Vesiculovirus, 
and Ephemerovirus) infect a variety of animal hosts, including mammals, fish, 
and arthropods; viruses from the fourth genus infect numerous fishes (Novirhab
dovirus); and viruses from the last two genera are arthropod-borne and infect plants 
( Cytorhabdovirus and Nucleorhabdovirus ), while numerous other rhabdoviruses 
remain unclassified. 
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The most prominent member of the Rhabdoviridae is the rabies virus (RV) in the 
genus Lyssavirus. RV is the main causative agent of rabies, a multihost zoonotic 
disease, whose transmission by dog bite and fatal nature have been known since the 
twenty-third century BC (Theodorides, 1986). RV is a neurotropic virus that causes 
encephalitis with a complex pathogenesis leading to different forms of the disease 
(''furious" or encephalitic, "dumb" or paralytic, nonclassic rabies) (Hemachudha 
et al., 2002; Dietzschold et al., 2008). The encephalitis is incurable and fatal in 
100% of the cases, but the infection can be prevented. Since the first successful use 
of rabies vaccine by Louis Pasteur in 1885, the disease is under control in Western 
Europe and North America by the application of preexposure and postexposure 
treatments (Rupprecht et al., 2006). However, rabies remains an important, albeit 
neglected, human health problem, killing more than 50,000 people each year world
wide (one person every 10 min) mainly in Asia and Africa (see WHO Fact Sheet 
N' 99, 2008) and imposing important economic burden on the affected populations 
(Knobel et al., 2005). Moreover, recent reports suggest that the number of cases 
is substantially underestimated in poor rural areas (Cleaveland et al., 2002). The 
main natural reservoirs of RV are bats or carnivores such as dog, fox, raccoon, and 
skunk. The mechanism of cross-species transmission remains poorly understood 
(Streicker et al., 2010), but new strains, potentially unsusceptible to vaccination 
against classical rabies (Hanlon et al., 2005; Weyer et al., 2008), could emerge and 
spread again in the human population (Fooks, 2005; Leslie et al., 2006). Recently, 
RV has been developed as a neuronal tracer to identify neuronal networks within 
the brain and for studying the innervations of motor muscles (Ugolini, 2010). 

The vesicular stomatitis virus (VSV) in the genus Vesiculovirus is another well
known member of the Rhabdoviridae. It is an arthropod-transmitted virus that 
causes a mild disease in horses, cattle, and pigs and rarely transmits to human It 
has economical impacts on the farm industry. For many years, VSV has been used 
as a model system for studying the replication cycle of the Rhadoviridae and, more 
generally, the interactions between viruses and their host cells. More recently, VSV 
has been used as a vaccine vector and as an oncolytic virus (Lichty et al., 2004; 
Rose et al., 2008). Other vesiculoviruses such as Chandipura virus or Piry virus 
also infect humans. In recent outbreaks in India, Chandipura virus produced acute 
encephalitis with high fatality ratio. Finally, numerous Rhabdoviridae members 
infect fishes or plants and are of major economic importance to fish farming and 
agricultural industries. 

5.1.2 Genome Organization and the Virion Structure 

The viral genome of the Rhabdoviridae members is made of a single molecule 
of negative-sense RNA of 9-18 kb flanked on both sides by untranslated leader 
(le) and trailer (tr) RNA regions (Fig. 5.1a). It comprises up to 10 genes, but RV 
and VSV genomes contain only five genes that are common to all members of 
the MNV and encode successively from the 3' terminus, the nucleoprotein (N), 
the phosphoprotein (P), the matrix protein (M), the glycoprotein (G), and the large 
subunit of the RNA-dependent RNA polymerase (L) (Fig. 5.1a). 
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Figure 5.1 1be rabies virus. (a) RV genome. The genome encodes five proteins and 
contains untranslated '1 leader (le) and 5 trailer (tr) sequences. (b) Structure of the 
virion. Schematic representation of the buUet-shaped RV showing the dimensions of 
the particle and the relative organization of the glycoprotein (G), matrix protein (M), 
nucleoprotein-RNA complex (N-RNA), phosphoprotein (P), and large subunit of the 
RNA-dependent RNA polymerase (L). The L and P proteins are localized inside the 
N-RNA complex but are shown here outside for presentation purpose. 

Animal dlabdoviruses are enveloped viruses with an overall bullet shape with 
one round end and the other ftat, while plant rhabdoviruses have a bacillus shape. 
RV and VSV particles are 180-170 run in length and 90-70 run in diameter 
(Schoehn et al ., 2001 ; Ge et al ., 2010) (Fig. 5 .1b). The cryo-electron microscopy 
(EM) reconstruction of the virion of VSV revealed the molecular organization of 
the viral proteins in three concentric layers (Ge et al ., 2010). The outer shell is a 
host-cell-derived lipidic membrane decorated with trimeric G spikes. The middle 
layer is formed by M proteins that are orgaom:d in a regular helix onto which 
the trimeric G spikes attach. The inner layer is the nucleocapsid (NC), the actual 
infectious part of the virus, corqx>sed of the genomic RNA molecule associated 
with theN, P, and L proteins (Szilagyi and Uryvayev, 1973). N has two domains 
forming a cavity into which nine ribonucleotides bind through interactions with the 
sugar-phosphate backbone (lseoi et al ., 2000; Schoehn et al ., 2001 ; Green et al ., 
2006; Albertini et al ., 2006b). N colq)letely packs the genomic RNA into a long 
N-RNA COiq)leX orgaom:d in a regular helix (Schoehn et al ., 2001) that hides the 
RNA molecule away from host cell nucleases and innate imrmoe receptors and 
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is likely involved in the presentation of the genome to the L polymerase. P and L 
proteins attach to this N-RNA con:plex but cannot be visualized in the cryo-EM 
reconstruction because they are not organized in a highly symromcal fashion. 

5.1.3 The Viral Rep6cation Cycle 

All intricacies of the life cycle of rhabdoviruses have not yet been unraveled. Most 
of the studies of intracellular replication were carried out with VSV and RV, which 
replicate in the host cell cytoplasm The current knowledge about the RV replication 
cycle was recently reviewed (Schnell et al., 2010). Although numerous features of 
this process are common to both RV and VSV, RV replicates more slowly and is 
less cytopathic than VSV, indicating different regulatory mechanisms and different 
modes of interference with the host cell. 

The replication cycle of rhabdoviruses has three maio phases, which are sum
marized in Fig. 5 .2. The first phase includes the attachment of the viral particle 
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Figure 5.2 RV replication cycle. 1be replication of rabies virus occurs in three main 
phases. The first phase (1) includes the attachment of the viral particle onto the surface of 
the host cell, foUowed by its internalization into an endosome and the release of the NC 
in the cytoplasm through fusion of the viral membrane with the endosomal membrane. 
In the second phase (2), the viral genome is transcribed and replicated within the viral 
transcription/replication complexes, and the viral proteins are translated by the host ceU 
translation machineries. In the third phase (3), the different viral components migrate 
to the host ceU plasma membrane where they assemble, and new viral particles bud out 
from the host ceU. 



1HE RHABDOVIRUS REPLICATION COMPLEX 119 

onto the surface of the host cell, followed by its internalization into an endosome 
and, in the case of RV, its intracellular axonal transport toward the cell body. Next, 
the NC is released in the cytoplasm through fusion of the viral membrane with 
the endosomal membrane. In the second phase, the viral genome is transcribed and 
replicated. These processes occur in cytoplasmic inclusion bodies that are named 
Negri bodies in the case of RV (Lahaye et al., 2009; Heinrich et al., 2010). Ini
tially, the incoming viral genome is transcribed in a sequential process, producing 
a positive-stranded leRNA and five capped and polyadenylated mRNAs (Banerjee, 
1987), and the viral proteins are produced by the host cell translation machineries. 
Later, the viral polymerase switches from transcription to replication of the RNA 
genome and starts producing a full-length positive-sense antigenome that subse
quently serves as a template for the synthesis of new viral RNA genomes. The 
mRNAs are not encapsidated by N (Patton et al., 1984), but both the antigenomes 
and newly synthesized genomes are encapsidated by N, and therefore, replication 
requires the continuous production of soluble N (Patton et al., 1984). The mecha
nism of the switch from transcription to replication is unknown. It is regulated by 
the accumulation of soluble N proteins (Howard and Wertz, 1989), but in VSV, it 
also depends on the phosphorylation of P, the interaction of P with leRNA (Blum
berg et al., 1981), and theM protein (Finke and Conzelmann, 2003). In the third 
phase, the viral components migrate to the host cell plasma membrane where they 
assemble. New viral particles bud out of the cell, taking away a piece of host cell 
membrane, which contains the G protein. The M protein interacts with both the 
N protein and host membrane (Dancho et al., 2009) and could therefore serve as 
a scaffold for assembling the viral components at the inner face of the cellular 
membrane. 

5.2 THE RHABDOVIRUS REPLICATION COMPLEX 

Only three of the viral proteins, N, P, and L, are required to synthesize viral RNA 
in an efficient and regulated manner. For VSV, transcription could be reconsti
tuted in vitro using a mixture of L, P, and N-RNA complex (Emerson and Yu, 
1975; De and Banerjee, 1984), and both transcription and replication could be 
reconstituted in vivo using a three-plasmid (L, P, and N) genetic system (Pattnaik 
et al., 1997). In VSV, two multimolecular complexes that contain the viral L, P, 
and N proteins, but differ in their content in host cell proteins, were postulated 
to separately catalyze transcription and replication (Gupta et al., 2003; Qanungo 
et al., 2004 ). The N packs the RNA genome in a single-stranded form, and this 
N-RNA complex, rather than the naked RNA, serves as the active template for 
both transcription and replication by the viral RNA-dependent RNA polymerase 
(Arnheiter et al., 1985). Pis an essential, noncatalytic cofactor that plays multiple 
roles in the viral life cycle (Emerson and Yu, 1975). First, it assembles with the 
L protein to form the active RNA polymerase complexes (Emerson and Yu, 1975; 
De and Banerjee, 1984). In these complexes, L carries out all enzymatic activities 
involved in the transcription and replication of the viral genome, including RNA 
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synthesis, mRNA cap synthesis and methylation, and mRNA polyadenylation. P 
is an essential noncatalytic cofactor, but its precise role remains unknown (Barr 
et al., 2002). In the absence of P, L initiates RNA synthesis and produces short 
oligonucleotides of two to four ribonucleotide&, but P is required for RNA elon
gation (De and Banerjee, 1985). L is a processive enzyme, which must remain 
attached as it moves along its template (Stillman and Whitt, 1999), and L alone 
has a weak binding affinity for theN-RNA complex and is unable to reassociate 
with its template (Mellon and Emerson, 1978). P has binding sites for both Land 
the N-RNA complex and is presumed to correctly position L onto the N-RNA 
template and maintain its attachment during the displacements of the polymerase 
complex along the template. The binding of P to L involves theN-terminal part of 
P and the last 500 residues of L (Emerson and Schubert, 1987; Castel et al., 2009), 
while the binding of P to theN-RNA complex involves the C-terminal domain 
of P and the C-terminal domain of N (Chenik et al., 1994; Fu et al., 1994; Green 
et al., 2000; Jacob et al., 2001; Schoehn et al., 2001). 

During viral replication, the newly synthesized RNA genomes and antigenomes 
must be encapsidated by N. N has a strong affinity for RNA and binds nonspecif
ically to cellular RNA. A second role of P is to act as a chaperone of nascent 
N molecules. P forms with the N a complex named N>-P complex (the super
script 0 denotes the absence of RNA) that maintains N in a soluble and RNA-free 
form until N is transferred, by an unknown mechanism, from P to the newly syn
thesized viral RNA (Masters and Banerjee, 1988; Peluso and Moyer, 1988; Howard 
and Wertz, 1989; Mavrakis et al., 2006; Chen et al., 2007). The binding site for N> 
was localized in the N-terminal part of P (Mavrakis et al., 2006; Chen et al., 2007). 
The RNA-binding cavity of N has a highly positive electrostatic surface potential 
(Green et al., 2006; Albertini et al., 2006b), whereas theN-terminal part of P is 
rich in negatively charged residues, suggesting that P binds in the same cavity of 
N as the RNA (Hudson et al., 1986; Mavrakis et al., 2006). 

In addition to its roles in the transcription and replication of the viral genome, 
P also interferes with the host cell innate immune response by blocking the inter
feron response pathway and thereby modulating the pathogenicity of the virus (Ito 
et al., 2010). Several N-terminally truncated forms of P are produced from alter
native in-frame AUG initiation codons by a leaky scanning mechanism (Herman, 
1986; Spiropoulou and Nichol, 1993; Chenik et al., 1995). In RV, depending on 
the presence of the N-terminal nuclear export signal (NBS) sequence, the truncated 
forms of P are located either in the cytoplasm or in the nucleus and therefore 
can interact with various components of the interferon response in both subcellu
lar compartments, blocking the interferon production (Brzozka et al., 2005), the 
interferon-induced signaling cascade (Vidy et al., 2005), and some products of 
interferon-stimulated genes (Blondel et al., 2002). Finally, the VSV P and RV P 
interact with the host cell cytoskeleton (Poisson et al., 2001; Das et al., 2006). 
The interaction of RV P with the light chain 8 of the dynein motor could allow 
retroaxonal transport or intracellular transport 

In the last five years, the structural characterization of P, theN-RNA complex, 
and the N-RNA-Pcm complex of both RV and VSV brought a new light on the 
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structural organization of the transcription/replication complex of the rhabdoviruses 
and highlighted the roles played by disordered regions in different molecular recog
nition events occurring within this complex (Ding et al., 2006; Green et al., 2006; 
Albertini et al., 2006b; Gerard et al., 20fJ7, 2009; Ribeiro et al., 2008; Green and 
Luo, 2009; Ribeiro et al., 2009). These results are discussed here in the context of a 
scenario where P plays a central role in the assembly of the transcription/replication 
complex and in its progression along the N-RNA template during transcription and 
replication. 

5.3 A META-PREDICTION OF PROTEIN DISORDERED REGIONS 

Recently, the structure/function paradigm was challenged with the discovery that 
many proteins are intrinsically disordered proteins (lOPs) or contain intrinsically 
disordered regions (IDRs) under physiological conditions (Wright and Dyson, 1999; 
Uversky et al., 2000; Tampa, 2002; Uversky, 2002). Since the early days of pro
tein folding studies, biological activities have been associated with the adoption 
by the polypeptide chain of a well-defined three-dimensional structure, but recent 
findings showed that disorder is required for the assembly of multimolecular com
plexes (Spolar and Record, 1994; Wright and Dyson, 2009) or for the biological 
functions of numerous proteins involved in molecular recognition, cell signaling, 
and regulation control (Wright and Dyson, 1999; Dyson and Wright, 2002; Tampa, 
2002; Dunker et al., 2002a,b; Iak:oucheva et al., 2004; Romero et al., 2004; Tampa 
and Csermely, 2004; Uversky et al., 2005; Liu et al., 2006). In the last decade, 
new approaches were developed for identifying and characterizing these :flexible 
proteins, and a special section for disorder prediction has been added to the bian
nual Critical Assessment of Techniques for Protein Structure Prediction (CASP) 
exercise since 2002 (Bordoli et al., 20fJ7). NMR spectroscopy (Dyson and Wright, 
2004; Eliezer, 2009; Jensen et al., 2009) and small angle scattering experiments 
(Bernado et al., 2007; Bernado and Blackledge, 2009) are particularly suitable for 
characterizing their structural properties, and various algorithms were developed for 
identifying IDP or proteins containing IDRs (He et al., 2009). Complete genome 
surveys revealed that as much as one-third of the proteins from eukaryotes contain 
long IDRs (fokuriki et al., 2009). However, these different predictors yield differ
ent results, with large discrepancies in the number, position, and length of predicted 
IDRs, and the use of multiple predictions was recommended (Ferron et al., 2006; 
Bourhis et al., 20fJ7). These discrepancies argue for the existence of different types 
(":flavors") of disorder (Vucetic et al., 2003; Ferron et al., 2006) but raise the prob
lem of choosing the best algorithm and/or strategy for locating the boundaries of 
the disordered regions in a given protein (Ferron et al., 2006; Bourhis et al., 2007). 
Recently, meta-servers and meta-predictors were developed, which automatically 
present the results from different predictors (Lieutaud et al., 2008) or calculate a 
consensus prediction (Ishida and Kinoshita, 2008; Deng et al., 2009; Schlessinger 
et al., 2009; Xue et al., 2010; Mizianty et al., 2010). 

When we initiated our work on RV and VSV P, we devised our own meta
predictor using a simple binary voting procedure that integrates predictions from 
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16 different algorithms (Ribeiro et al., 2008; Gerard et al., 2009). The amino acid 
sequence was submitted to different algorithms available through web servers, and 
for each prediction, each residue was ranked in a binary manner as ordered or 
disordered using the default thresholds set in the web servers (Gerard et al., 2009). 
A score of zero was attributed to each residue predicted to be disordered, whereas 
a score of one was attributed to each residue predicted to be in a structured region. 
For each residue, the values obtained from the different predictors were added and 
divided by the number of used algorithms in order to normalize the score. The 
calculated D-score varied from zero to one, and consensus disordered regions were 
arbitrarily defined as regions with a normalized D-score of ::::; 0.50. This meta
approach was found to be very successful for localizing known structured domains 
within the Sendai virus P (Tarbouriech et al., 2000; Blanchard et al., 2004; Bernado 
et al., 2005; Ding et al., 2006; Ribeiro et al., 2008) and RV P (Mavrakis et al., 
2004) and for identifying unknown structured domains in VSV P (Ribeiro et al., 
2008) and RV P (Ivanov et al., 2010). This analysis, backed by biochemical and 
biophysical data, led to a model of modular organization of the Rhabdoviridae 
P protein (Gerard et al., 2007, 2009) in agreement with that proposed for the 
Paramyxoviridae P protein (Karlin et al., 2003; Habchi and Longhi, 2010). 

5.4 THE MODULAR ORGANIZATION OF RHABDOVIRUS 
PHOSPHOPROTEIN 

5.4.1 Functional and Structural Modules 

Early studies based on deletions and mutations revealed the existence of several 
independent and conserved functional regions in VSV P and RV P (Gill et al., 
1986; Emerson and Schubert, 1987; Gigant et al., 2000; Mavrakis et al., 2004; 
Das and Pat1naik, 2005; Mavrakis et al., 2006) that suggested a modular organi
zation The N-terminal part of P is highly acidic and contains binding sites for 
L (Emerson and Schubert, 1987; Chenik et al., 1998; Castel et al., 2009) and N> 
(Takacs et al., 1993; Mavrakis et al., 2006; Chen et al., 2007). It also contains phos
phorylation sites, which in VSV are involved in transcriptional regulation (Barik 
and Banerjee, 1992a,b). The C-terminal part of P contains the binding site for the 
N-RNA template (Paul et al., 1988; Das et al., 1997; Green et al., 2000; Jacob 
et al., 2001; Schoehn et al., 2001; Mavrakis et al., 2004) and phosphorylation sites, 
which control replication in VSV (Hwang et al., 1999). The intermediate region is 
less conserved and includes the self-association domain (Jacob et al., 2001; Ding 
et al., 2006). 

The application of our meta-prediction to the location of IDRs in VSV P and 
RV P hinted at a modular structural organization in broad agreement with the 
functional map, although the boundaries between structural and functional modules 
were slightly different. For RV P, the consensus analysis predicted three structured 
domains, Pmo, PCED, and Pcm, separated by two long IDRs (Fig. 5.3a,c). Pmo 
contained the identified Nl-binding site (Mavrakis et al., 2006), PCED was part of 
the region required for the oligomerization of P (Jacob et al., 2001), and Pcm 
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Figure 5.3 Modular organization of RV P. (a) Meta-prediction of IDRs. A consensus 
prediction for the localization of IDRs was obtained by combining results from 16 inde
pendent predictors available through WEB servers (Gerard et al., 2009). For each disorder 
prediction, residues were simply ranked in a binary manner as ordered or disordered using 
the default threshold set for each algorithm. For each predicting algorithm, a score of zero 
was attributed to a residue when it was predicted to be disordered, whereas a score of one 
was attributed when it was predicted to be in a structured region. The D-score was calcu
lated by adding the values for each residue and dividing by the number of used algorithms. 
We arbitrarily defined a threshold at 0.50, above which residues are assigned as structured, 
and which residues are assigned as disordered. (b) Sequence conservation. The amino acid 
sequences of the P protein from 13 Lyssavirus were aligned, and the conservation rate 
for each amino acid was scored by using the AL2CO software (Pei and Grishin, 2001). 
A C-score above 0.5 indicates a conserved position. This analysis revealed the presence 
of the sequence of three conserved regions (aa 1-50, 101-126, and 194-292) that are 
located within or correspond to the otherwise predicted structured regions. (c) Consen
sus localization of structured and disordered regions. The consensus disordered regions 
determined from the D-score suggest the presence of two disordered regions (aa 53-89 
and 131-194) and three structured domains (aa 1-52,90-130, and 195-297). (d) Struc
tured domains. The high resolution structures of two domains corresponding closely to 
the predicted PeED and Pcrn have been determined by X-ray crystallography (Mavrakis 
et al., 2004; Ivanov et al., 2010). The known three-dimensional structures of PeED and 
Pcm are shown as cartoon models and the disordered regions are shown as dotted lines. 
The dotted circles represent the localization of different binding sites, which could fold 
on binding to their partner. 
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Figure 5.3 (Continued) 

corresponded to the N-RNA binding domain (Mavrakis et al., 2004) that also 
interacts with several corq>onents of the cellular interferon response (Chelbi-Alix 
et al., 2006) (Fig. 5.3d). IDRNT contains a CRM1-dependent NES (Pasdeloup et al. , 
2005), phosphorylation sites (Gupta et al., 2000), and the binding site for L (Castel 
et al., 2009), whereas the IDRcr contains a binding site for the light chain 8 of the 
dynein motor machinery (Poisson et al., 2001). A rmltiple alignrmnt of the amino 
acid sequence of P proteins from 13 rmnt>ers of the genus Lyssavirus revealed 
that the three predicted structured domains were more conserved than the predicted 
IDRs (G~rard et al., 2009) (Fig. 5.3b). 

The consensus prediction obtained for VSV P suggested the presence of four 
structured domains separated by three IDRs (Fig. 5.4a,c). As inRV P, the predicted 
PNTD contains the binding site for Nl. The dimerization domain was previously 
identified in the central part ofP by limited proteolysis, and its structure was solved 
by X-ray crystallography (Ding et al. , 2004, 2006) (Fig. 5 .4d). The freta-analysis 
of disorder, however, predicted the existence of two short structured domains (aa 
98-105 and aa 136-186) separated by a short IDRcB and failed to identify the 
crystallm:d dimerization domain (Ding et al., 2006) (Fig. 5 .4a). The predicted C
terminal domain corresponded to the functional domains required for transcription 
and replication and for binding to the N-RNA terq>late. The IDRNT contains 
phosphorylation sites that control viral transcription, and a multiple alignrmnt of 
the amino acid sequence of P proteins from 12 rmnt>ers of the genus Vesiculovirus 
showed that the three predicted structured domains as well as IDRNT are conserved 
(G&ard et al., 2009) (Fig. 5.4b). The C-terminal IDRcr was short, but its presence 
between the dimerization domain and Pcro was confirmed by NMR spectroscopy 
(Ribeiro et al., 2008). 
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Figure 5.4 Modular organization of VSV P. (a) Meta-prediction of IDRs. (b) Sequence 
conservation. 'The amino acid sequences of the P protein from 12 Vesiculovirus were 
aligned. This analysis revealed that most of the N-tenninal regions (aa 1-150) and the 
C-tenninal regions (aa 216-265) are conserved. (c) Consensus localization of structured 
and disordered regions. 'The consensus disordered regions determined from the D-score 
suggest the presence of three disordered regions (aa 40-98, 105-136, and 186-194) 
and four structured domains (aa 1-39, 99-104, 137-185, and 195-265). (d) Structured 
domains. The high resolution structures of two domains corresponding closely to the 
predicted Peso and PCTD have been determined by X-ray crystallography and NMR, 
respectively (Ding et al, 2006; Ribeiro et al, 2008). 
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5.4.2 Two Ordered Domains of P are Autonomous Folding Units 

In RV P and VSV P, PcBD and Pcro are autonomous folding units, that is, domains 
that fold by thermelves when expressed as recorminant proteins. VSV Pcro was 
also shown to fold and unfold reversibly in vitro (Ribeiro et al., 2008). Nonphos
phorylated RV P and VSV P produced in bacteria form dimers (G6rard et al ., 2007). 
The predicted RV Pc80 forms dimers in solution, whereas the protein deleted from 
the central region (P .:!..91 _ 131 ) forms monomers (Gaard et al ., 2009). In the ccystal 
structure, PcBD also forms dimers (Fig. 5.5a) (Ivanov et al ., 2010). Similarly, 
VSV PcBD identified previously by limited proteolysis (VSV PcBD• aa 107-170) 
is dimeric in the crystal structure (Ding et al ., 2004, 2006) (Fig. 5.5a). The 
predicted RV Pcro (aa 195-297) corresponded closely to the previously identified 
autonomous folding N-RNA binding domain whose structure was solved by X-ray 
crystallography (aa 186-296) (Mavralds et al. , 2004) (Fig. 5.5b). The equivalent 
domain was correctly localm:d in VSV P from the meta-prediction (aa 197-265), 
and its structure was solved by NMR spectroscopy (Ribeiro et al ., 2008) (Fig. 5.5b). 

Although rwltiple sequence alignments indicate almost no sequence similarity 
between P proteins from VSV and RV, the structure of VSV Pcro is homologous 
to that of RV P (Fig. 5.5b). The topology of the backbone is conserved, although 

RV vsv 

(a) 

Figure 5.5 Comparison of the oligomerization (a) and N -RNA binding domains (b) of 
the phosphoproteins of RV and VSV. 



1HE MODULAR ORGANIZATION OF RHABDOVIRUS PHOSPHOPROlEIN 127 

VSV Pcm lacks helices 0!3 and 0!6 of RV Pcm (Ribeiro et al., 2008). This structure 
suggested that the C-terminal domain and its associated biological functions are 
conserved among the Rhabdoviridae members, a proposal recently confirmed by the 
structure of Mokola virus Pcm (Assenberg et al., 2009). Conversely, a comparison 
of the dimeric structures of RV PeED and VSV PCED showed that they are so differ
ent from each other that it is impossible to determine whether these domains have 
evolved from a common ancestor (Ivanov et al., 2010) (Fig. 5.5a). The monomer 
of VSV PCED is made of a central a.-helix flanked by two two-stranded ~-sheets. In 
the dimer, the helices from the two monomers pack against each other in a parallel 
orientation, and on each side of the helical bundle, theN-terminal ~-sheet of one 
monomer forms a four-stranded ~-sheet with the C-terminal ~-sheet of the other 
monomer (Ding et al., 2006). The monomer of RV PCED is made of two a.-helices 
forming a hairpin, and the dimer is assembled by packing two monomers in a 
parallel orientation with an angle of about 50° (Ivanov et al., 2010). 

5.4.3 TheN-Terminal Region Contains a MoRE 

Although our meta-prediction of IDRs suggested that the N-terminal part of RV P 
and VSV P contains a structured domain (Figs. 5.3a and 5.4a) that is highly con
served within their respective genera (Figs. 5.3b and 5.4b), peptides corresponding 
to the first 60 residues of RV P and VSV P appeared globally disordered (G&ard 
et al., 2009). Their Stokes radii and their radii of gyration were similar to those 
expected for a fully unfolded protein of this size, and the NMR spectra exhibited 
poor chemical shift dispersion and narrow resonances typical of disordered pro
teins. However, circular dichroism spectroscopy revealed low amounts of secondary 
structure, and NMR spectroscopy revealed the presence of two transient a.-helical 
elements (aa 2-8 and aa 25-38) in VSV Pmn, that is, a.-helices that are not stable 
enough to be present all the time in the protein, but which fold and unfold con
tinuously (Leyrat et al., unpublished data). This local order in theN-terminal part 
of P could indicate that Pmn contains a molecular recognition element (MoRE), 
that is, a short motif within a disordered protein that promotes association with a 
partner by folding on binding (Mohan et al., 2006; Jensen et al., 2008). 

5.4.4 The Overall Structure of P 

P dimer has overall dimensions larger than those expected for a globular protein of 
the same molecular mass (G&ard et al., 2007). On a plot of the hydrodynamic radius 
as a function of molecular mass, full-length P was intermediate between native and 
unfolded proteins, suggesting that this protein is not fully structured (Gerard et al., 
2009). Small angle neutron scattering data indicated that the molecule has an overall 
cylindrical shape with length about three times longer than the diameter (G&ard 
et al., 2007). The modular organization of P with a folded central dimeric domain, 
a folded C-terminal domain, and two disordered regions conveys a very dynamic 
picture of P with four :flexible "arms" emerging from the central core (Figs. 5.3d 
and 5.4d). 
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IDRs have the ability to interact with multiple structurally diverse par1ners, 
and their binding energetics may favor exchange between different par1ners. The 
N-terminal "arm" (Pmn + IDRNT) is highly :flexible, contains multiple binding 
sites, and can serve to recruit different viral and cellular partners. In RV P, it 
(Pmn + IDRNT, aa 1-92) contains the binding sites for N>, L, host cell kinase 
and exportin The whole disordered N-terminal part of VSV P is highly conserved 
among vesiculoviruses and contains binding sites for a cellular kinase and a bind
ing site for L at the junction between IDRcr and the dimerization domain (aa 
79-123) (Emerson and Schubert, 1987). Our meta-analysis predicted a short struc
tured domain (aa 91-1 06) within this L-binding region, suggesting that it could also 
fold on binding to its par1ner. TheN-terminal part of RV P and VSV P, including the 
Pmn and the IDRNT, is rich in acidic residues and exhibits a net negative charge. 
The requirement of a globally disordered acidic region for the correct assembly 
of the transcription/replication complex is reminiscent of eukaryotic transcription 
regulator proteins, such as GAL4 and GCN4. These proteins comprise disordered 
acidic regions that activate transcription by recruiting transcription factors to the 
promoter and by helping in the assembly of the transcription complex (Ptashne and 
Gann, 1997). The acidic character of these regions, and not their specific amino 
acid sequence, is the major determinant of their activity, and transcriptional activa
tion could be achieved with random polypeptides of identical composition (Ma and 
Ptashne, 1987). In VSV, a chimeric P protein, in which theN-terminal part was 
replaced by ~-tubulin, a protein with an acidic C-terminal region, was active in tran
scription (Chattopadhyay and Banerjee, 1988). TheN-terminal disordered region 
of P (PNTD + IDRNT) likely recruits the L polymerase to the site of RNA synthesis 
and allows the assembly of the multimolecular transcription/replication complexes. 

The C-terminal "arm" contains a terminal folded domain (Pcm) tethered to the 
dimeric core by a :flexible linker (IDRcr ). The C-terminal domain is involved in the 
interaction with the N-RNA template and with various cellular proteins (importin, 
exportin, kinase, STATs, PML, and microtubules). In RV P, the C-terminal :flex
ible linker (IDRcr) also contains a binding site for a cellular par1ner. P dimer 
can thus be envisioned as an ensemble of interconverting conformers, in which 
the molecule continuously expands and contracts and adapts its shape to bind to 
different par1ners. 

5.5 FLEXIBLE LOOPS IN N PARTICIPATE IN BINDING P 

A disordered region in RV N also plays a major role in the assembly of theN-RNA 
complex with the C-terminal domain of P, a critical step for the attachment of 
the polymerase complex onto its template (Fig. 5.6a). The viral NCs are long 
and :flexible particles and so far resisted to high resolution structure determination 
(Schoehn et al., 2001). However, expression of recombinant N in bacteria or insect 
cells leads to the formation of circular N-RNA complexes (Iseni et al., 1998; 
Green et al., 2000; Schoehn et al., 2001), and homogenous preparations of circular 
complexes were obtained and crystallized (Green et al., 2000; Albertini et al., 
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Figure 5.6 The flexible Nero loop participates in binding Pcrn . (a) D-score calculated 
for RV N. (b) Structure of N. Ribbon diagram within a space-filled model of the N 
protomer in a lateral view showing that the RNA-binding groove is closed. The NN'ID 
and Nero loops are shown as dotted lines. (c) Structure of the N-RNA-PCID complex. 
Representation of the complex formed between RV Pero and the Nn -RNA complex 
obtained by molecular docking and modeling. The ribbon representation shows the loca
tion of Pero at the surface of the circular Ntt -RNA ring. The meshed structure shows the 
circular Nn-RNA complex. The light gJay ribbon representations show the three NC'ID 
domains used in the molecular modeling, and the dark gJay ribbon representation shows 
the Pero. The Nero loop ofprotomers Ni and Ni+t, as well as the hefix IX6 of Pcrn and 
the helix ~Xt4 of the Ni protomer are shown. 

2006a). The ccystal structures revealed that the N protormr consists of an N
terminal core domain (NNTD), corqx>sed of helices connected by large loops, and a 
C-terminal core domain (Nero), corq>osed of helices joined by short loops (Green 
et al., 2006; Albertini et al., 2006b) (Flg. 5 .6b). Both the NNTo and Nero act as 
jaws that close around the single-stranded RNA. In addition to the core domains, 
two smaller subdomains participate in domain exchange between protomers and 
stabilize polymeric forms of N-RNA corq>lexes (Green et al. , 2006; Albertini 
et al. , 2006b). 

In the RV structure, two regions, the NNTD loop (aa 105-118) and the Nero 
loop (aa 376-397), are flexible and invisible in the ccystai structure. Limited trypsin 
digestion cleaves the protein at Lys376 (Kouznetzoff et al., 1998), and tcypsinated 
N-RNA corq>lexes lose their ability to bind Pero, although they retain their overall 
structure (Kouznetzoff et al. , 1998; Schoehn et al., 2001). The application of our 
meta-prediction to the analysis of RV P predicted the presence of a disordered 
region between residues 371 and 399 (Flg. 5.4c), in good agreement with the 
location of the flexible Nero loop. 
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Titration experiments revealed that two monomers of RV Pcm bind indepen
dently to one N-RNA ring, with a dissociation constant near 100 nM (Ribeiro 
et al., 2009). A model of the complex was generated by molecular docking and 
molecular dynamics simulations, using small angle X-ray scattering (SAXS) pro
files and mutational data as constraints (Jacob et al., 2001), that revealed the role 
of the :flexible Ncm loop in the recognition process. In this structural model, Pcm 
lies on the top of anN protomer (Ni), and the Ncm loops of this protomer (Ni) 
and of the adjacent one CNi+l) close around the Pcm by an induced-fit mechanism, 
making extensive protein-protein contacts with the two faces of the Pcm (Ribeiro 
et al., 2009) (Fig. 5.6c ). In the meantime, the structure of the homologous com
plex from VSV was determined by X-ray crystallography (Green and Luo, 2009). 
In both VSV and RV, Pcm exhibits the same orientation on the top side of the 
N-RNA ring, its N-terminal extremity pointing toward the center of the ring, thus 
correctly positioning theN-terminal part of P near the RNA molecule (Fig. 5.6c). 
The involvement of two adjacent protomers indicates that the complete binding site 
for Pcm only exists in the multimeric N-RNA complexes that serve as template for 
the polymerase. Also, the structure of both complexes revealed no conformational 
change in N that would significantly modify the accessibility to the RNA. 

A main difference between the RV and VSV complexes resides in the length of 
the Ncm loop, which is longer and more :flexible in RV than in VSV. The Ncm 
loop is not visible in the crystal structure of the RV N-RNA complex, and loops 
from two adjacent N protomers in RV hide a larger part of Pcm in RV than in VSV. 
The higher :flexibility of the Ncm loop might explain that the RV N-RNA-Pcm 
complex could not be crystallized Another difference resides in the occupancy of 
the potential Pcm-binding sites on the N-RNA ring. In the VSV crystal structure, 
one Pcm is bound to each N protomer, although reduced occupancy was observed 
in some positions (Green and Luo, 2009). In the RV complex, the involvement of 
Ncm loops from adjacent protomers in binding one Pcm makes unlikely to reach a 
stoichiometry larger than one Pcm for two N protomers, and titration experiments 
showed that only two Pcm bind to one N-RNA ring (Ribeiro et al., 2009). 

Also, in RV, phosphorylation at S389 of N enhances the binding affinity for 
Pcm (Toriumi and Kawai, 2004). Our model of RV N-RNA-Pcm complex sug
gested that phosphorylation of this serine residue creates an additional network 
of stabilizing electrostatic interactions (Ribeiro et al., 2009), and recent data show 
that phosphorylation of N achieves a 1000-fold increase in binding affinity (Ribeiro 
et al., unpublished data). 

5.6 ROLES OF DISORDER IN THE RHABDOVIRUS 
TRANSCRIPTION/REPLICATION COMPLEX 

lOPs can confer different advantages over structured proteins in molecular recog
nition and multimolecular assembly processes (Dyson and Wright, 2005; Uversky 
et al., 2005; Mittag et al., 2010), and several could be at play in the Rhabdovirus 
transcription/replication complex. The conformational plasticity offered by IDRs 
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can allow a protein to adapt its shape to different partners, and numerous hub pro
teins are highly flexible (Haynes et al., 2006). The plasticity of RV P and VSV P 
might be important for connecting multiple viral and host cell partners at different 
stages of the replication cycle or for interfering with various cellular components. 
A flexible binding site can provide a better access to the active site of an enzyme or 
to the binding site of a partner. Phosphorylation and other posttranslational modifi
cations often involve flexible or disordered regions (Iakoucheva et al., 2004 ). The 
phosphorylation sites in VSV P that control transcriptional activation are localized 
in the IDRNT (Chattopadhyay and Banerjee, 1987), and the binding site for dynein 
LC8 in RV P binds in an extended conformation (Poisson et al., 2001). IDRs might 
also affect the kinetics and thermodynamics of a binding reaction. By comparison 
with the mechanism of transcription/replication of Sendai virus (Paramyxoviri
dae), it was speculated that oligomerization of P allows the protein to move along 
theN-RNA template by a cartwheeling mechanism (Kolakofsky et al., 2004). In 
Sendai virus, P forms tetramers through a central coiled-coil domain that is required 
for transcription. In RV, the self-assembly domain of Pis dispensable for transcrip
tion (Jacob et al., 2001). The high flexibility of Rhabdovirus P and the high binding 
affinity of Pcrn for theN-RNA template suggest an alternative mechanism for the 
movement of the polymerase along its N-RNA template, in which dimerization 
of P is dispensable. Highly flexible P molecules tethered to the N-RNA template 
through their Pcrn will have a large capture radius that could increase the on-rate 
for binding its partner as proposed in the '':fly-casting" mechanism (Pontius, 1993; 
Shoemaker et al., 2000). Also, by sampling a large conformational space around its 
attachment point on the N-RNA template, P dimers act like brushes and thereby 
regulate the spacing between P molecules along the NC. If P molecules are dis
tributed at regular intervals along the template, exposing their Nl- and L-binding 
sites, the polymerase could move along the template by jumping from one P to 
the next (Fig. 5.7). The long N-terminal arms of P could fetch the polymerase 
upstream, maintain its attachment to the template during the time it replicates a 
stretch of RNA, and then deliver it downstream to the next P molecule. Similarly, 
theN-terminal arms could catch the Nl molecules and position them correctly for 
encapsidation of the newly synthesized RNA molecule. 

Depending on the extent of the disorder-to-order transition that accompanies 
their binding, IDRs can differently affect the binding affinity. During the viral 
replication cycle, the Nl-P complex is not an end product. It forms only transiently 
as an intermediate during the synthesis of new NCs. The Nl-bound P must be 
outcompeted by the newly synthesized genomic RNA, and therefore, the binding 
affinity of P for Nl should not be too high. The mechanism of folding on binding 
provides a means of specific recognition without the corollary of high affinity 
(Dyson and Wright, 2002; Wright and Dyson, 2009). Indeed, the folding or the 
adoption of a rigid structure by the ligand when it binds to its receptor will generally 
lead to the formation of multiple specific intermolecular interactions that confer a 
great specificity and consequently, a high affinity. If the ligand is disordered in 
its unbound form, this strong binding energy is opposed by the high entropy of 
the disordered protein. We might thus speculate that by being disordered in its free 
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Figure 5.7 Schematic representation of the mechanisms of transcription and replication 
of Rhabdovirus. During RNA synthesis, the polymerase must move along its RNA tem
plate and must displace the RNA from the nucleoproteins. P provides the physical link 
by which the polymerase attaches to its template. In RV, the dimerization domain of P 
is dispensable for transcription and cannot therefore move by a cartwheeling mechanism. 
Because of the strong binding affinity of Pcm for theN-RNA template, we suppose that 
P dimers are bound at regular intervals along theN-RNA complex. During transcription, 
the polymerase attaches to the N-terminal region of P and transcribes a stretch of RNA. 
Because P is elongated and flexible, theN-terminal arm of the adjacent P molecule can 
extend and catch the polymerase, which is then transferred downstream. The polymerase 
can thus move along theN-RNA complex by jumping between P molecules. During 
replication, the polymerase can move by a similar mechanism, but in addition, the newly 
synthesized genomic RNA is encapsidated by nascent N molecules. Nascent N molecules 
form soluble ~-P complexes, which can also attach to theN-RNA complex through 
their Pcm. ~can then be delivered to the site of RNA synthesis, yielding new N-RNA 
complexes. 
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form, Pmn recognizes~ with high specificity but moderate affinity, thus allowing 
its displacement not only by the newly synthesized viral RNA but also by host cell 
RNAs. 

Finally, IDRs have also been proposed to confer evolutionary advantages by 
allowing the accumulation of mutations, by facilitating the creation of binding 
sites for new partners, or by limiting the size of the protein required to achieve 
a given specificity (Gunasekaran et al., 2003; Tokuriki et al., 2009). The modular 
organization of the P protein from the Rhabdoviridae members is similar to that 
of P from the Paramyxoviridae members (Karlin et al., 2003; Gerard et al., 2009). 
In the Paramyxoviridae family, as in the Rhabdoviridae family, structured domains 
alternate with IDRs and modules playing the same role are organized in the same 
order along the sequence. The N-terminal region of P is involved in binding to 
~.the central part of P constitutes the self-assembly domain, and the C-terminal 
domain of P binds to the N-RNA template. This similar organization suggests that 
beyond the large differences in length, sequence, and even structure of the ordered 
domains, the P proteins have evolved from a common ancestor by only conserving 
their modular organization and the presence of IDRs (Habchi and Longhi, 2010; 
Ruigrok and Blackledge, 2010). 
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MNV 
vsv 
RV 
RNA 
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N-RNA 
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~-P 
Pcrn 
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Mononegavirales order 
vesicular stomatitis virus 
rabies virus 
ribonucleic acid 
nucleoprotein 
nucleoprotein-ribonucleic acid complex 
phosphoprotein 
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N-terminal domain of P 
N-terminal domain of N 
C-terminal domain of N 
intrinsically disordered region 
intrinsically disordered protein 
size exclusion chromatography 
multiangle laser light scattering 
small angle neutron scattering 
small angle X-ray scattering 
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STRUCTURAL DISORDER 
IN MATRIX PROTEINS 
OF HIV-RELATED VIRUSES 
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VLADIMIR N. UVERSKY 

6.1 INTRODUCTION 

The viral matrix protein underlies the envelope of a virion, representing essentially 
a link between the envelope and the nucleocapsid (Cannon et al., 1997; Thrner and 
Summers, 1999). The functions of matrix proteins are usually multifaceted and not 
completely understood (Dorfman et al., 1994; Harris et al., 1999; Hearps and Jans, 
2007). They are, however, known to be involved in the viral assembly and sta
bilization of the lipid envelope (Lyles et al., 1992). Matrix proteins of different 
viral types are often structurally, functionally, and evolutionarily related (Harris 
et al., 1999). For instance, the influenza M1 and HIV p17 proteins are known to 
be related, and both have similar RNA- and membrane-binding domains (Harris 
et al., 1999). 

Lentivirinae is a subfamily of slow-acting viruses in the Retroviridae family. 
Members of the Lentivirinae subfamily are among the genera of viruses that pos
sess a matrix layer (Clements and Zink, 1996; Goudsmit, 1997). Viruses that belong 
to this genus include human immunodeficiency virus (HIV), simian immunodefi
ciency virus (SIV), feline immunodeficiency virus (FIV), bovine immunodeficiency 
virus (BIV), equine infectious anemia virus (EIAV), maedi-visna virus (MVV), 
and caprine arthritis-encephalitis virus (CAEV). The viruses in this family have 
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different characteristics especially with respect to the onset of diseases such as 
AIDS, the viral loads, and the success or failure in finding vaccines (Marx et al., 
1991; Clements and Zink, 1996; Leroux et al., 2004 ). These viruses affect their 
hosts differently, possessing variable virulence and different modes of interaction 
with their host's immune systems. A question then arises whether some of the 
mentioned variability in the behavior can be reflected in some peculiar features of 
the corresponding viral proteins. This chapter examines matrix proteins of several 
viruses of the Lentivirinae subfamily using computational tools such as intrinsic dis
order predictors to search for the crucial differences in the levels and distributions 
of intrinsic disorder in these matrix proteins. 

The concept of protein intrinsic disorder is used in this chapter to investi
gate characteristics pertaining to the various viral matrix proteins. Intrinsically 
disordered proteins (lOPs) have been described by other names such as "intrinsi
cally unstructured" (Wright and Dyson, 1999; Tampa, 2002), "natively unfolded" 
(Weinreb et al., 1996; Uversky et al., 2000), and ''natively disordered" (Daughdrill 
et al., 2005). Historically, the investigation of intrinsic disorder began with find
ing and characterizing several proteins-exceptions from the paradigm stating that 
unique rigid protein structure is an unavoidable prerequisite for the specific protein 
function. Although such counterexamples were periodically observed, it was not 
till the end of the last century that researchers started to pay significant attention to 
this phenomenon (Dunker et al., 2008). As a result, the last decade witnessed the 
real rise of unfoldomics, a new field of protein science dealing with the various 
aspects of lOPs. It is recognized now that many crucial biological functions are 
performed by proteins that lack ordered tertiary and/or secondary structures, that 
is, by lOPs (Wright and Dyson, 1999; Uversky et al., 2000, 2005; Dunker et al., 
2001, 2002, 2008; Tampa, 2002; Daughdrill et al., 2005; Dyson and Wright, 2005; 
Vucetic et al., 2007; Xie et al., 2007 ab ). 

The fact that amino acid sequences/compositions of lOPs and ordered proteins 
are rather different was utilized to develop numerous disorder predictors, which 
became instrumental in the pursuit of a greater understanding of intrinsic disorder. 
Access to important information on many of these predictors is provided via the 
DisProt database (Sickmeier et al., 2007). In this chapter, we utilized two members 
of the PONDR® family of disorder predictors, VLXT and VL3 (Dunker et al., 1998; 
Romero et al., 1998, 2001; Garner et al., 1999; Obradovic et al., 2003; Vucetic 
et al., 2003), to examine the matrix proteins of the various viruses especially those 
related to HN. PONDR VL3 was chosen because of its high accuracy in the 
prediction of long disordered regions (Obradovic et al., 2003), whereas PONDR 
VLXT was shown to be extremely sensitive for finding function-related disordered 
regions (Garner et al., 1999; Oldfield et al., 2005; Cheng et al., 2007). Uniqueness 
of this study is in the fact that we applied disorder predictors to proteins with 
known 3D structure. This approach revealed some peculiar patterns of predicted 
intrinsic disorder (PID) that can be used to better understand the behavior of the 
HN matrix proteins. 
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6.2 INTRODUCING LENTIVIRINAE SUBFAMILY 

Figure 6.1 represents a model of the mv virion as an illustration of the Lentivirinae 
virion structure. The surface of the mv virion is the viral envelope that is made 
of the cellular mermrane, which is acquired when the virus leaves the host cell . 
Protruding from the envelope is the viral glycoprotein gp160, which is made up 
of two corqx>nent parts, the structural unit (SU) gp120 and the transmermrane 
(TM) gp41. These two surface proteins play irqx>rtant roles in attachment and 
penetration of mv into taiget cells. Inside the lipid envelope, there is a matrix 
formed by Gag protein p17, which holds the RNA-containing core in place. This 
cylindrical core is a proteinaceous capsid made of p24 protein. The capsid contains 
two copies of the single-stranded RNA genome and three key enzymes, namely, 
protease (PR, pll), integrase (IN, p32), and reverse transcriptase (RT, p66), as wen 
as some other proteins. 

There are three known mv viruses in the world today, IDV-0, IDV-1, and 
lllV -2 (Marx et al., 1991 ; Jurriaans et al ., 1994; Goudsmit, 1997). The latter two 
are of the most interest to our study. The mv -1 is the predominant virus spreading 
around the globe. mv -2, by contrast, is predominantly spread in certain parts of 
Africa, is being found in about 10% of mv cases in West Africa, and has recently 
been found to be spreading in some parts of India (Jurriaans et al ., 1994; Goudsmit, 
1997). While the onset of AIDS usually occurs within an average of six years of 
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Figure 6.1 A model of the mv virion structure. Major proteins. 
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virtually all HN -1 infections, HN-2 infection takes a much longer time before the 
AIDS symptoms appear, if at all (Jurriaans et al., 1994; Goudsmit, 1997; Morgan 
et al., 2002). 

SN is able to infect at least 33 species of African monkeys. A few SN strains 
such as SNcpz (infecting chimpanzees) are more closely related to HN-1, whereas 
most the others, especially SN sm and SN mac (infecting sooty mangabeys and 
rhesus macaque, respectively), are closer to HN-2 (Marx et al., 1991). It should 
be noted that SN does not usually cause AIDS among African nonhuman primates 
(Chen et al., 1995). It does, however, cause AIDS among Asian monkeys (Apetrei 
et al., 2006). It is believed that SN sm and SN cpz have crossed the species barrier 
into humans, resulting in HN-2 and HN-1, respectively. 

FIV infects from 2.5% to 4.4% of cats worldwide (Lara et al., 2008). FIV isolates 
have been classified into five subtypes (A-E) based on the sequence diversity in 
variable regions (V3-V5) of the envelope protein (Sodora et al., 1994; Kak:inuma 
et al., 1995; Pecoraro et al., 1996). In domestic cats, FIV infection results in an 
AIDS-like pathology characterized by a period of latency followed by a gradual 
depletion of CD4 + lymphocytes, which ultimately results in immunosuppression 
(Willett et al., 1997). Following a prolonged asymptomatic period, some infected 
cats suffer from secondary or opportunistic infections and severe weight loss and 
sometimes show neurological signs and neoplasia (Bendinelli et al., 1995). 

For the first time, a BN was isolated in 1969 from a cow, R-29, with pro
gressive deterioration in the physical condition re:fl.ected in clinical signs such as 
elevated white blood cell counts, lymphoadenopathy, evidence of central nervous 
system lesions, progressive weakness, and emaciation suggesting bovine leukosis 
(Malmquist et al., 1969). The virus was originally designated as "bovine visna-like 
virus" and remained unstudied until HN was discovered. Later, it was demon
strated that the bovine R-29 isolate was a lentivirus with striking similarity to HN 
(Gonda et al., 1987). Consequently, the designations "bovine immunodeficiency
like virus" and, thereafter, "bovine immunodeficiency virus" were used (St-Louis 
et al., 2004). 

Similar to HN, SN, FN, and BN, EIAV is another retrovirus (Goudsmit, 1997; 
Leroux et al., 2004), which, however, spreads by insects, and the host targets are 
non-CD4 white blood cells such as macrophages and monocytes (Goudsmit, 1997; 
Beyrer, 2002). The disease caused by EIAV is not usually as fatal to its host as that 
of HN, and "-'90% of infected equine recover from an initial onset of symptoms 
(Goudsmit, 1997). 

MVV may invade the lungs or the brain of sheep, causing chronic pneumonia 
(maedi) or encephalitis (visna), respectively. MVV infects its hosts for life. Most 
MVV infections are subclinical, but a minority of infected animals develop progres
sive, untreatable disease syndromes including dyspnea (maedi) or neurologic signs 
(visna). Maedi is characterized by a prolonged incubation period of more than two 
years, a progressive pneumonia lasting for about six months, and the inevitable 
death. The incubation period for visna is somewhat shorter, and symptoms can 
appear in sheep as young as two years (http://www.cfsph.iastate.edu/Factsheets/ 
pdfs/maedi_ visna.pdf). 
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CAEV is one of the only two lentiviruses that currently are known to infect 
sheep and goats. CAEV mostly affects goats and is closely related to MVV, which 
is found most often in sheep. Although documented cases of natural cross-species 
transmission are currently rare, CAEV can infect sheep and MVV can infect goats. 
Therefore, the eradication programs for either maedi-visna (ovine progressive pneu
monia) or caprine arthritis and encephalitis should address both infections simul
taneously. As with all other members of the Lentivirinae subfamily, infection with 
CAEV results in a persistent, life-long infection. Although most CAEV infections 
are subclinical, a minority of animals develop progressive, untreatable disease syn
dromes including arthritis in adult animals and encephalitis in young ones between 
two and six months of age. Other clinical presentations can include a hard udder or 
mastitis, hypogalactia, chronic interstitial pneumonia, and progressive weight loss 
(http://www.cfsph.iastate.edu/Factsheetslpdfs/caprine_arthritis_encephalitis.pdf). 

While the search for vaccines for HN continues to be difficult and elusive, 
effective vaccine for EIA V had been found 20 years ago in China (Marx et al., 1991; 
Beyrer, 2002; Burton et al., 2005). A major difficulty facing the search for HN 
vaccines is a puzzling problem of the inability of HN -protein-binding antibodies 
in eliciting an effective broad immune response (McMichael et al., 2002). While 
the reason for this remains largely unknown (Burton, 2002), a finding of high levels 
of IDPs at the surface, envelope, or perhaps, matrix could provide a mechanism 
by which the HN virus evades the immune response. 

6.3 MATRIX PROTEINS IN HIV-RELATED VIRUSES 

6.3.1 HIV-1 Matrix Protein p17 

The major structural component of all retroviruses is a Gag polyprotein, from 
which all the structural proteins are derived. Gag is a multidomain polypeptide that 
is able to assemble into viruslike particles when expressed in various cell types in 
the absence of other viral constituents (Gheysen et al., 1989; Wills and Craven, 
1991), and Gag molecules can spontaneously assemble into spherical, immature 
viruslike particles in vitro (Campbell and Rein, 1999; Grosset al., 2000; Campbell 
et al., 2001). Although HN-1 Gag contains the information necessary for tertiary 
and quaternary interactions, the viral particle assembly requires nonspecific RNA 
interactions both in vivo and in vitro and is assisted by host factors in vivo, includ
ing trafficking factors, assembly chaperones, and the ESCRT (endosomal sorting 
complex required for transport) budding pathway (Resh, 2005; Bieniasz, 2006; 
Klein et al., 2007; Williams and Urbe, 2007; Ganser-Pornillos et al., 2008). 

Concomitant with or soon after the virion budding, HN -1 Gag, which is syn
thesized as a precursor polyprotein (Pr55Gag) consisting of four major domains, is 
cleft by the virally encoded protease into the mature products: p17 matrix (MA), p24 
capsid (CA), p7 nucleocapsid (NC), the C-terminal p6, and several small polypep
tides including p1 and p2 (Gelderblom, 1991). These newly processed proteins then 
reassemble to form the distinct layers of the mature virion: MA remains associated 
with the inner viral membrane (the ''matrix" layer), NC coats the viral RNA genome 
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(the ''nucleocapsid" layer), and CA assembles into the conical capsid that surrounds 
the nucleocapsid and its associated enzymes, RT and IN (Ganser-Pornillos et al., 
2008). 

The HN-1 matrix protein p17, constituting theN-terminal domain of the Gag 
gene product (Freed, 1998), is a 132-aa polypeptide myristoylated at N-terminus 
(Gottlinger et al., 1989; Bryant and Ratner, 1990). This cotranslational myristoy
lation of the N-terminus of the MA domain provides a targeting signal for Gag 
polyprotein transport to the PM (Gottlinger et al., 1989; Bryant and Ratner, 1990). 
p17 is directly associated with the inner leaflet of the viral membrane and forms 
a protective shell (Gelderblom, 1991). p17 is known to form trimers in solution 
(Morikawa et al., 1998; Tang et al., 2004) and in the crystals (Hill et al., 1996). 
It is suggested that HN-1 p17 assembles into hexamers of trimers on membranes 
(Alfadhli et al., 2009). Structurally, individual p17 molecules are composed of five 
a.-helices, a short helical stretch that forms a globular core, and a highly basic 
platform consisting of three ~-strands (Massiah et al., 1994; Hill et al., 1996). 

The matrix protein p17 possesses several important functions in the viral replica
tion cycle, being potentially involved in nuclear import, likely via specific nuclear 
localization sequences, NLSs (Dingwall and Laskey, 1991; Riviere et al., 2010), 
and in targeting Gag polyproteins to the plasma membrane (PM) via its multipartite 
membrane-binding signal. In the late stage of infection, a key function of p17 is the 
recruitment of the viral surface/transmembrane gp120/gp41 envelope protein com
plex into virions. A second crucial function of p17 is to target Pr55Gag proteins 
to their assembly sites at the PM of infected cells (Freed, 1998). The interaction 
of p17 with the PM is mediated by the myristoylic moiety and by a cluster of 
positively charged residues located in theN-terminal region of the protein (Spear
man et al., 1997). Pr55Gag direction to the PM is mediated by the p17 interaction 
with phosphatidylinositol-(4,5)-bisphosphate (PI(4,5)P2) (Saad et al., 2006) that 
promotes exposure of the p17 myristate group, protein oligomerization, and virus 
assembly (Spearman et al., 1997). 

The myristoylation signal and the NLS exert conflicting influences on the sub
cellular localization of the p17 matrix protein. The key regulation of these motifs 
might be phosphorylation of a portion of MA molecules on the C-terminal tyrosine 
at the time of virus maturation by virion-associated cellular tyrosine kinase. 

Figure 6.2 represents a structure of the HN-1 matrix protein p17 and indicates 
major domains involved in virus assembly, membrane binding, Gag targeting, pos
ten1ry steps, and Env incorporation (Fiorentini et al., 2010). 

6.3.2 IDV-2 Matrix Protein p17 

Although HN-1 was able to produce viruslike particles and bud from transfected 
yeast spheroplast&, HN -2 was unable to assemble and bud in this system (Morikawa 
et al., 20C17). This defect was attributed to the reduced ability of HN -2 Gag proteins 
to remain stably associated with the PM at virus assembly sites (Morikawa et al., 
2007). Recent NMR analysis revealed that this weaker association of the HN-2 
Gag proteins with the PM might be attributed to peculiar structural features of the 
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Figure 6.2 Structure of the p17, indicating the major domains involved in virus assem
bly, membrane binding, Gag targeting, postent:ry steps, and Env incorporation. Source : 
Adapted with the permission from Ftorentini et al (2010). 

mv -2 p17, where the myristate of mv -2MA is more tightly sequestered within a 
narrow hydrophobic tunnel forrred by side chains of helices 1, 2, 3, and 5 than that 
of the IDV-1 protein and did not exhibit concentration-dependent exposure (Saad 
et al., 2008). 

6.3.3 SIV Matrix Protein p17 

SIV matrix protein p17 is a myristoylated polypeptide of 120 residues. Similar to 
mv, SIV MA proteins form the outer shell of the core of the virion, lining the inner 
smface of the viral ~rermrane. In addition to myristoylation, a polybasic region 
within the N-terminus of the SIV p17 may also be necessary for proper ~rermrane 
targeting of the Gag precursor (Gonzalez et al., 1996). The SIV MA has intrinsic 
information for both self-assermly and particle release, a conclusion based on 
the fact that when the MA protein is expressed in the absence of all other viral 
COJ:q)onents by means of a vaccinia virus vector system, it assermles into lentivirus
like particles that are released into the medium of the infected cells (Gonzalez et al., 
1993). Since gp120-gp41 Env COJ:q)lexes were found to be incorporated into the 
SIV MA-made particles, it has been concluded that SIV p17 contains domains that 
are involved in interactions with Env glycoproteins (Gonzalez et al., 1993). 

6.3.4 FIV Matrix Protein p17 

F1V matrix protein p17 consists of 131 residues. This N -myristoylated polypeptide 
has two main functions at different stages of the viral life cycle. At the very 
start of cell infection, F1V p17 plays a role in nuclear localization of the viral 
geno~re. In infected cells, this MA targets Gag and Gag-pol polyproteins to the 
PM via a rmltipartite ~rermrane-binding signal. This matrix protein is the part of 
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the preintegration complex. FN p17 utilizes a PM assembly mechanism similar 
to that of HN and SN p17, since perturbation of PI(4,5)P2 levels was shown to 
inhibit the FN release and the FN MA basic patches were shown to be required 
for particle production (Manrique et al., 2004). FN p17, however, is generally 
less basic than SN MA or HN-1MA. Overall, a high degree of structural and 
functional conservation of FN MAin comparison with SN p17 or HN p17 was 
emphasized (Burkala and Poss, 20fJ7). 

6.3.5 BIV Matrix Protein p16 

Almost nothing is known about the BN matrix protein p16, except for the notice 
that it has 126 amino acids. 

6.3.6 Matrix Protein of Equine Infectious Anemia Virus 

EIAV is a nonprimate enveloped virus from the Lentivirus genus of the Retroviridae 
family that causes the most important infectious disease of horses, equine infectious 
anemia. The wild-type EIAV MA consists of 124 residues. Contrary to HN, SN, 
and FN MAs, EIAV MA lacks myristoylation sites. Neither the mechanism of 
recruitment to the membrane nor the actual packing of MA within the EIAV particle 
is fully understood. 

Analysis of the crystal structure of EIAV MA at 2.8 A resolution revealed 
that despite the lack of any apparent sequence similarity with MAs of primate 
lentiviruses, EIAV MA showed remarkable overall structural similarity to MAs of 
HN -1 and SN (Hatanaka et al., 2002). In fact, being aligned with the crystal 
structures of the primate lentivirus MAs, rv70% of the EIAV MA gave RMSD's 
of 1.9 and 1.8 A for SN and HN-1 MAs, respectively (Hatanaka et al., 2002). 
C-terminal residues 110-124 were not seen in the electron density map, presumably 
because of their :flexibility (Hatanaka et al., 2002). 

It was also pointed out that although HN-1 MA crystallized as a trimer, the 
EIAV MA was crystallized in a nonsymmetric dimeric unit, suggesting that this 
MA did not form trimers (Hatanaka et al., 2002). On the other hand, :fluorescence 
studies revealed that EIA V MA existed as a multimer of two to three units and was 
able to efficiently interact with both neutral and negatively charged lipid bilayers 
(Provitera et al., 2000). The presence of the monomer-trimer equilibrium at micro
molar concentrations was recently confirmed for EIAV MA by NMR (Chen et al., 
2008). 

6.3.7 Matrix Proteins of MVV and CAEV 

Currently, much less is known about matrix proteins of small ruminant lentiviruses 
(SRLVs), the MVV, and the CAEV. MVV matrix protein p16 is a polypeptide 
consisting of 143 amino acids, whereas there are 146 residues in the sequence of 
the CAEV matrix protein p16. 
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6.4.1 PONDR® VLXT Analysis 
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Figure 6.3 compares the disorder profiles evaluated for different members of the 
Lentivirinae subfamily by the PONDR VLXT disorder predictor. Since UniProt 
contains multiple entries for the Gag and Gag/Pol polyproteins of these viruses 
(because of the annotation of proteins from different isolates and different strains, 
there are 77, 24, 27, 4, 1, 4, 4, and 1 entries for HN-1, HIV-2, SN, FN, 
BN, MVV, EIAV, and CAEV, respectively), we also analyzed the disorder 
variability within the matrix proteins of each virus. Figure 6.3 clearly shows 
that matrix proteins from different lentiviruses possess noticeable difference in 
their disorderedness. The common features for these disorder profiles are the 
high abundance of disorder in the N- and C-terminal regions of all the proteins 
and the presence of at least one middle region with relatively high disorder 
score. As a rule, immunodeficiency-related viruses are a bit more disordered 
than other lentiviruses. Another important observation is that for viruses with 
a large number of different matrix protein sequences (HN, SN, and FN), the 
sequence variability was generally associated with the disorder variability. This 
suggests that the disordered regions of these lentiviruses are the evolutionary 
hot spots. 

6.4.2 Percentage of Predicted Disordered Residues 

Table 6.1 represents the estimations of the percentage of predicted disordered 
residues in the analyzed matrix and capsid proteins. Even though influenza virus is 
quite unrelated to lentiviruses, its M1 matrix protein is used here for comparison It 
is also important to remember that the M 1 protein is believed to be evolutionarily 
and structurally related to the p17 matrix protein of HN. Table 6.1 shows that the 
amount of intrinsic disorder varies from 20% to 61% and from 0% to 40%, as 
evaluated by PONDR VLXT and VL3, respectively. Data for the matrix proteins 
with known 3D structures are further illustrated in Fig. 6.4 showing the results of 
the PONDR VLXT analysis as a bar chart. High level of PID in SN and HN-1 
matrix proteins is clearly seen. 

In our earlier paper (Goh et al., 2008a), the following classification of proteins 
characterized by X-ray crystallography but possessing various levels of predicted 
disorder was introduced: proteins with percentage of residues predicted to be dis
ordered by PONDR VLXT between 20% and 29% were considered moderately 
disordered; those in the range of 30-39% were considered as quite disordered 
by prediction; and those that were disordered 40% and above were considered 
as very disordered by prediction Therefore, the influenza M1 protein and EIAV 
p15 should be considered as moderately disordered by prediction. By the same 
token, the SNmac and HN-1 p17 matrix proteins have to be considered as highly 
disordered by prediction. 
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Figure 6.3 PONDR® VLXT analysis of matrix proteins from the members of Lentiviri
nae subfamily (a) HIV-1 (77), (b) HIV-2 (24), (c) SIV (27) , (d) FIV (4), (e) BIV (1), 
(f) MVV (4), (g) EIAV (3), and (h) CAEI (1). Nwnbers in brackets represent the m.nnber 
of different sequences analyzed for each virus. Solid lines show averaged values, whereas 
average errors are shown by the gray shades. 
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TABLE 6.1 A Summary of Matrix Proteins and their Percentages of Dfiordered 
Residues in a Chain 

Accession Percentage of 
Protein Virus Number Predicted Disorder 

M1 Influenza A 1ea3 25 (0) 
Matrix (p 17) SIVmac 1ed1 52 (40) 
Matrix (p 17) HIV-1 1hiw 61 (39) 
Matrix (p15) EIAV 1hek 21 (12) 
Capsid HIV-1 1afv 48 (0) 
Capsid EIAV 1eia 30 (12) 

All the samples analyzed were structurally characterized using X-ray crystallography. Percentage of 
predicted disorder corresponds to values produced by the PONDR® VLXT (VL3) analyses. 
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Figure 6.4 Bar chart comparing the abundance of disordered residues in matrix pro
teins of the Lentivirinae subfamily members. Plot represents the percentages of residues 
predicted to be disordered by PONDR® VLXT (i.e., the number of residues with the 
PONDR VLXT scores higher than 0.5). 

6.4.3 PONDR Score versus B-Factor Plots and Contact Points 

While Fig. 6.4 and Table 6.1 represent the predicted disorder of whole polypeptide 
chains, the PONDR VLXT plots in Fig. 6.5 represent per-residue distributions of 
disorder scores. They can be used to measure and compare factors that are not 
easily quantifiable. For example, Fig. 6.5 allows us to correlate the protein-protein 
contact sites (when such data are available) with the disorder score profiles. It also 
compares the normalized B-factor values (Radivojac et al., 2004) with the PONDR 
VLXT plots. 

Analysis of Fig. 6.5 shows that contact sites (shown by thick horizontal gray 
lines) always correlate either with high B-factors or with high PONDR VLXT 
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Figure 6.5 POND RIB-factor plots of matrix proteins of various viruses. (a) 1be influenza 
A Ml protein. (b) 1be SIVmac p17 protein. (c) lllV-1 p17 matrix protein. (d) 1be EIAV 
p15 matrix protein. Protein-protein contacts between chains are annotated by thick gray 
horimntal lines. 1be normali:red B-factor values are shown by the light gray curves. 
PONDR® VLXT scores are shown by the blue curve in each plot Source: Modified 
from Goh et al (2008b ). (See insert for color representation of the figure.) 
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scores, suggesting that highly :flexible regions of matrix proteins are responsible 
for protein-protein interactions. For example, contacts between the subunits of 
HN-1 p17 are located near or within regions predicted to be disordered, whereas 
contact sites of the EIAV p15 are mostly located in regions with high B-factor. 
These observations are in good agreement with earlier studies that established the 
usefulness of intrinsic disorder for protein-protein interaction (Garner et al., 1999; 
Wright and Dyson, 1999; Uversky et al., 2000, 2005; Dunker et al., 2001, 2002, 
2005; Tampa, 2002; Uversky, 2002a,b, 2003; Daughdrill et al., 2005; Dyson and 
Wright, 2005; Oldfield et al., 2005; Cheng et al., 2007). 

6.4.4 Enhancing 3D Structures with Predicted Disorder 

Figure 6.6 provides 3D representations of the matrix proteins from various viruses. 
The areas in magenta are the protein regions predicted to be disordered by PONDR 
VL3 (and probably PONDR VLXT also), whereas the regions marked in red are 
those predicted to be disordered by PONDR VLXT. Different colors, such as blue 
and green in plot a, are used to denote different subunits. This presentation of 
structured proteins allows visualization of regions with the intrinsic propensity for 
being highly :flexible. 

6.4.5 HIV-1 versus IDV-2 and SIVmac: Missing IDRs 

6.4.5.1 SIV,.ac is Very Similar to HIV-2 The HN-2 and HN-1 viruses, while 
related, differ in substantial ways in term of immune response, infection, and the 
onset of AIDS (Jurriaans et al., 1994; Goudsmit, 1997; Morgan et al., 2002). SN mac 
is a subtype of SN, which was first found in macaques, and is known to be 
very closely related to HN-2 (Marx et al., 1991). While development of AIDS 
symptoms are seen in virtually all HN-1-infected patients, AIDS symptoms of 
HN -2 infection appear only in a small percentage of patients. We believe that a 
comparative analysis of PID in related viral proteins could shed some light on the 
reasons behind these behaviors. 

6.4.5.2 PID Rates of Matrix Proteins Correlate with the Difficulties in Finding 
Vaccines A brief glance at Table 6.1 and Fig. 6.4 shows that the PID rates 
of SN mac and HN -1 are quite similar, even though the percentage of PID in 
SNmac p17 (50% by PONDR VLXT) is smaller than that in HN-1 p17 (61%). 
The similarity in the level of PID is likely indicative of the ability of both viruses 
to evade the immune system. Further support for this hypothesis can be retrieved 
by analyzing the level of predicted disorder in the in:fl.uenza M 1 protein and in 
the EIAV p15 protein. Matrix proteins of both the viruses have low percentage 
disorder rates, 25% in M1 and 21% in p15. Interestingly, effective vaccines were 
developed for both these viruses, even though the mutation rates of the in:fl.uenza 
virus is extremely high, causing well-known difficulties in the development of new 
vaccines. 
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HIV-1 
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HIV-1 .-Terminus 
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Figure 6.6 The 3D structures of the matrix proteins of the various viruses with predicted 
disorder annotation (predicted disorder is shown by red and magenta oolors). (a) The 
influenza M1 protein. (b) SIVmac p17 matrix protein. (c) IUV-1 p17 matrix protein shown 
as a monomer. (d) The EIAV matrix protein p15. (e) The IUV-1 matrix protein p17 
shown as a multimer. The regions in magenta are regions predicted to be disordered by 
PONDR® VL3 (and probably also by PONDR VLX'I). By oontrast, the regions in red 
are areas predicted to be disordered by PONDR VLXT. Source : Modified from Gob et aL 
(2008b). (See insert for color representation of the figure.) 

Apparently, the PID rate is a good predictor of the ease of vaccine development 
of a virus. This should not be surprising as OlU" earlier study (Gob et al., 2008a) 
suggested that the viral matrix lilrely helps viruses to evade detection by the immme 
system because of its highly dynamic nature and constant motions. This dynamic 
behavior is correlated with the high propensity of matrix proteins for intrinsic 
disorder. Fmthermore, it has been hypothesm:d that the role may be intertwined 
with the glycoprotein on the surface acting as a broom in the sweeping motion 
provided by the matrix (Gob et al., 2008a). This highly dynamic natme of the viral 
surface may explain the difficulties in the development of a vaccine for mv. 

6.4.5.3 QualiiDtive Differences in Predkted Disorder and Proll!in-Protein 
Interactions Even though the rates of predicted disorder in the SIV mae and 
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HN-1 p17 proteins seem to be similarly high, the PONDR VLXT plots revealed 
subtle differences in the disorder distribution within the protein sequences. 
Figure 5b,c shows that a long region predicted to be disordered by HN-1 p17 
(53-76 fragment) is missing in SNm~ p17. Figure 6b,c, and e illustrates that 
in HN-1 p17 this fragment forms an a-helix and is involved in protein-protein 
interactions between the subunits. In fact, residues 70-73 from one subunit 
contact residues 71, 60, 40, and 46 from another subunit Analysis of Fig. 6.5c 
revealed that all these intersubunit contact sites are located within the PID 
regions. Therefore, intrinsic disorder plays a crucial role in the intersubunit 
interactions, which can be classified as disorder-disorder type of contact The 
lack of a predicted-to-be-disordered segment in HN -2 and SN m~. which 
seems to be crucial for intersubunit contacts, suggests that disorder-disorder 
protein-protein interactions are replaced by the order-disorder or order-order 
interactions. 

6.4.5.4 Predicted Disorder Patterns Co"elate with High B-Factors 
Figure 6.5 shows that, in general, there is a rather good correlation between the 
predicted disorder patterns and the normalized B-factor curves. For example, the 
79-95 fragment of the HN-1 matrix protein is both predicted to be disordered 
and is characterized by the high normalized B-factor values (Fig. 6.5c, 1hiw.pdb). 
In several occasions, there are noticeable lags between the PONDR VLXT and 
B-factor curves, as it is seen, for example, in Fig. 6.5a (M1 matrix proteins 
of the influenza A virus, 1ea3.pdb), where large B-factor peaks are seen in 
the 70-90 region, whereas the corresponding PID fragment is located in the 
90-105 region. 

6.4.6 HIV versus EIA V: Higher Predicted Disorder in IDV 

6.4.6.1 Matrix of EIA V is Relatively Ordered Matrix protein of EIAV was 
predicted to be less disordered than that of HN (see Table 6.1 and Fig. 6.4 ). 
However, even in this case, less abundant PID regions could be crucial for the 
intersubunit interactions. In fact, analysis of the crystal structure of the p15 protein 
revealed that residues 46 and 78 of the chain A are involved in interaction with the 
residues 114 and 105 of the chain B. All these interaction sites are shown as thick 
gray lines in Fig. 6.5d, which clearly indicate that the interactions between the 15 
subunits are less rigorous than those of HN-1 p17 subunits and can be ascribed to 
the order-disorder contact type. Since EIAV is from the same genus as HN, that 
is, Lentivirinae (Beyrer, 2002; Leroux et al., 2004), these data suggest that the high 
PID levels are not a common characteristic of the Retroviridae family, or even the 
Lentivirinae genus. 

Apparently, the high level of intrinsic disorder in the matrix proteins is a charac
teristic feature of HN -1 and its closest relatives, SN and HN-2. These differences 
in the abundance of disorder seem to be largely constrained to the matrix proteins, 
as the capsids of both HN-1 and EIAV viruses are quite disordered by prediction 
(48% and 30% by PONDR VLXT, see Table 6.1). 
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6.4.6.2 Predicted Disorder Patterns of EIAV ue Closer to those of Influenza 
than to the Disorder Patterns of HIVISIV Analysis of Fig. 6.5 reveals that 
the pattern of the predicted disorder in EIA V matrix protein is closer to that of 
the influenza virus than to the disorder profiles of EIAV's cousins HN and SN. 
Furthermore, matrix proteins of EIAV and influenza A are similar in their relatively 
low percentages of the predicted disorder (21% in EIAV and 25% in influenza A). 
The other similarity has to do with the interaction mode between the matrix protein 
subunits. In fact, contact sites of both influenza A and EIAV matrix proteins can 
be classified as disorder-order contacts. In the case of HN-1, most of the contact 
sites between the subunits are predicted disorder-disorder interactions. 

Comparison of the disorder and B-factor profiles of the HN-1 and SNmac p17 
proteins allows extrapolation of the potential modes of intersubunit interactions in 
SN mac p 17. In fact, if potential interaction sites are distributed similarly within 
the amino acid sequences of HN-1 and SNmac p17 proteins, then at least some of 
the SN mac p17 intersubunit interaction sites can be assigned as disorder-disorder 
interactions (e.g., if the residue 111 of one SNmac p17 subunit is in contact with 
the residue 97 from another subunit, then disorder-disorder contact takes place, as 
both these residues are predicted to be disordered, as seen in Fig. 6.5b). 

6.5 HIGH INTRINSIC DISORDER AND IMMUNE RESPONSE 

6.5.1 Potential Implications of More Disordered Matrix Proteins: 
Immune Evasion 

The question then arose: what are the potential implications of more rigid or more 
disordered matrix proteins? It is likely that more rigid p17 proteins may be less 
effective in evading immune response. This may be a reason why HN-2 and 
SN mac are less pathogenic than HN -1. It is generally assumed that HN-2 is less 
pathogenic than HN-1 because of the fact that HN-2 has less affinity for CD4 
than HN -1. On the other hand, our data show that there are subtle but important 
differences between HN-1 and SN mac (HN-2) in their patterns of predicted dis
order distribution, which also might contribute to the virus's ability to evade the 
host immune system. 

6.5.2 Implications to the Search for HIV Vaccines 

Our findings might also have some implications to the search for HN vaccines. 
One possibility is related to the use of animal models and SN mac. as in the search 
for HN vaccination and drugs. SN mac and SN stm were the first subtypes found in 
laboratory macaques (Chen et al., 1995). Asian primates such as macaques, unlike 
their African cousins, developed AIDS on the average of 10 years after infection 
(Goudsmit, 1997). For this reason, the Asian monkeys have become the standard 
animal model for SN (Hulskotte et al., 1998). However, the extrapolation of data 
from animal models to HN in human remains a challenge. Our results suggest 
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that some of these challenges could be explained by the differences in disorder 
prediction between HN-1 and SN (or HN-2). It is also important to remember 
that although the high levels of mutation caused difficulties in the development of 
vaccines against new strains of the influenza, there are effective vaccines against 
specific strains of the virus. Similarly, there are also effective vaccines available for 
EIAV. Note that the matrix proteins of both influenza virus and EIAV are shown 
in our study to contain less amount of intrinsic disorder. 

6.5.3 Joint Role of Glycoproteins and Matrix Disorder 

It is established that the HN envelope glycoprotein gp120 is one of the most 
glycosylated proteins in Nature (Vigerust and Shepherd, 2007). Oligosaccharide 
moieties of viral glycoprotein& often hide them from recognition by immune agents 
such as antibodies (Burton et al., 2005). We proposed that the abnormally disordered 
matrix proteins might help the surface glycoprotein in eluding immune responses. 
In other words, intrinsic disorder (read high dynamics) underneath the envelope 
would work in a tandem with envelope glycoprotein& to help viruses in avoiding 
the induction of immune response. The question then arose: how and why would 
surface glycoprotein and matrix disorder work in cooperation? In a likely scenario, 
the oligosaccharide moieties of the glycoprotein& act as an entropic brush that 
protects viral surface proteins such as gp120 and gp41 from contact with immune 
agents such as antibodies. The matrix protein could then provide the additional 
motion to the sweep. An advantage of motions that resemble a broom in a sweep 
is that it enables some regulatory roles via the matrix protein. Earlier it has been 
already observed that the envelope proteins are very sensitive to the behavior of 
the matrix proteins (Dorfman et al., 1994 ). 

6.6 CONCLUDING REMARKS 

6.6.1 Matrix Disorder of Retroviruses Vary with the Nature of the Virus 

A peculiar finding in this chapter is the pattern of predicted disorder of EIA V 
p15 more closely matching the disorder profile of the influenza M1 protein than 
that of the matrix proteins of its closer relatives, namely, the HN -1 and SN mac 

p17 proteins. This feature may be attributed to the ways the viruses are evolved 
and are transmitted to their hosts. It should be reminded that EIAV is transmitted 
between horses via insect vectors. In other words, the virus experiences a dramatic 
change in the environment during the transmission. It is likely that this mode of 
transmission has evolutionary requirements similar to those of the influenza virus, 
which is transmitted via the respiratory tract and mucus. HN and SN, on the 
other hand, spread by blood contact or sexual activities. Since there is less chance 
for exposure to the outside environment in the transmission mode, there is less 
evolutionary pressure for the matrix proteins to be ordered. This highlights a role 
for the matrix protein in many viruses. In many instances, the matrix acts as an 
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encasement for the virion, thereby protecting the virion from damage especially 
in adverse environments. We have also seen that disorder at the matrix is not an 
absolute characteristic of retroviruses. 

6.6.2 Implication for the Immune System Invisibility Puzzle of HIV 

A single nagging puzzle in the search for vaccines against HN is the unknown 
mechanism helping the virus to evade immune response. Our study suggests that 
this ability might arise from the abnormal levels of intrinsic disorder at the viral 
matrix. This hypothesis is supported by the fact that the matrix proteins of other 
viruses, where vaccines have been more easily found, were predicted to be more 
ordered. Therefore, there are several ways how disorder predictions can be utilized 
in the future strategies of the vaccine development Particularly, one of the new 
directions in the anti-HN drug development could be a search for the therapeutic 
agents able to stabilize the HN matrix protein. 

Another puzzle of HN viruses is the inability of virologists to account for the 
waves of the HN strains seen, even after taking into account the fact that the 
mutation rate of HN-1 is 25 times that of influenza. Yet another HN puzzle is 
the greater pathogenicity of HN-1 as compared to HN-2. It has been generally 
understood that this is due to the fact that the HN -1 affinity for CD4 is 28 times 
greater than that for HN-2 (Chakravarty et al., 2006). Our data suggest that it 
is not just the affinity for CD4 that gives rise to a greater pathogenesis or viral 
load in HN -1. Perhaps, it is also the differences in the abilities of the viruses in 
evading the immune system via disorder at the matrix. This also explains a related 
observation among epidemiologists that the more easily HN-1 spreads sexually, 
the more virulent it becomes (Goudsmit, 1997), since the ease of transmission 
via blood or sexual intercourse lessens the requirements for a rigid encasement of 
the virion, which is used in other viruses to prevent virion damage due to harsh 
environmental factors. 

6.6.3 Potential Implications for the Immune Evasion of Cancer Cells 
and Oncolysis 

While this chapter has been largely focused on the study of immune evasion as 
applied to HN and HN -related viruses, it may provide a model for immune evasion 
by other entities, such as cancer cells. There are either very few or no studies 
conducted in this area. Perhaps, our results could invigorate interest in this area, 
given the models and approach used. Furthermore, the results of this chapter likely 
have novel strategic implications for experimental studies on the use of viruses as 
oncolytic agents, which have often been observed to be rendered ineffective by 
the immune system. In fact, one of the greatest problems in using the oncolytic 
viruses is that they are detected by the immune system very quickly so they are 
only useful for localized treatment of tumors (Chernajovsky et al., 2006). Our data 
suggest that this does not have to be always the case, and new oncolytic viruses 
with disordered matrix should be considered. 
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ABBREVIATIONS 

BN 
CA 
CAEV 
EIAV 
IN 
IDP 
IDR 
FN 
HN 
MA 
MVV 
NC 
PI(4,5)P2 
PID 
PM 
PONDR 
PR 
Rf 
SN 
SNcpz 
SNmac 
SNsm 
SRLV 
su 
TM 

bovine immunodeficiency virus 
capsid 
caprine arthritis-encephalitis virus 
equine infectious anemia virus 
integrase 
intrinsically disordered protein 
intrinsically disordered region 
feline immunodeficiency virus 
human immunodeficiency virus 
matrix 
maedi-visna virus 
nucleocapsid 
phosphatidylinositol-( 4,5)-bisphosphate 
predicted intrinsic disorder 
plasma membrane 
predictor of naturally disordered regions 
protease 
reverse transcriptase 
simian immunodeficiency virus 
SN infecting chimpanzees 
SN infecting rhesus macaque 
SN infecting sooty mangabeys 
small ruminant lentivirus 
structural unit 
transmembrane 
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7 
STRUCTURAL DISORDER IN 
PROTEINS FROM INFLUENZA VIRUS 

GERARD K.-M. GoH, BIN XuE, A. K. DuNKER, AND 
VLADIMIR N. UVERSKY 

7.1 INTRODUCTION 

Many proteins are intrinsically disordered; that is, they lack a rigid three
dimensional (3D) structure under physiological conditions in vitro, existing instead 
as dynamic ensembles of interconverting structures. Intrinsically disordered 
proteins (IDPs) (Romero et al., 2001) are also known by several other names 
including intrinsically unstructured (Wright and Dyson, 1999) and natively 
unfolded (Weinreb et al., 1996; Uversky et al., 1999, 2000). While the function 
of a given protein is often determined by its unique structure, comparative 
studies on several exceptions to the structure-to-function mechanism led to the 
realizations that IDPs share many sequence characteristics and so comprise a 
distinct cohort. These IDPs and intrinsically disordered regions (IDRs) differ 
from structured globular proteins and domains with regard to many attributes, 
including the amino acid composition, sequence complexity, hydrophobicity, 
charge, flexibility (Uversky et al., 2000; Romero et al., 2001), and type and rate 
of amino acid substitutions over evolutionary time (Brown et al., 2002). Many 
of these differences between ordered proteins and IDPs were utilized to develop 
numerous disorder predictors. 

Structures and functions of a large number of viral proteins are not yet totally 
understood (Burton, 2002; Hilleman, 2002; McMichael et al., 2002; Reid et al., 
2004a; Garcia-Sastre and Whitley, 2006). This may account for the continuous 
need for the development of novel computational and experimental tools suitable for 
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viral protein analysis. Although experimental techniques remain the major providers 
of structural and functional knowledge, often, the experiments are expensive or 
difficult to the point of infeasibility. The use of various bioinformatics tools to 
predict structure and function represents an alternative approach that is gaining 
significant attention. Comparative computational studies have opened a new way for 
easier benchmarking and functional analysis of proteins. In this chapter, we examine 
the usefulness of intrinsic disorder predictions for studying the viral proteins. To 
this end, we utilized the PONDR® VLXT and VL3 disorder predictors (Li et al., 
1999; Romero et al., 2001; Obradovic et al., 2003; Vucetic et al., 2003) to address 
the following question: can disorder prediction be used to determine or map at least 
some of the functions for viral proteins? 

7.2 INTRODUCING INFLUENZA VIRUS 

7 .2.1 Structure of the Influenza VIrion 

Influenza viruses belong to the Orthomyxoviridae family of negative-sense, 
single-stranded, segmented RNA viruses. This family contains five genera, 
classified by variations in nucleoprotein (NP and M) antigens into influenza A, 
influenza B, influenza C, thogotovirus, and isavirus (Brooks et al., 2004). Influenza 
A viruses, which are a major cause of influenza in humans, have multiple subtypes 
that are labeled according to an H number (for hemagglutinin (HA)) and an 
N number (for neuraminidase (NA)). Sixteen HA subtypes (or serotypes, HA 
antigens H1 to H16) and nine NA subtypes of influenza A virus (NA antigens 
N1 to N9) have been identified in different virus isolations so far for influenza 
A (Pouchier et al., 2005). The influenza A virus genome is contained on eight 
single (nonpaired) RNA strands that code for 11 proteins (HA; NA; NP; matrix 
proteins (M1 and M2); nonstructural proteins (NS1 and nuclear export protein 
(NEP)); RNA polymerase (acidic polymerase protein (PA), basic polymerase 
protein (PB1), and PB2); and PB1-F2 protein). The total genome size is 13,588 
bases (http://www .microbiologybytes.com/virology/Orthomyxoviruses.html). 

The influenza A virion (which is a complete virus particle with its RNA core 
and protein coat) is a globular particle sheathed in a lipid bilayer derived from the 
plasma membrane of its host (Fig. 7.1). Two integral membrane proteins, HA and 
NA, are studded in the lipid bilayer. They are distributed evenly over the virion 
surface, forming characteristic spike-shaped structures. Beneath the envelope, the 
matrix formed by matrix proteins M1 and M2 is located. This matrix encompasses 
eight pieces of the genomic RNA, each in association with many copies of an NP, 
some ''nonstructural" proteins with various functions (e.g., NS1 and NEP), and 
several molecules of the three subunits of its RNA polymerase. 

Table 7.1lists the major functions for several viral proteins. It is important to 
remember that some of the functions are not totally understood or are not known at 
all (Burton, 2002). Multifunctionality (or moonlighting) of a protein is, of course, 
also possible. 



INTRODUCING INFLUENZA VIRUS 

Matrix 

171 

Hemagglutinin 
(HA) 

RNA 
and 
proteins 

Figure 7.1 Model structure of the influenza A virion. 

TABLE 7.1 Influenza Viral Proteins and Their Functiom. Some of the Most 
Importam ldluenza Viral Proteins are Listed with a Brief Description of Their 
Functions. These Protems are Listed by the Order of 'fhejr Location in the Virion 
(Clements and Zil*, 1996; Tomer and Summers, 1999; Lederberg, 2001; Brooks 
et al., 2004) 

Protein Function/Description Location 

HA Hemagglutinin allows the attachment to Envelope 
host and to itself 

NA Neuraminidase cleaves sialic acid group Transmembrane (fM) at 
to allow virion release into the the virion envelope 
extraceUular region 

MA (Ml, M2) Protein assembly with membrane Matrix: beneath the 
binding and disassociation envelope 

NSl Nonstructural protein involved in RNA Within capsid and 
binding. Inhibits RNA splicing. beneath the matrix 

NS2 Transportation of RNP to cytoplasm 
NP Nucleoprotein Nucleocapsid 
PBl Main core protein Binds to nucleocapsid 
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7 .2.2 Hemagglutinin 

Specific surface glycoproteins are used by the enveloped viruses, such as influenza, 
human immunodeficiency virus-1 (HIV -1 ), and Ebola, to enter target cells via fusion 
of the viral membrane with the target cellular membrane (Skehel and Wiley, 1998, 
2000b; Eckert and Kim, 2001). One of the most well-studied membrane fusion pro
teins is the influenza virus HA, which is a homotrimeric type I transmembrane (I'M) 
surface glycoprotein responsible for virus binding to the host receptor, internaliza
tion of the virus, and subsequent membrane-fusion events within the endosomal 
pathway in the infected cell. HA is also the most abundant antigen on the viral sur
face and harbors the primary neutralizing epitopes for antibodies. Each 70-kDa HA 
subunit contains two disulfide-linked polypeptide chains, HAt and HA2, created 
by proteolytic cleavage of the precursor protein HAo (Wiley and Skehel, 1987). 
Such a cleavage is very crucial for membrane fusion (Wiley and Skehel, 1987). 
During membrane fusion, HA binds the virus to sialic acid receptors on the host 
cell surface and, following endocytosis, the acidic pH (pH 5-6) of endosomal 
compartments induces dramatic and irreversible reorganization of the HA structure 
(Skehel et al., 1982). 

The HA trimer has a tightly intertwined "stem" domain at its membrane
proximal base, which is composed of HAt residues 11-51 and 276-329 and HA2 
residues 1-176. The dominant feature of this stalk region in the HA trimer is the 
three long, parallel a-helices ("-'50 amino acids in length each), one from each 
monomer, that associate to form a triple-stranded coiled coil. The membrane-distal 
domain consists of a globular "head" which is formed by HAt and which can be 
further subdivided into the R region (residues 108-261), containing the receptor
binding site (RBS) and major epitopes for neutralizing antibodies, and the E 
region (residues 56-108 and 262-274), with close structural homology to the 
esterase domain of influenza C HA esterase fusion (HEF) protein (Stevens et al., 
2004). The HA2 chain contains two membrane-interacting hydrophobic peptide 
sequences: anN-terminal "fusion peptide" (residues 1-23) that interacts with the 
target membrane bilayer (Durrer et al., 1996) and a C-terminal TM segment that 
passes through the viral membrane. 

Crystallographic studies suggested that the interaction with the host cell involves 
a dramatic structural reorganization of HA2, which moves the fusion peptide from 
the interior "-'100 A toward the target membrane (Wilson et al., 1981; Bullough 
et al., 1994). In this process, the middle of the original long a-helix unfolds to 
form a reverse turn, jackknifing the C-terminal half of the long a-helix backward 
toward theN terminus. These molecular rearrangements place theN-terminal fusion 
peptide and the C-terminal TM anchor at the same end of the rod-shaped HA2 
molecule (Weber et al., 1994; Wharton et al., 1995), facilitating membrane fusion 
by bringing the viral and cellular membranes together. 

7 .2.3 Neuraminidase 

Viral NA is found on the surface of influenza viruses. NA enables the virus to be 
released from the host cell. NAs are the enzymes that cleave sialic acid groups 
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from glycoproteins and glycolipid& and are required for influenza virus replication. 
Sialic acid groups are found on various glycoproteins at the host cell surface, 
and the virus exploits these groups to bind to the host cell utilizing another virus 
surface protein, HA. The sialic acid-bound virion is endocytosed into an acidified 
endosomal compartment There, the M2 ion channel facilitates acidification of 
the virion and dissociation of the ribonucleoprotein (RNP) complexes from M1 
(Pinto et al., 1992; Pinto and Lamb, 2006). The low pH of the endosome induces 
conformational changes in HA that promote mixing of viral and endosomallipids, 
membrane fusion, and entry of the RNP complexes (Wiley and Skehel, 1987; 
Bullough et al., 1994; Skehel and Wiley, 2000a). 

Similar to HA and M2, NA is incorporated into the envelope of the budding 
virion and plays a crucial role in virion release (Kilbourne et al., 1968; Wagner 
et al., 2002). In fact, in order for the virus to be released from the cell, NA must 
enzymatically cleave the sialic acid groups from host glycoproteins and glycolipid&, 
since host glycoproteins and glycolipid& with intact sialic acids would bind HA 
and prevent the virion from escaping the virus-producing cell (Seto and Rott, 1966; 
Moscona, 2005). NA also cleaves sialic acid residues from viral proteins, preventing 
newly assembled viruses from aggregating with each other through HA-sialic acid 
interactions. The action of NA promotes the release of progeny viruses and the 
spread of the virus from the host cell to uninfected surrounding cells. Therefore, 
NA is the crucial enzyme that helps viruses to be released from a host cell. Not 
surprisingly, this viral proteins is one of the primary targets for the anti-influenza 
drugs (Mitrasinovic, 2010). 

Finally, by removing the sialic acid receptors from the cell surface, NA is 
involved in the suppression of the superinfection; that is, in the infection of a target 
cell by more than one virion (Huang et al., 2008). Such inhibition of superinfection 
is important for the evolution of segmented viruses because it limits the frequency 
of reassortment of viral genes (Webster et al., 1982). 

NA is a mushroom-shaped tetramer of identical subunits, with the head of the 
mushroom suspended from the virus membrane on a thin "-'60-A-long stalk, a 
length that is variable among virus strains. Each of the subunits that form the head 
of the mushroom is made up of a six-bladed propellerlike structure, the blades of 
which are formed by four antiparallel strands of ~-structure (Colman et al., 1983; 
Varghese et al., 1983; Burmeister et al., 1992). The enzyme active site, containing a 
number of conserved charged amino acid residues, is located at roughly the center 
of each subunit (Colman et al., 1983; Varghese et al., 1983; Burmeister et al., 1992). 

7 .2.4 Matrix Proteins Ml and M2 

1\vo matrix proteins (M1 and M2) are encoded in one of the eight RNA segments. 
Both proteins are synthesized from the same RNA segment by using different read
ing frames. About 3000 matrix protein molecules are needed to make one virion. 

7.2.4.1 Ml Protein The M1 protein forms a layer under the patches of host 
cell membrane that are rich in viral HA, NA, and M2 TM proteins and facilitates 
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budding of the mature viruses. This protein binds to the viral RNA nonspecifically 
via a peptide sequence rich in basic amino acids. The M1 protein also has multiple 
regulatory functions, performed by interaction with the components of the host 
cell. The mechanisms regulated include a role in the export of the viral RNP 
(vRNP) from the host cell nucleus, inhibition of viral transcription, and a role in 
virus assembly and budding. The incoming RNP at the beginning of infection is 
transported into the nucleus only after detachment from M 1, where RNP is involved 
in transcription/replication of the viral genome. In the late stage of infection, M1 
inhibits viral RNA (vRNA) polymerase activity by binding to RNP, which may 
be a signal for RNP transport from the nucleus to the cell surface. Finally, M1 
mediates the association of RNP with viral envelope glycoprotein& on the inner 
surface of the cytoplasmic membrane, which then promotes virion formation and 
budding. Thus, M 1 is a multifunctional protein that plays important roles in various 
steps of virus replication (Itoh and Hotta, 19CJ7). 

7.2.4.2 M2 Protein The M2 protein has an important role in the life cycle of 
the influenza A virus. It is located in the viral envelope as a homotetrameric proton
selective ion channel. This channel is activated by low pH. It enables hydrogen 
ions to enter the viral particle (virion) from the endosome, thus lowering the pH 
inside the virus. This causes dissociation of the viral matrix protein M1 from the 
RNP and represents a crucial step in uncoating of the virus and exposing its content 
to the cytoplasm of the host cell. The M2 protein unit consists of the following 
three protein domains: (i) the 24 amino acids in theN-terminal end, exposed to the 
outside environment; (ii) the 22 mostly hydrophobic amino acids in the TM region; 
and (iii) the 52 amino acids in the C-terminal domain, exposed to the inside of the 
viral particle (Schnell and Chou, 2008; Stouffer et al., 2008). 

7 .2.5 Nonstructural Proteins NSl and NEP 

7.2.5.1 NSJ Protein NS 1 is one of the nonstructural proteins of influenza 
A viruses. NS 1 is not a structural component of the virion but is expressed at 
very high levels in infected cells (Krug and Etk:ind, 1973). It is a nonessen
tial virulence factor that has multiple accessory functions during viral infection. 
In general, the viral NS 1 protein is considered as an important factor by which 
all influenza A viruses antagonize host interferon (IFN)-a./~-mediated antiviral 
responses (Egorov et al., 1998; Garcia-Sastre et al., 1998; Kochs et al., 2007). How
ever, NS1 is a multifunctional protein that performs a plethora of activities, which 
may additionally contribute toward efficient virus replication and virulence during 
infection. These include (i) temporal regulation of vRNA synthesis; (ii) control 
of viral mRNA splicing; (iii) enhancement of viral mRNA translation; (iv) regu
lation of viral particle morphogenesis; (v) suppression of host immune/apoptotic 
responses; (vi) activation of phosphoinositide 3-kinase (PI3K); and (vii) involve
ment in strain-dependent pathogenesis. All these functions of NS 1 rely on its ability 
to participate in a multitude of protein-protein and protein-RNA interactions (Hale 
et al., 2008). 
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Based on the phylogenetic analysis of the NS1 amino acid sequences, it has 
been concluded that there are two major groups of NS 1 proteins, alleles A and B 
(Treanor et al., 1989; Ludwig et al., 1991). Allele A includes a number of NS1 
proteins from avian influenza viruses together with those of all human, swine, and 
equine influenza viruses, whereas allele B exclusively includes proteins from avian 
viruses. The level of homology within each allele is 93-100%; however, between 
alleles it can be as little as 62% (Hale et al., 2008). 

Structurally and functionally, NS1 is divided into two domains: anN-terminal 
RNA-binding domain (residues 1-73), which in vitro binds with low affinity to 
several RNA species in a sequence-independent manner, and a C-terminal "effec
tor'' domain (residues 74-230), which predominantly mediates interactions with 
host cell proteins and also functionally stabilizes the RNA-binding domain (Hale 
et al., 2008). The RNA-binding domain is a symmetrical homodimer in which each 
monomer consists of three a.-helices (Chien et al., 1997). The C-terminal effector 
domain of NS1 protein (residues 74-230) is also a homodimer, in which each 
monomer consists of three a.-helices and seven ~-strands which form a twisted, 
crescentlike, antiparallel ~-sheet around a long, central a.-helix (Bornholdt and 
Prasad, 2006). 

7.2.5.2 Nuclear Export Protein NEP is another nonstructural protein of 
influenza virus. Similar to NS 1, this protein is encoded in the eight RNA segments 
of the influenza A virus. In fact, two mRNAs are produced from this vRNA 
segment. The first of these encodes the NS 1 protein, whereas the splicing of this 
NS1 mRNA produces another mRNA encoding a 121 amino acid-long protein 
NEP (Lamb and Lai, 1980). NEP interacts with the virus protein M1 and the 
nuclear export machinery during viral replication and is directly involved in the 
nuclear export of vRNPs during the viral life cycle, acting as an adapter molecule 
between the nuclear export machinery and the vRNP complex (O'Neill et al., 
1998). At the N terminus of NEP, there is a Rev-like nuclear export signal (NES) 
that is able to interact with nucleoporins of the host cell (Paragas et al., 2001). 

Structural analysis of the purified NEP revealed that this protein exists as a 
monomer in solution and adopts a compact, but very :flexible, conformation with 
the characteristics of the molten globule state under near physiological conditions 
(Lommer and Luo, 2002). Analysis of the proteolytic sensitivity suggested that 
NEP possesses a rather heterogeneous structure, where the C terminus adopted a 
relatively rigid conformation, but the N terminus, being recognized by the nuclear 
export machinery, was highly mobile and exposed (Lommer and Luo, 2002). 

7.2.6 Nucleoprotein 

Nucleoprotein gene is located at segment 5 of the segmented negative-strand RNA 
genome. It codes for a single protein of 498 amino acid residues. NP is a mul
tifunctional protein: it encapsidates vRNA (Kobayashi et al., 1994), forms homo
oligomer& to maintain vRNP structure (Prokudina-Kantorovich and Semenova, 
1996), and serves as the key adaptor for virus and host cell interactions (Portela 
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Figure 7.2 Model structure of nucleoprotein particle. 

and Digatd, 2002; Ng et al., 2009). NP interacts with PB 1 and PB2 subunits in 
the viral RNA polytrerase in forming the RNP (Biswas et al., 1998). In vRNP, NP 
forrm a core around which the vRNA is helically wrapped (Baudin et al., 1994) 
(Fig. 7.2). Approximately 24 nucleotides associate with each NP (Colq)ans et al., 
1972). Because each vRNA is about 890-2341 nucleotides long (Lanb and Krug, 
2001), each influenza vRNP has 37-fJ7 copies of NP (Wu et al., 2007). 

Sequence COiq)afison of multiple influenza A NPs revealed that there are 30.1% 
of polymorphic residues in this protein. Structurally, NP can be divided into three 
regions, the head domain, the body domain, and the tailloopmnker region. The head 
domain is more conserved than the body domain, as revealed from the structure
based sequence aligntrenl NP oligomerization is mediated by the insertion of 
the nonpolymorphic and structurally conserved tail loop of one NP molecule into 
a groove of another NP. The different form of NP oligotrerS is because of the 
flexibility of the polymorphic linkers that join the tail loop to the rest of the protein. 
The RNA-binding property of NP is known to involve the protruding eletrent and 
the flexible basic loop between the head and body domains, both having high 
degrees of primary sequence conservation. To bind RNA, NP may first capture the 
RNA by the flexible basic loop and then the RNA is clamped by the protruding 
eletrent (Ng et al., 2009). 

7 .2.7 RNA Polymerase Complex 

Viral RNA polytrerase is a heterotritreric RNA-dependent RNA polytrerase com
plex with rmltiple enzymatic activities for catalyzing vRNA transcription and repli
cation, which is COiq)Osed of PB 1, PB2, and PA. PB 1 forms the core structure of the 
heterotritreric RNA polytrerase colq)lex. The N-termioal region of PB1 binds to 
the C-terminal region of PA, and C-termioal region of PB1 binds to theN-terminal 
region of PB2 (He et al., 2008; Obayashi et al., 2008). The RNA polytrerase plays 
a central role in the viral life cycle and is directly responsible for RNA synthesis 
for both viral replication and transcription, being able to replicate its viral genome 
RNA via two steps. The replication step (vRNA ~ cRNA ~ vRNA) involves 
synthesis of colq)letrentary RNA (cRNA) from a vRNA template, followed by 
the synthesis of vRNA from cRNA to COiq)lete the genomic RNA replication 
process. The transcription step (vRNA ~ mRNA) involves viral mRNA tran
scription from vRNA by snatching capped pritrers from nascent host cell mRNA 
(Liu et al., 2009). 
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In RNA polymerase complex, PB 1 is the central component that interacts 
directly with both PA and PB2. Functionally, PB1 is the central subunit for the 
RNA polymerase activity because it binds to the viral promoter and is responsible 
for the vRNA elongation and cap RNA cleavage activities (Biswas and Nayak, 
1994). PB2 is required for transcription of vRNA (Li et al., 2001) and can bind 
to the methylated cap-1 structure of host RNAs for cleavage by the PB1 subunit 
(Fechter et al., 2003). PA is required for replication and transcription of vRNA 
and for the endonuclease cleavage of the cap RNA primer, induces proteolysis of 
viral and host proteins, and is involved in virus assembly (Liu et al., 2009). 

7.2.8 PB-F2 Protein 

PB1-F2 is the most recently discovered influenza A virus protein, which con
tributes to viral pathogenesis by inducing apoptosis, being localized to the inner 
and outer mitochondrial membranes through a nontraditional mitochondrial tar
geting sequence at the C-terminal region of the protein (Gibbs et al., 2003). In 
the mitochondrial membrane, PB1-F2 interacts with ANT3 and VDAC1, punches 
holes in the mitochondrial membrane, and causes cytochrome c release (Zamarin 
et al., 2005). 

7 .2.9 Influenza Pandemics 

Influenza pandemics (i.e., epidemics of the influenza virus) of the recent era include 
the Spanish influenza (H1N1, 1918), the Asian influenza (H2N2, 1958), and the 
Hong Kong influenza (H3N2, 1968) (Reid et al., 2001b, 2004a; Garcia-Sastre and 
Whitley, 2006; Kilbourne, 2006a). The death of humans resulting from the pan
demics has been very large. The Spanish influenza pandemic of 1918-1919 alone 
caused acute illness in 25-30% of the world's population and resulted in the 
death of 40 million people worldwide. The numbers of deaths in the United States 
have been estimated at 500,000, 70,000 and 34,000, respectively, for the Spanish 
influenza, the Asian influenza, and the Hong Kong influenza pandemics (Reid et al., 
2004a; Garcia-Sastre and Whitley, 2006; Kilbourne, 2006a) (for more information 
see also http://www.kdheks.gov/:fl.uldownload/avian_:fl.u_facts.pdf). 

More recently, various subtypes have af:fl.icted smaller numbers of humans 
mainly via avian species, especially poultry. The subtypes include H5N1, H7N3, 
H7N7, and H9N2. For instance, in 2003, an outbreak of H7N7 occurred in the 
Netherlands, where 89 people were confirmed to have H7N7 influenza virus infec
tion following an outbreak in poultry on several farms. One death was recorded, 
whereas most of the 89 patients only had conjunctivitis and mild influenza symp
toms. As for the related H7N3, which resulted in quarantine of 18 North American 
farms in 2004 to halt the spread of the virus, only two human cases have been 
known, but none resulted in fatalities (I\veed et al., 2004 ). H5N1 subtypes, on the 
other hand, generally have higher fatality rates of above 50% (Garcia-Sastre and 
Whitley, 2006). For example, in 1997, the avian H5N1 virus was transmitted from 
poultry to humans in Hong Kong and caused 18 human cases of influenza with a 
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high mortality rate (Centers for Disease Control and Prevention, 1998). In February 
2003, two cases of H5N1 infection in humans occurred in Hong Kong, one of them 
fatal (Wuethrich, 2003). In 2004-2005, during an extensive outbreak of H5N1 
infection in poultry in eight countries of Southeast Asia, over 100 human cases 
occurred in Vietnam, Thailand, and Cambodia, 50% of them fatal (World Health 
Organization, 2005). A few human cases of H9N2 have been reported (Guan et al., 
1999). It has been reported that H9N2 bears striking genetic resemblance to H5N1 
(Lin et al., 2000a). 

7 .2.10 Causes of Influenza Virulence Remain Largely Elusive 

The understanding of the causes of virulence for the respective subtypes of influenza 
viruses remains largely incomplete. This is clearly illustrated by the example of 
the H1N1 virus, for which several hypotheses have been put forth to explain its 
virulence. One theory proposes that the H1N1 virulence could be attributed to 
the effective inhibition of type I interferon by the NS1 protein from the 1918 
H1N1 virus. However, this model is unable to account for the virulence of H5N1 
subtypes that have dissimilar NS1 sequences (faubenberger et al., 2001). Multiple 
gene mutations in various viral proteins (HA, NA, and polymerases) have also 
been suggested as a requirement for high virulence, especially in mice (Garcia
Sastre and Whitley, 2006). Adding to the confusion is the finding that viruses with 
1918 H1N1 HA are highly pathogenic to mice (Kobasa et al., 2004; Garcia-Sastre 
and Whitley, 2006). The reason for this remains elusive. We hope that by using a 
relatively new set of computational tools (e.g., protein disorder prediction) we can 
provide answers to some of these questions. 

7 .2.11 Other Puzzles of Influenza 

There is yet another mystery related to influenza, and it is connected to the mysteri
ous way in which the 1918 H1N1 virus suddenly disappeared by 1920, after raging 
relentlessly in 1918 and 1919 (Reid et al., 2001b, 2005a; Kilbourne, 2006a). Sev
eral strains of H1N1 appeared but none of them was as virulent as the 1918 virus 
(faubenberger et al., 2001; Reid et al., 2001a; Kilbourne, 2006b). How did these 
reappearing strains differ from the 1918 H1N1 virus? How did they evolve? Are 
the H1N1 and the H5N1 virulences coming from the same protein, e.g., HA? We 
believe that disorder prediction can shed at least some light on these mysteries too. 

7.3 PREDICTED INTRINSIC DISORDER IN INFLUENZA VIRUS 

7 .3.1 Average Percentage of Predicted Disordered Residues Enable Analysis 
of the Viral Protein Disorder 

Table 7.2 lists the average percentages of predicted disordered residues (the per
centage disorder rate) that have been found in influenza viral proteins with known 
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TABLE 7.2 Abundance of Intrinsic Dmorder in Various Datasem Table Presents 
the Means of Predicted Dmorder by PONDR® VLXT. The Corresponding PONDR 
VL3 Are Shown in Brackets. The Total Number of Influenza a Proteins Used in 
tim; Analysm was 27 

Protein 

PDBS90 
Influenza 

%Predicted Disordered X-Raya 

24± 2 (14± 2) 
21 ± 2 (10± 2) 

% Predicted Disordered NMR 

34 ±2 (32± 1) 
34±3 (40±3) 

aPen:entage of residues that are predicted to be disordered that have been characterized by X-ray 
crystallography. 

3D structure studied by nuclear magnetic resonance (NMR) or X-ray crystallogra
phy. These viral proteins are compared with the PDB Select 90 proteins (Hobohm 
et al., 1992; Berman et al., 2000). Table 7.2 shows that the percentage of residues 
predicted to be disordered by PONDR VLXT in both protein datasets is relatively 
similar. The values given in this table are the average percentages of disordered 
residues in a given dataset, not the average percentages of disordered residues in 
each chain. The former provides a better gauge of the mean because the number 
of influenza proteins available in PDB (Berman et al., 2000) is relatively small. 

Table 7.2 provides a simple measure to classify a given protein as ordered or 
disordered by prediction. For example, the averaged predicted disorder rate for 
proteins from PDB Select 90 is 24 ± 2(15 ± 2). If this value is used as a bench
mark for labeling a given protein as moderately disordered or mostly structured, 
any protein that falls close to this number with respect to percentage of predicted 
disordered residues can safely be classified as "moderately disordered" by predic
tion. The information in Table 7.2 provides the benchmarks for the analysis of 
the results shown in Table 7 .3, which categorizes proteins found in the influenza 
virus by their function and the abundance of disorder and arranges data by protein 
location in the virion. The envelope of the orthomyxovirus contains HA and NA 
proteins, levels of the predicted intrinsic disorder in which vary significantly by 
the subtype (fable 7.4). M1 is a matrix protein that provides a link between the 
surface protein and the capsid M 1 is predicted to be moderately disordered. Both 
nonstructural proteins of the influenza A viruses are predicted to be rather disor
dered. Similarly, both nucleoprotein and main core protein are predicted to contain 
significant percentage of disordered residues. 

7.3.2 Predicted Disorder Varies with Location of Protein in the Virion 

There is an interesting correlation between the percentage disorder rate and the 
protein localization within the virion This phenomenon is especially clear from 
Fig. 7 .3, which clearly shows that the closer the protein gets to the core the higher 
is the level of predicted disorder it possesses. This can easily be explained by the 
increased likelihood of colocalization of the RNA-binding proteins and the genomic 
RNA in the viral core. The exceptions to this general trend are several enzymes, 
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TABLE 7.3 Summary of the Predicted Disorder Rates in Inftuenza Proteins 

Protein 

HAl (Hl) 
HA2 (Hl) 
HAl (H3) 
HA2 (H3) 
NA (Nl) 
Ml 
NSl 
NS2 
PBl 
NP 

Accession Number 

lruz.pdb, Subunit: H 
lruz.pdb, Subunit: I 

lmqn.pdb, Subunit: A 
lmqn.pdb, Subunit: B 
2huO.pdb, Subunit: S 
lea3.pdb, Subunit: A 
lxeq.pdb, Subunit: A 
lpd3.pdb, Subunit: A 
2lm.8.pdb, Subunit: A 
2iqh.pdb, Subunit: A 

% VLXT(VL3)a Method 

12 (0) X-ray 
12 (0) 
25 (0) 
19 (2) X-ray 
8 (0) X-ray 

25 (0) X-ray 
69 (63) X-ray 
60 (23) X-ray 

47 (NA) NMR 
44 (0) X-ray 

albe percentage of residues that are predicted ordered by VLXT. 1be parenthesized values are data 
obtained by VL3. 

TABLE7.4 Predicted Intrinsic Disorder in Surface Proteins of Influenza Virus 

Disorder prediction in various NA subtypes 

Protein Accessions %VLXT(VL3) Method 

Nl 2huO.pdb, Subunit: A 8 (0) X-ray 
N2 2flO.pdb, Subunit: A 25 (13) X-ray 
N4 2htw .pdb, Subunit: A 4 (0) X-ray 
N6 2w20.pdb, Subunit: A 15 (27) X-ray 
N8 2htr .pdb, Subunit: A 4 (48) X-ray 
N9 ljsn.pdb, Subunit: S 15 X-ray 

Disorder predictions in various HA subtypes 

Protein Subunit Accessions %VLXT(VL3) Method 

Hl HAt lruz.pdb, Subunit: H 12 (0) X-ray 
HA2 lruz.pdb, Subunit: I 12 (0) 

H3 HAt lmqn.pdb, Subunit: A 25 (0) X-ray 
HA2 lmqn.pdb, Subunit: B 19 (1) 

H5 HAt 2ibx.pdb, Subunit: A 12 (2) X-ray 
HA2 2ibx.pdb Subunit: B 13 (0) 

H7 HAt lti8.pdb, Subunit: A 22 (11) X-ray 
HA2 lti8.Pdb, Subunit: B 30 (0) 

which are located in close proximity to the core. However, enzymes need to be 
structured so that the active site can provide a catalytic surface, so this result is 
entirely consistent with previous work (Vucetic et al., 20fJ7; Xie et al., 2007a,b). 

Correlation between the predicted disorder and functions of viral proteins is of 
special interest since it correlates nicely with the disorder/function trends found 
in proteins in general. In fact, RNA-binding proteins are known to show a strong 
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Figure 7.3 Summary of the percentages of residues predicted to be disordered in the 
influenza A virus proteins. Top of the panel is a chart of proteins with percentages of 
residues that are predicted to be disordered by PONDR® VLXT. The types of proteins 
are also summarized. It should be noted that the percentages of predicted to be disordered 
residues of HA vary with subtypes, but HA is essentially predicted to be quite ordered. 
More information is available in Table 7 .4. 

tendency to be highly disordered, both experimentally and computationally. Single
span membrane proteins also contain significant amount of intrinsic disorder, except 
for the segment that crosses the membrane, which is typically predicted to be 
ordered. Finally, various enzymes as well as TM proteins (e.g., pores) are among 
the polypeptides with the least amount of intrinsic disorder (Vucetic et al., 2007; 
Xie et al., 2007a,b). 

Figure 7.3 presents data for disorder distribution within the major influenza 
proteins. The proteins are labeled as "predicted to be ordered," "moderately dis
ordered," or ''very disordered." The qualitative values are assigned according to 
the PONDR VLXT values by comparing with the mean values of Table 7.2. Here, 
the proteins whose percentages of predicted disordered residues are between 30 
and 40% were considered as moderately disordered. The proteins with the dis
order scores above 40% and below 20% were considered as very disordered or 
ordered, respectively. Figure 7.3 shows that the amount of predicted intrinsic dis
order increases as the protein becomes located closer to the viral core, which is 
the site of the genomic RNA. In general, Fig. 7.3 supports the notion that viral 
proteins in general follow the trend in the distribution of intrinsic disorder among 
functional classes previously described for other proteins. 

7.3.2.1 Transmembrane Proteins are More Ordered Figure 7.3 shows that 
the surface proteins HA and NA are generally predicted to be ordered. HA is 
crucial to the entry of the virus into the host. A cleavage at the disulfide bond 
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between subunits, HAt and HA2, has to occur before the viral entry can take 
place. NA, on the other hand, plays an enzymatic role at the other end of the viral 
process. Ths protein cleaves the sialic acid group from the oligosaccharide portion. 
Ths cleavage step is needed for the virion to be released into the extracellular 
region (Colman, 1994 ). It should also be noted that both HA CHA2) and NA are 
TM proteins (Colman, 1994; Barman et al., 2004). Previously, TM fragments of 
channels and pores were predicted to be highly ordered (Vucetic et al., 2007; Xie 
et al., 2007a,b). However, the situation might be quite different for membrane 
proteins with relatively large extra- and intracellular domains, for example, for 
fusion proteins. We now have an opportunity to analyze the predicted disorder rate 
of TM proteins that are involved in the membrane fusion. 

HA is a TM glycoprotein, a member of the class I viral fusion proteins that 
mediate viral entry into cells. Class I viral fusion proteins are thought to fold into 
a prefusion, metastable conformation, which is then activated to undergo a large 
conformational rearrangement to a lower energy state, thereby providing the energy 
needed to accomplish membrane fusion (Earp et al., 2005; Kielian, 2006; Kielian 
and Rey, 2006). The role of HA as a fusion protein and the associated large
scale conformational changes may help to account for the slightly higher predicted 
disorder rates observed for HA in many subtypes (Table 7.4 ). 

7.3.2.2 More Disorder at the Core The matrix proteins, which form a layer 
below the lipid envelope, produced interesting data. The influenza A virus matrix is 
relatively disordered (Table 7.3). The matrix protein M1 is predicted to be moder
ately disordered (or somewhat ordered) by PONDR VLXT. In the influenza virion, 
proteins that are even closer to the core include NS 1, NP, and PB 1. All these 
proteins are predicted to be highly disordered. While M 1 is known to bind RNA, 
proteins that are located closer to the core are even more likely to interact with the 
vRNA. 1bis may account for the trend that, for proteins that are closer to the core, 
the amount of predicted disorder increases. 

7 A INTRINSIC DISORDER OF VIRAL PROTEINS 
AND VIRAL INFECTIVITY 

7 A.l HA Predicted Disorder Correlates with the Vtral Infectivity 

7.4.1.1 Loss of Infectivity for Specific Virus Subtypes via Fatty Acid Depriva
tion Attachment and membrane fusion of the influenza virus and the host cell 
are mediated by the viral HA. HA is a homo1rimer, and each monomer comprises 
an ectodomain with about 510 amino acid residues, a TM domain with 27 residues, 
and a cytoplasmic domain with 10-11 residues. The HA monomer is synthesized 
as a single polypeptide chain and cleaved into two subunits, HAt and HA2, by 
proteolytic enzymes after virus budding or during intracellular transport The HAt 
and HA2 subunits are functionally specialized HAt carries receptor-binding activ
ity, and HA2 mediates membrane fusion (Skehel and Wiley, 2000a). As discussed 
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briefly above, the amount of intrinsic disorder in HA1 and HA2 varies with the 
viral subtype (fable 7.4 ). 

Analysis of previous experimental data in comparison with the disorder 
predictions in Table 7.4 suggests that variations in the infectivity of the virus 
(Oldfield et al., 2005), assembly of the HA proteins, and correlation between 
protein-membrane interaction and the lipid raft motion may all be related to the 
amount of predicted disorder. For example, one of the HA functions is to assemble 
proteins, including those involved into the formation of pores. Acetylation of the 
HA molecules often affects this function, which is crucial for the infectivity of 
the virus. However, it has been shown that H1, H3, and H7 behave differently 
when the sites that are normally palmitylated are mutated. Viral subtypes with H1 
proteins were most affected by the mutations, whereas the virions did not lose 
much of their infectivity in the case of H3 and H7 (Jin et al., 1996; Sakai et al., 
2002). Table 7.4 shows that, among the viral subtypes analyzed, H1 proteins 
possess the least amount of predicted disorder, whereas H3 and H7 proteins 
were predicted to be essentially more disordered. We showed elsewhere that 
enzyme-mediated posttranslational modifications usually occur with disordered 
regions (Iak:oucheva et al., 2004; Vucetic et al., 2007; Xie et al., 2007a,b). The 
increased predictions of intrinsic disorder in HA are associated with the increased 
infectivity of influenza virus, perhaps via changes in posttranslational modification, 
the ease of which may depend on the tendency to be disordered. 

7.4.1.2 Intrinsic Disorder May Provide a Bypass to the Lipid Raft Requirement 
For all enveloped viruses, the envelope is derived from the host cell during the 

process of virus budding. In the case of influenza virus, budding takes place at 
the apical plasma membrane and is heavily dependent on the presence of lipid 
microdomains, or ''rafts" (Brown and London, 1998; Scheiffele et al., 1999; Zhang 
et al., 2000). Lipid rafts, also known as detergent-insoluble glycosphingolipid
enriched domains, are specific domains on plasma membranes that are enriched in 
detergent-insoluble glycolipids (DIGs), cholesterol, and sphingolipids (Mukherjee 
and Maxfield, 2000; Simons and Ik:onen, 2000; Simons and Toomre, 2000). Levels 
of cholesterol and sphingolipids can vary amongst individuals, which alters the 
extent of the raft formation Lipid rafts play an important role in several biological 
processes, including signal transduction, T -cell activation, protein sorting, and virus 
assembly and budding (Simons and Toomre, 2000). 

Such enveloped viruses incorporate some integral membrane proteins; among the 
best studied are the influenza virus HA and NA (Simons and Ik:onen, 1997). Acety
lation of the envelope proteins and also palmitoylation are important for these viral 
proteins to be targeted to the lipid raft microdomains on the cell surface (Melkonian 
et al., 1999). C-terminal domains of both HA and NA of influenza virus are crucial 
for association with rafts, and this interaction constitutes a part of the signaling 
machinery necessary for apical targeting in polarized cells. In fact, the cytoplasmic 
tails of HA and NA are so important for assembly that the information contained in 
these tails is partially redundant (J in et al., 1997). For example, the removal of the 
cytoplasmic tail or mutation of the three palmitoylated cysteine residues in the TM 
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domain and the cytoplasmic tail of influenza virus HA was shown to decrease the 
association of HA with lipid rafts, decrease the incorporation of HA into virions 
(Zhang et al., 2000), and modulate the incorporation of cholesterol into the viral 
envelope. 

The level of the envelope cholesterol has been shown to play a crucial role 
in the HA-mediated fusion of the influenza virus with the host cell (Sun and 
Whittaker, 2003). These data were obtained for the WSN (HlNl) strain of influenza 
virus, and the authors proposed that differences may exist with other virus strains. 
Perhaps the virion cholesterol is important for the organization of influenza virus 
HA trimers into fusion-competent domains, and perhaps the depletion of cholesterol 
also inhibits virus infectivity because of inefficient fusion (Sun and Whittaker, 
2003). Here we suggest that variations in intrinsic disorder in the surface proteins 
may play a similar role. In fact, Table 7.5 shows that Hl is predicted to be ordered, 
whereas H3 and H7 are predicted to be more disordered This increased level of 
disorder might offer a mechanism for proteins to bypass the lipid raft requirement. 
Studies on chimera proteins with specific swapping of regions predicted to be 
ordered or disordered could be used to test this proposed mechanism. 

7 .4.2 Disorder/Disorder or Order/Order Pairing of HA and NA 
may be Intertwined with the Evolution of the Influenza VU"uses 

As has already been mentioned, 16 HA serotypes and 9 NA subtypes of influenza 
A virus are known. Among the three influenza types, type A viruses are the most 
virulent human pathogens that cause the most severe disease. The list of some 
influenza A virus serotypes with the largest known human pandemic deaths includes 
HlNl ("Spanish flu"), H2N2 ("Asian flu"), H3N2 ("Hong Kong flu"), and H5Nl 
("Avian flu"). Table 7.5 illustrates an interesting correlation between the amounts 
of predicted intrinsic disorder in HA and NA proteins from the different influenza 
A virus serotypes: in HlNl and H5Nl subtypes, both HA and NA are predicted to 
be ordered, whereas H3N2 serotype is characterized by more disordered HA and 
NA. Perhaps such a combination is not coincidental but is instead evolutionarily 
preferred. 

TABLE 7.5 Observed Pairing of Predicted Disorder of HA-NA in Subtypes 
Involved in Major Epidemics. Quantitative Details of the Respective Predicted 
Disorder Values can be Found in Table 7.4 

HA (Predicted NA (Predicted 
Subtype Description Disorder/Order) Disorder/Order) 

H1N1 "Spanish Flu" (1918) Ordered Ordered 
H2N2 "Asian Flu" (1957) NA" More disordered 
H3N2 "Hong Kong Flu" (1968) More Disordered More disordered 
H5N1 "Avian Flu" (1997) Ordered Ordered 

"PDB structure of H2 has not been found, presumably because the H2N2 subtype evolved quickly 
into H3N2. 
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7.5 DISORDER IN THE 1918 H1N1 AND H5N1 VIRUSES 

7.5.1 H1N11918 Viral Strain Has Predicted Disorder 
at a Crucial Region of HA 
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The 1918 pandemic caused global devastation in 1918-1919, but it became nonex
istent by 1920 (faubenberger et al., 2001; Reid et al., 2001a; Reid, 2005b; Kil
bourne, 2006b). However, the H1N1 subtype of influenza A was still present in 
1934. To answer the question why the 1918 strain was highly virulent, we com
pared the intrinsic disorder distributions in amino acid sequences of HA proteins 
from the 1918 strain and later strains. Table 7.6 provides an overview of the per
centage of predicted disorder found in HAt and HA2 chains of various influenza 
A subtypes whose crystal structures were resolved. Table 7.6 shows that H1N1 
and H5N1 subtypes have several variants, such as 1918 H1N1 and 1930 H1Nl. 
Analysis of the data in Table 7.6 shows that the overall percentage of predicted 
disorder does not vary much for the different strains of H1N1 and that all the HA 
proteins could be considered as ordered by prediction 

However, a comparison of 3D models enhanced by the PONDR VLXT annota
tions revealed marked differences between various HA subtypes. This is illustrated 
by Fig. 7 .4, which represents a set of models generated by the combination of 
X-ray data and the results of the PONDR VLXT analysis. The HAt and HA2 
subunits are shown in light turquoise and dark blue colors. The areas predicted 

TABLE7.6 Summary of the Percentage of Predicted Disorder in Each Chain of 
the Inftuenza Hemagglutinins 

V!ral %VLXT Predicted 

Subtype Accessions Strain Description HA1 HA2a Disorder (HA1)b 

H1N1 1ruz A/South Spanish Flu 12 12 Ordered 
Carolina/1/18 1918 

1ruy A/Swine// Swine 1930 15 5 
Iowa/15130 

1rvx A/Puerto 1934 11 6 
Rico/3134 

H3N2 1mqn A/Duck/ Hong Kong 25 19 More 
Ukraine/63 Flu 1968 Disordered 

H5N1 2fk0 A/V!etnam/ Avian Flu 15 18 Ordered 
120312004 

2ibx A/V!etnam/ 12 12 Ordered 
111912004 

1jsn A/Duck/ 15 19 Ordered 
Singapore/3/97 

H9N2 1jsd A/Swine/ Swine 1998 15 20 Ordered 
HongKong/9/98 

aPen:entage of residues that are predicted to be disordered by PONDR VLXT in a given chain. 
bQualitati.ve description based on predicted disorder for HA1 chain. 
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Figure 7.4 'The 3D representation of the HA with predicted disorder annotation. 'The 
regions in red represent areas predicted to be disordered by VLXT. Conversely, the blue 
areas represent regions predicted to be ordered. (a) 1918 H1N1 HA2, lruz.pdb. (b) 1930 
H1N1 lruy.pdb. (c) 1934 H1N1, lrvx.pdb. (d) H5N1, 2tkO.pdb. (e) H5N1, 2ibx.pdb. 
(f) H5N1, 1jsn.pdb. (g) H9N2pdb, Swine. (h) H3N2, "Hong Kong Flu-1968" Progenitor, 
sample from 1963. (i) H7N3, avian. (See insert for color representation of the figure.) 
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to be disordered by PONDR VLXT are marked by red color. Figure 7.4 clearly 
shows that the various HA subtypes differ dramatically in the amount and local
ization of the predicted intrinsic disorder. As another way to represent this data, 
Fig. 7.5 compares the distributions of predicted disorder within the sequences of 
HA2 subunits from several influenza A subtypes and strains with the distributions 
of normalized B-factor scores evaluated from X-ray structures of the corresponding 
subunits. A residue with a PONDR VLXT score of 0.5 or more is considered to 
be disordered For convenience, some areas predicted to be disordered are marked 
by arrows and the corresponding labels point to the residues. Figure 7.5 shows 
that there is a general correlation between the high level of predicted disorder in 
a given HA region and its high B-factor scores. This indicates that HA regions 
of predicted disorder can gain some fixed structure during crystallization, although 
these regions still possess high mobility even in the crystal structures. 

Figures 7.4 and 7.5 clearly show that the HA2 protein of the H1N1 1918 
strain has two distinct regions of predicted disorder (starting at positions 35 and 
68, respectively, see Figs. 7.4a and 7.5a), whereas two other strains from the 
1930s reveal only one disordered region (starting at position 35, see Figs. 7 .4b-c 
and 7 .5b-c ). The region that was predicted to be disordered in the 1918 strain but 
not in the H1N1 strains after 1919 is a region at or around position number 68 of 
the HA2 protein. The high level of predicted disorder in the region around position 
35 seems to be a common feature among strains of the subtype H1Nl. This region 
lies at the base of the HA stalk. The missing region of predicted disorder among 
the H1N1 strains in the 1930s, around position 68, is located at the higher end (the 
''tip") of the stalk. A superficial analysis of the HA structure (Fig. 7.4) suggests 
that this region is likely to be located in an area close to the HA center of gravity, 
suggesting that motions of HA2 at this region are likely to have greatest impact on 
the HAt subunits, where the exposed area of the protein lies. 

7 .5.2 The Crucial Region of Predicted Disorder is Associated with V~rulent 
Strains 

7.5.2.1 A Specific Region of Predicted Disorder Observed in 1918 H1N1 is seen 
in both H5N1 and H9N2 A noticeable feature of the HA2 subunit in the H5N1 
subtype is the presence of two specific regions of predicted disorder. Again, the first 
region lies at the base of the stalk, even though on a different a-helix (Fig. 7.4 ). The 
other region of predicted disorder coincides with the disordered fragment seen in 
the 1918 virus; that is, this region is positioned at the tip of the HA2 stalk (around 
residue 68) and is quite similar in size to that in the 1918 strain. This region is also 
seen in the H9N2 subtype (Figs. 7 .4e and 7 .5e ), but is noticeably shorter (residues 
72-79). 

7.5.2.2 The Crucial Region of Predicted Disorder in 1918 H1N1 is Replaced 
by More Ordered Regions in Many Less-Virulent Strains Given the data dis
cussed thus far, one might suggest that the region around position 68 could be 
commonly predicted to be disordered among all influenza subtypes. However, the 
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Figure 7.5 PONDR® VLXT and B-factor plots for the various HA2. 1be gJay curves 
represent the VLXT score, while the black ones represent the normalized B-factor. (a) 
1918 H1N1 HA2, 1ruz.pdb. (b) 1930 H1N1 1ruy.pdb. (c) 1934 H1N1, lrvx.pdb. (d) 
H5N1, 2tkO.pdb. (e) HSN1, 2ibx.pdb. (t) H5N1, 1jsn.pdb. (g) H9N2, 1jsd.pdb, swine. 
(h) H3N2, "Hong Kong Flu-1968" Progenitor, sample from 1963, lmqn.pdb. (i) H7N3, 
Avian, H7N3, Italy, Avian, 1it8. 
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H7N3 subtype shown in Figs. 7.4g and 7.5g does not have any predicted disorder 
near position 68. Tills is also the case for the H3N2 subtype shown in Figs. 7 .4f 
and 7 .Sf. Interestingly, the Hong Kong H3N2 virus and the avian H7N3 virus, 
both of which have ordered helical tips of HA2, were less virulent than the Spanish 
influenza strain, in which this tip is predicted to be disordered. 

7.5.2.3 The Low-Pathogenic Avian Influenza H7N3 Strain Does Not Have Pre
dicted Disorder at the Helical Tip Infection of humans by avian influenza H7 
subtypes has been described in the Section 7 .1. The human symptoms of the H7N3 
have been largely mild, suggesting that in the majority of cases we are dealing with 
low-pathogenic avian influenza (LPAI) strains. Although some highly pathogenic 
avian influenza (HPAI) strains do exist, the particular sample available via PDB 
(1ti8.pdb, see Figs. 7.4i and 7.5i), that is, AII'urkey/Italy/02/, is a representative of 
the LPAI strains (Di Trani Let al., 2004; Russell et al., 2004) (fable 7.6). A visual 
inspection of the 3D structure (Fig. 7 .4i) reveals some interesting characteristics. 
The crucial region of predicted disorder observed in the highly virulent 1918 H1N1 
strain (residues 68-79) is absent in this H7 subtype. An inspection of the regions 
in close proximity to the helical tip (HA2 residues 68-79) reveals that the adjacent 
loop (residues 61-68, see Fig. 7.5i) is predicted to be disordered. Tills suggests 
that H7 -related viruses could become more pathogenic with mutations that extend 
the disordered region to include the helical tip. 

7 .5.3 The H9N2 Puzzle and Modulation of VIrUlence 

7.5.3.1 A Modulating "Switch" in H9N2: Infectivity versus Immune Evasion 
The H9N2 virus is generally nonvirulent for mammals (Wan et al., 2008). However, 
our analysis revealed that it has a region of predicted disorder at the tip of its helical 
stalk. Tills region of predicted disorder in the H9N2 HA2 is noticeably shorter than 
that in the 1918 H1N1 protein. On the other hand, studies on H9N2 strains with 
low virulence revealed that a single point mutation can make these viruses more 
virulent (Wan et al., 2008). In fact, Leu226 in the HA RBS, responsible for human 
viruslike receptor specificity, was found to be important for transmission of the 
H9N2 viruses in ferrets (Wan et al., 2008). Interestingly, earlier it has been shown 
that changes in the HA RBS of H9N2 isolates allow adaptation to mammalian-type 
sialic receptors (Matrosovich et al., 2001) and that a change at position 227 of the 
HA1 subunit of H5N1 had a noticeable effect on its virulence in mice (Hatta et al., 
2001). This suggests a mechanism by which the virus can potentially modulate 
its virulence. The virulence arising from mutations near the receptor-binding site 
may work in tandem with the immune evasion arising from tip of the HA2 stalk. 
One way that the former can modulate the effects of the latter is by controlling the 
infectivity of the virus. A virus that binds to its host with great efficiency and is also 
effective in evading the immune systems creates the ''perfect storm" for virulence. 

7.5.3.2 A Secondary Switch for Vuulence of H9N2 and H5Nl via Oligo
saccharides It has been suggested that immune pressure caused by the use of a 
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vaccine could create a survival advantage for those influenza viruses that undergo 
antigenic variation (Guan et al., 2004). This evolution produces low-virulence 
escape mutants, many of which were associated with the acquisition of new gly
cosylation sites in the HAt subunit, at positions 198 and 131 in H9N2 and H5N1, 
respectively (Kaverin et al., 2002, 2004 ). It has been reported that the restored 
pathogenicity of low-virulence H5 and H9 escape mutants by lung-to-lung passage 
in mice could be attributed to reacquisition of the wild-type HA gene sequence and 
was also associated either with the removal of a glycosylation site (the one acquired 
previously by the escape mutant) without the exact restoration of the initial wild
type amino acid sequence, or, for an H5 escape mutant that had no newly acquired 
glycosylation sites, with an additional amino acid change in a remote part of the HA 
molecule (at position 156 of HAl) (Rudneva et al., 2005). This clearly shows the 
crucial role of the loss of glycosylation sites in restoration of the virulence of H9 
and H5 readaptants. It should be noted that mutations affecting the glycosylation 
of HA are likely to affect virulence because it has been proposed that it is common 
for the glyco-conjugate to act in tandem with intrinsic disorder of viral proteins in 
immune evasion (Goh et al., 2002, 2008c). Therefore, it should not be surprising 
that modulation of the virulence will often involve changes at the glyco-conjugate. 

7 .5.3.3 Possible Mechanism for Initial Wave of Nonvirulent Strain in 1918 
By analogy, this may also help explain why and how the first wave of the 1918 
H1N1 virus was not as virulent as the second (Taubenberger et al., 2001; Reid 
et al., 2001a). As little as a single mutation could have set off the virulent potential 
of the second wave of the 1918 H1N1 virus. 

7 .5.4 Shuftling and Grouping by Residues of the Same Polarity around 
Position 68 of HA2 

An analysis of the HA2 sequence of the 1918 H1N1 strain shows that a set of 
polar residues located in the vicinity of residue 68 make this segment more polar 
and, thus, potentially more disordered. Figure 7.5 shows that the normalized B
factor values vary with the PONDR VLXT values. However, the effects seem to 
be lagged in many cases. For example, it can be seen that a peak in the normalized 
B-factor curve near position 60 in the 1918 H1N1 HA2 plot (Fig. 7.5a, 1ruz.pdb), 
corresponds to the PONDR VLXT maximum in the vicinity of residues 68-79. 
This crucial PONDR VLXT maximum, seen in the 1918 H1N1 and H5N1 HA2, 
is also seen on a smaller scale in the 1930s H1N1 HA2. The peak of the 1918 
H1N1 HA2 is relatively higher than those from the 1930s, suggesting that this 
region in the 1918 H1N1 HA2 is more flexible. This is further supported by the 
corresponding B-factor curves (Fig. 7.5). 

7 .5.5 Swine versus Avian Influenza Viruses: Patterns of Predicted Disorder 

Another puzzle is the presence of predicted disorder at the bottom of the stalk. Often 
the predicted disorder appears at the bottom of the longer CL-helix, but sometimes 
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it appears at the base of the smaller helix. An example of the former is the H1N1 
subtype, whereas an example of the latter is H5N1. In yet other cases, such as 
H7N3 and H3N2, predicted disorder appears at the bases of both helices. A hint 
for a possible explanation of this behavior is provided by the analysis of the swine 
variant of the H9N2 subtype (Figs. 7 .Sg) (Ha et al., 2001). In this instance, a region 
of predicted disorder appears at the bottom of the longer CL-helix, just as in H1Nl. 
This is of particular interest because H1N1 is believed to be of swine-host origin 
(Ha et al., 2001; Reid et al., 2001a). Therefore, we suggest that the position of 
this predicted disorder region at the stalk bottom is dependent on the host type. 
Interestingly, the 1918 H1N1 is suspected to be of both avian and swine origins 
(Webster et al., 1995; Taubenberger et al., 2001; Gamblin et al., 2004; Reid et al., 
2004b) just as the swine strain of the H9N2 subtype is of avian origin (Lin et al., 
2000b; Ha et al., 2001). The pattern of predicted disorder of the 1918 H1N1 HA, 
which resembles that of H9N2, may therefore cast more light on the origin of 
the 1918 H1N1 virus. The theory that the 1918 H1N1 virus is of avian origin 
but evolved in swine (Taubenberger et al., 2001; Reid et al., 2004b) seems to be 
supported here. 

7.6 CONCLUDING REMARKS 

This chapter illustrates the usefulness of the intrinsic disorder prediction for the 
comparative analysis of viral proteins. This approach offers several advantages, 
including the opportunity to map proteins by functionality, predicted disorder, and 
locality across viral species, strains, and subtypes. Furthermore, it provides useful 
benchmarks for the evaluation of the intrinsic disorder concept and for the analysis 
of various disorder predictors. Using this comparative study of predicted disorder, 
several interesting patterns in the behavior of viral proteins from influenza A virus 
were uncovered. We have shown that the patterns of predicted disorder can be 
mapped and related to the functions of the various viral proteins. There is evidence 
that the functions and the amount of disorder of the proteins are related to their 
physical location in the virion. Some of the key findings of this paper are further 
outlined below. 

Intrinsic disorder is unevenly distributed within the virions, with the least pre
dicted disorder being observed for the surface proteins and the most predicted 
disorder being characteristic for the proteins at the virion core. 

Significant variations in the amount of predicted disorder by HA subtypes in 
influenza A virus were observed This might provide an explanation for the varia
tions in the functionality and infectivity of specific viral subtypes. Furthermore, NA 
and HA of major influenza A pandemics, tend to pair in such a way that both tend 
to be predicted either ordered-ordered or disordered-disordered. Such behavior 
might be linked to the evolutionary advantages of being ordered or disordered, but 
more experiments are needed to test this conjecture. 

All the virulent influenza A strains analyzed in this study have a region of 
predicted disorder at the top of the largest CL-helix of the HA stalk (near the residues 
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68-79). This is the case for the 1918 H1N1 strain and for all the virulent samples of 
the H5N1 and H9N2 subtypes. Although the similarity between H9N2 and H5N1 is 
striking, the pathogenesis of H9N2 is still relatively unknown because few human 
cases have been reported so far. Our data suggest that the H9 subtypes are likely to 
be highly virulent as their HA2 contains the predicted disorder region similar to the 
segment of predicted disorder seen in all the virulent strains studied. Conversely, 
the subtypes and strains that are known to be less virulent than the 1918 H1N1 and 
H5N1 have no predicted disorder at the tip of the stalk. Examples of this behavior 
are H3N2 and the particular strain of H7N3. 

The H9N2 subtype is potentially able to modulate its virulent nature by affecting 
the efficiency of binding to the host cells, thus controlling its ability to evade the 
immune system. This is supported by the observation that a single mutation near the 
receptor-binding site is generally sufficient to convert H9N2 and some H5N1 strains 
from nonvirulent to highly pathogenic. This also represents a potential mechanism 
by which the second wave of the 1918 H1N1 virus became more virulent than the 
first wave. 

We propose that the high mobility of the exposed region of the HA trimer 
accounts for the evasion of the initial immune response. This highly dynamic nature 
of the potentially immunogenic region weakens the binding of antibodies and other 
immune response-related molecules to the HA molecule. In this way, the virus buys 
some time to invade the host. It is also possible that the immune system does not 
elicit the adequate immune response throughout all stages of the disease as tight 
binding to the highly dynamic HA is difficult. Evidence supporting both hypotheses 
can be found in the observation that when the 1918 H1N1 virus was introduced 
to mice, unusually high viral loads were seen within a short period (Kobasa et al., 
2004 ). The crucial region of predicted disorder at the helical tip is seen in all HAs 
of influenza viruses of avian origin analyzed thus far. It is highly plausible that 
this disordered region is needed for the virus to move between various species of 
birds by allowing sufficient copies of the virion to avoid immune detection in the 
host's body in order to increase the odds of infections. 

Development of vaccines for highly virulent viruses such as 1918 H1N1 or H5N1 
may be fraught with dangers as a result of the ability of their proteins to trigger fatal 
immune responses (Loo and Gale, 2007). The results here provide new potential 
strategies to develop vaccines for virulent influenza strains. Relatively nonvirulent 
immunogenic proteins could be developed in either of the following two ways. 
One way is to use disorder predictors such as PONDR VLXT to quickly identify 
variants of the virulent viruses that are predicted to be nonvirulent by lacking the 
region of predicted disorder at the tip of the stalk. Another strategy would be to 
mutate the crucial region in the viruses themselves at the crucial sequence in the 
HA2 protein. 
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ABBREVIATIONS 

BN 
CA 
CAEV 
EIAV 
IN 
IDP 
IDR 
FIV 
HN 
MA 
MVV 
NC 
PI(4,5)P2 
PID 
PM 
PONDR 
PR 
Rf 
SN 
SNcpz 
SNmac 
SNsm 
SRLV 
su 
TM 

bovine immunodeficiency virus 
capsid 
caprine arthritis-encephalitis virus 
equine infectious anemia virus 
integrase 
intrinsically disordered protein 
intrinsically disordered region 
feline immunodeficiency virus 
human immunodeficiency virus 
matrix 
maedi-visna virus 
nucleocapsid 
phosphatidylinositol-( 4,5)-bisphosphate 
predicted intrinsic disorder 
plasma membrane 
predictor of natural disordered regions 
protease 
reverse transcriptase 
simian immunodeficiency virus 
SN infecting chimpanzees 
SN infecting rhesus macaque 
SN infecting sooty mangabeys 
small ruminant lentivirus 
structural unit 
transmembrane 
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8 
MAKING ORDER IN THE 
INTRINSICALLY DISORDERED 
REGIONS OF HIV-1 Vif PROTEIN 

TALI H. REINGEWERTZ, DEBORAH E. SHALEV, AND AssAF FRIEDLER 

8.1 INTRODUCTION 

8.1.1 HIV-1: General Background 

Human immunodeficiency virus-1 (HN-1) causes the acquired immunodeficiency 
syndrome (AIDS) [1,2], which is widely known as an epidemic and is recently 
becoming a manageable chronic, though a still incurable, disease [3,4]. HN-1 is 
a retrovirus from the primate Lentivirus genus. Being a retrovirus, its genome has 
two single-stranded positive-sense RNA molecules and expresses the typical genes 
Gag, yielding the structural proteins; Pol, yielding the HN-1 enzymes; and Env, 
encoding the envelope glycoproteins [5,6]. As a lentivirus, the HN-1 encodes 
six additional accessory proteins: Tat and Rev, which are major players in the 
regulation of HN-1 gene expression [7], and Vif (viral infectivity factor), Vpu, 
Vpr, and Nef, which play a role in changing the cell environment to enable virus 
infectivity [8]. HN-1 mature virion, presented in Fig. 8.1 [5,6,9,10], has different 
layers surrounded by an envelope derived from the lipid bilayer of the producer cell, 
from which the Env glycoproteins (SU-gp120), connected to the transmembrane 
glycoproteins (fM-gp41), extend on the surface. The inner layers contain proteins 
that are products of Gag proteolysis. These include the matrix (MA-p17) protein, 
which forms the matrix shell at the inner side of the membrane and the capsid 
(CA-p27) protein that forms a cone-shaped capsid in the center, which encloses 
the nucleocapsid (NC-p7) proteins that coat the viral genomic RNA. The capsid 
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Figure 8.1 Schematic representation of the IDV-1 structure, indicating the arrangement 
of viral components in the different layers (see Section 8.1.1 in the text for details). 

also contains the Pol-derived enzym:s, reverse transcriptase (Rf-p51), integrase 
(IN, p31), and protease (PR-pll), and some of the accessocy proteins including 
Vif, Nef, Vpu, and Vpr. 

The IDV-1 replication cycle begins by the virus fusing with the cell mermrane 
when its envelope proteins bind the cellular receptor CD4, followed by interactions 
with the a and p chemoldnes, CCR5 and CXCR4 [11,12] . Binding the coreceptor 
induces a conformational change in the structure of gp120 and gp41, triggering 
mermrane fusion and subsequent release of the viral core into the cytoplasm of the 
infected cell [13] . Reverse transcription of viral RNA into a double-stranded DNA 
is catal)'7t:d by reverse transcriptase (Rf). Then, the viral eDNA is transported into 
the nucleus in the form of a preintegration COiq)lex together with IN, MA, RT, 
Vpr, and other proteins [14] . In the host cell nucleus, IN catalyzes the integration 
of the viral DNA into the host chromosome, where it can reside for years in a 
latent form The viral genes are expressed using the host cell protein production 
apparatus. Transcription of the viral DNA results in spliced and unspliced mRNA, 
which is translated into the different viral polyprotein precursors, Pr55Gag and 
Pr160GagPol, and the Env precursor, gp160. The RNA also serves as the genomic 
RNA for the newly formed virions. Virus assermly into preliminacy noninfectious 
virions is initiated by targeting Pr55Gag to the cell mermrane and acquiring a 
lipid envelope while budding out of the host cell At the same time, the viral 
PR is activated, cleaving the precursor polyproteins into the viral colq)onents that 
rearrange to form the mature infectious particles [10] . 
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8.1.2 The IDV-1 Vlf Protein 

HN -1 infection of many target cells requires Vif, a 23-kDa protein comprising 192 
residues. Vif overcomes the innate antiviral cellular defense and is conserved in 
almost alllentiviruses [15,16]. Vif is synthesized during the late phase of infection 
and is both virion- and cell-associated [17,18]. During productive infection, newly 
synthesized virions contain considerable amounts ofVif (60-100 copies per virion), 
while chronically infected cells are Vif depleted (4-6 copies per virion) [18]. Vif is 
incorporated into the virions by an interaction with the viral genomic RNA [18,19]. 
Although Vif is a cytosolic protein, it also exists as a membrane-associated protein 
on the cytoplasmic side of the membrane [20-22]. Vif is in dynamic equilibrium 
among various oligomeric forms, which plays a part in its antiviral activity [23-26]. 
Other possible regulation modes of Vif include multiple phosphorylations on serine 
and threonine residues [27 -29], as well as processing by the viral protease that 
releases a Vif fragment including residues 151-192 from the Vif CTD [30]. 

Vif is only required for HN -1 growth in certain cells termed restrictive or non
permissive. In cells such as CD4+ T-celllines CEM and H9 and the peripheral 
blood T lymphocytes and macrophages, the virus cannot produce infectious parti
cles in the absence of Vif. In permissive cells, such as SupTl, C8166, and Jurkat 
T-celllines, HN-1 infection can proceed without the presence of Vif [16,31-33]. 
Restrictive cells express the cellular cytosine deaminase APOBEC-3G (A3G) [34], 
a core protein in the antiviral mechanism. A3G inserts dC -+ dU mutations in the 
viral DNA during its synthesis from the viral RNA template [35-37]. This leads, 
in many cases, to subsequent degradation of the mutated DNA [38] and there
fore the production of noninfectious particles. While A3G inhibition is the central 
role of Vif [39-43], the exact mechanism has not been resolved. Several modes 
of action have been postulated for the inhibitory effect of Vif, as illustrated in 
Fig. 8.2: (i) Vif induces A3G degradation by the proteasome-ubiquitin pathway 
[41,44-46]; (ii) Vif prevents the inclusion of A3G into newly synthesized viri
ons [24,47]; (iii) Vif directly inhibits A3G enzymatic activity [48,49]; and (iv) Vif 
impairs the translation of A3G mRNA [50,51]. A3G degradation is mediated by 
an E3 cullin-RING ubiquitin ligase complex in which Vif serves as a recognition 
substrate of A3G. This results in polyubiquitination of A3G and its subsequent 
degradation in the proteasome [41,45,46]. The E3 complex includes Vif, Cul5, 
Rbx2, ElonginB, and ElonginC. The latter four proteins are capable of binding 
many other specificity factors that have a suppressor of cytokine signaling box 
(SOCS-box) domain [52]. 

Vif interacts with several viral and host factors to exert its antiviral activity. 
Vif is divided into two regions and further subdomains. The N-terminal region, 
comprising residues 1-100, mainly interacts with A3G through several binding 
motifs [53-57]. It also interacts with the viral RNA [58,59] and the viral protease 
[60-62]. TheN-terminal region of Vif also interacts with the MDM2 E3 ligase, 
which targets Vif for degradation by the ubiquitin-proteasome pathway [63]. 

The focus of this chapter is on the C-terminal region of Vif, containing residues 
101-192. This region is composed of two intrinsically disordered regions (IDRs): 
the HCCH zn2+ -binding domain and the C-terminal domain (CTD). Figure 8.3 
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Figure 8.2 Proposed mechanism of Vtf action representing several optional mechanisms 
attributed to Vtf inhibitory effect on A3G antiviral activity. A3G activity is illustrated in 
the absence of Vtf (see Section 8.12 in the text for details). 
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Figure 8.3 Schematic representation of Vtf sequence and domain mapping, based on 
Vtf interactions with its partner ligands. 
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maps the functional domains of the C-terminal region that contains multiple protein
binding domains. These domains mediate the formation of the E3 ligase complex 
and many other important interactions of Vif. The HCCH Zn2+ -binding domain 
(residues 108-139) directly interacts with Cul5 in a Zn2+ -enhanced mode [64-66]. 
It is followed by a SOCS-box domain (residues 144-173), which contains aBC-box 
region (residues 144-159) that binds EloC. It also contains a putative cullin box 
(residues 159-173), which contains a conserved 161PPLP164 motif that is crucial 
for its function [67]. This domain is specifically involved in different interactions 
of Vif, including an interaction with the Cul5 [68] and EloB [69] components of the 
E3 complex, as well as interactions with A3G [70,71], the viral RI' [72], and Vif 
oligomerization [25,26]. The terminal region of the CTD participates in the inter
action with the cytoplasmic side of the host cell membrane (residues 172-192) 
[20,21], binds A3G (residues 169-192) [48], and is important for RI' enzymatic 
activity (residues 169-192) [72]. The vast biochemical and biophysical data that 
describe Vif function and interactions, together with several suggested inhibitors of 
its function, emphasize both the importance and complexity of this protein. Exten
sive structural analysis of Vif is necessary to completely understand its mechanism 
of action and will probably become the focus of research on Vif. 

8.1.3 HIV-1 and Intrinsic Disorder 

The term intrinsic disorder (ID) was introduced by Uversky et al. [73] to describe 
intrinsically disordered proteins (IDPs) or IDRs in proteins that lack stable tertiary 
structures under physiological conditions in vitro. The highly :flexible, extended 
conformation of IDPs is composed of an ensemble of conformations interchanging 
dynamically and distinguishable from loops and other regions in folded proteins that 
lack secondary structures [73,74]. Various levels of disorder can appear in IDPs, 
including or depleted of secondary structure elements implied by the appearance 
of residual structure [75,76]. Dynamic transitions among several structures are 
highly dependent on factors in the surrounding local environment, such as different 
solution composition, solutes, pH, ionic strength, and the proximity of the binding 
partners [77,78]. ID and dynamic transitions can still exist even in a crowded 
environment, such as inside cells, as was demonstrated using cell NMR [79-81]. 
Such experiments imply the existence and importance of IDPs and the role of ID in 
living cells and not just the result of incompatible experimental folding conditions. 

The unfolded character of IDPs, as well as the structure of globular proteins, 
is encoded in the primary amino acid sequence of the protein [82-85]. ID char
acteristics include low complexity of defined segments in the sequence, indicating 
low variation and frequent repetition of residues [82]. These sequences have a high 
content of polar and charged residues, referred to as disorder-promoting residues, 
as opposed to bulky hydrophobic residues and aromatic residues that usually pro
mote the formation of the core of ordered proteins [82,85,86]. These fundamental 
differences were used to develop various computer algorithms for predicting ID in 
proteins, as previously summarized [86,87]. 
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The functionality of lOPs has long been acknowledged [88-90]. The functions 
of lOPs encompass four major functional classes: molecular recognition, molecu
lar assembly, protein modification, and entropic chains [91]. Proteins from the first 
two categories are mostly involved in signaling, control, or regulation functions 
that typically involve multiple par1ners and can benefit from the dynamic interplay 
among the different structures adopted by lOPs [91-93]. The ability to bind mul
tiple partners is one of the important characteristics of lOPs [94]. The interplay 
between specificity and affinity of interaction can be addressed differently by IDPs. 
Disordered regions can bind par1ners with both high specificity and low affinity, 
enabling the interactions to be specific but easily reversed [73,94]. On the other 
hand, disorder-to-order transitions on binding may tighten up the interactions or the 
assembly of an overall complex [92], resulting in enhanced affinity coupled with 
broad specificity [74,95], as demonstrated by the self-assembly of macromolecules 
[96] and in the role of induced fit in the process of RNA-protein recognition [97]. 
Upon binding, the :flexible disordered region may or may not gain structure, and 
different ligands may induce different structures. Synergistic folding on recognition 
and interaction of the different binding par1ners has also been ascribed to lOPs [89]. 

Several proteins in the HN-1 are IDPs or contain IDRs. The Tat protein is a 
well-characterized IDP that interacts with a wide range of intra- and extracellular 
molecules [98-100]. Tat has been shown to be disordered both in its unbound 
state [99] and when complexed with specific fragments of antibodies, exhibiting 
only a limited gain of structure [98]. Evidence for ID in the HIV-1 Rev protein 
comes from the crystal structure of Rev with a specifically engineered monoclonal 
Fab fragment [101]. While the NTD of the Rev protein is folded into a helix
loop-helix motif, the CfD of Rev remains disordered. The third variable loop 
(V3) of the HN-1 envelope glycoprotein gp120 was shown to adopt different 
conformations when bound to different anti-V3 antibodies [102-104]. This loop 
includes the principle neutralizing determinant of HN -1 that serves as a key target 
for an anti-HN -1 neutralizing antibody and was suggested to be conformationally 
heterogeneous in the unbound, full-length gp120 [104]. Comparative computational 
analysis of the HN-1 and HN-related proteins [105] predicted a high content of 
IDRs in the MA and CA proteins (61% and 48%, respectively) using PONDR 
(predictor of naturally disordered regions, summarized in [82]). The accessory 
proteins Tat (100% calculated disordered regions) and Vpr (39%) were considered 
to be disordered, while Nef and Vpu (both 26%) were assigned as moderately 
disordered together with IN (26% ). PR and RT were predicted to be the least 
disordered. Vif and Rev were excluded from this analysis. A subsequent analysis 
compared matrix proteins related and unrelated to HN -1 and found an important 
role for ID in the interactions of different MA proteins forming the matrix shells 
since the intersubunit contact sites were located within the predicted IDR [106]. The 
intrinsically disordered nature of the HN -1 proteins may enhance virus infectivity 
by evading antibodies of the immune system and by being able to adapt the structure 
and function of the lOPs to different constraints imposed on the virus. 

Structure determination and biophysical research of Vif is mainly conducted 
by using segments or domains of the molecule. This is mainly due to difficulties 
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in expressing and purifying full-length Vif and obtaining the high concentrations 
required for structural and biophysical studies. Therefore, there is no complete 
experimental structure of the full-length Vif. However, even if the problems of 
yield could be overcome, disordered conformations are invisible to X-ray and NMR 
by their nature. The HCCH Zn2+ -binding domain and the CfD of Vif have been 
shown to be intrinsically disordered in their unbound states. The ID contributes 
to the modularity of the function and interactions of Vif, as discussed in this 
chapter [107]. 

8.2 COMPUTATIONAL BASED STRUCTURAL ANALYSIS OF Vif 

8.2.1 Order and Disorder Predictions 

High resolution experimental 3D structures of Vif have not yet been solved and 
represent a great challenge. Structural data of the full-length Vif can be derived 
from computational predictions and modeling based on the biochemical nature of 
the protein Secondary structure predictions of the Vif structure roughly divide the 
protein into two halves, the mainly ordered N-terminal region (residues 1-100) 
that is mostly a ~-sheet and has one a.-helix and a more disordered C-terminal 
region (residues 101-192) with helical elements. In total, about half (51.5%) of 
the secondary structure of Vif was predicted to be a random coil [108,109]. 

The Vif sequence was submitted to an array of 19 ID prediction algorithms 
on publicly available servers. These methods were based on different criteria for 
IDP predictions [108] and gave results consistent with previously reported predic
tions [23,110] and with the secondary structure predictions [108,109]. Most of the 
algorithms predicted theN-terminal region of Vif to be mainly ordered in residues 
1-100, while in the second region of Vif, residues 100-150 were predicted to be 
mostly ordered and the CTD, residues 150-192, was predicted to be disordered. 

8.2.2 Homology Modeling 

1\vo homology models of full-length Vif have been calculated based on the pub
lished structural folds in the PDB [111,112]. The two models utilize secondary 
structure prediction and molecular dynamics based on template proteins that were 
chosen according to the similarities in their secondary elements. Thus, while the 
secondary elements in the two models are common, the overall tertiary arrange
ments of the structures are distinct. The first model [ 112] presents a detailed 
structure prediction available in the PDB (code 1VZF) based on the structure of 
IPNS (PDB code lBKO). Among the five a.-helices presented in the model, two are 
in the N-terminal region, comprising residues 59-86 and 93-97. These interact 
with another helix from the CTD, residues 176-183. This interaction contributes 
to the specific tertiary arrangement of the protein according to the model. The CTD 
of Vif is presented in the model as a mainly disordered, exposed region with one 
helix spanning from residues 176 to 183 and an additional short ~-sheet element. 
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Disorder in the CTD was further confirmed by the low score of the Kyte-Doolittle 
hydropathy plot, suggesting that the CTD is a surface-exposed region. 

The second model [111] presented a structure of Vif that also represented a 
specific conformation in complex with EloBC. The authors used VHL (PDB code 
1LM8) in complex with EloBC [113] as a basis for the Vif SOCS-box structure 
prediction (residues 142-177). They further used Narl (PDB code 1A04) for struc
ture prediction of the rest of theN-terminal region (residues 1-143). The last 15 
residues of Vif CTD were not included in the prediction because of the lack of 
structural similarity to any template. According to the calculated model, Vif CTD 
was mostly ordered when bound to E1oBC, including the two major CL-helices at 
the interface with EloC. The BC box and cullin box formed two hydrophobic clus
ters, among which, the first directly interacted with EloC and the second stabilized 
the interaction. Several mutations were shown to disrupt the suggested interface 
between Vif and EloBC, including SLQ to AAA, A149L, L163S, and L169S, which 
may indicate their importance for Vif action and virus infectivity [67,114]. 

The crystal structure of VHL in the E3 complex was the basis for other previ
ously reported homology models of the local structure of Vif SOCS box in complex 
with EloBC [28,114]. Another SOCS-box template for Vif used the crystal struc
ture of SOCS2 with EloBC [115] to model the interface of the Vif-Cul5 interaction 
[68]. This model suggested two potential interfaces, the first involving the PPLP 
motif in the cullin box and the second was found in the HCCH Zn2+ domain. 

8.3 THE Vif C-TERMINAL DOMAIN AND THE SOCS-box DOMAIN 

8.3.1 The VIf BC box Undergoes Induced Folding on Binding 

The CTD of Vif (residues 141-192) is a major interaction interface with several of 
the Vif-binding partners. It undergoes different interactions mediated by overlap
ping regions that are crucial for Vif action, as shown in Fig. 8.3. Several biophysical 
and structural studies have focused on the structure and interactions of the SOCS
box domain with the EloBC complex [68,69,110,116,117], indicating that Vif CTD 
is intrinsically disordered in its unbound state and undergoes induced folding on 
interacting with the EloBC complex. The only currently available crystal structure 
of any of the Vif domains showed a helix-loop conformation at residues 140-155 
from the Vif BC box, as part of a Vif 139-176 fragment in interaction with a 
hydrophobic face of the EloBC complex [68]. The remaining residues in this frag
ment were presumably unstructured as no electron density was observed for them. 
Two different studies showed the CTD of Vif to be disordered in the unbound state 
[69,110]. In the first study [69], a Vif construct containing the SOCS-box region 
(residues 139-176) fused to a 56-residue solubility enhancement tag [118] showed 
a structural change from a disordered to an ordered conformation by NMR spec
troscopy. The structural change in the Vif SOCS box was seen by the disappearance 
of the peaks corresponding to the BC box, indicating which residues participated 
in the interaction with the EloBC complex. In the second study [110], an unfolded 
conformation with a residual CL-helical structure was seen by biophysical analysis 
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of a synthetic peptide spanning residues 141-192 using analytical size exclusion 
chromatography, CD, and NMR spectroscopy. Incubating the CfD with a peptide 
derived from the binding interface of BloC (residues 76-111) did not show a struc
tural change in the CfD, probably because of the use of peptides and not the full 
proteins [110,117]. 

In vitro studies have quantified the interaction between segments from the Vif 
CfD and B3 ligase components, demonstrating high affinity interactions that form 
a stable complex with a 1:1:1 stoichiometry [69,116,117]. The Vif-mediated B3 
complexes were formed in vitro without the need for cofactors, as opposed to other 
SOCS-box motifs containing specificity factors that form complexes with BloBC 
[ 119, 120]. The dissociation constants ( Kd) reported for this interaction ranged from 
several micro molars to fractions of nanomolars, which may be due to using different 
segments of Vif and different research methods, as well as different experimental 
conditions such as ionic strength. 

Analysis of the interaction with components of the B3 complex [116] implies 
very strong binding, Kd = 0.4 nM, between Vif CTD 139-192 and BloBC using 
isothermal titration calorimetry (ITC) and fluorescence polarization (FP). Mutating 
L145 to alanine caused a nearly 1if-fold decrease in the binding affinity to 4.611M. 
Another study that used ITC [69] reported a Kd of 2.2 11M for the BloBC complex 
binding to Vif 139-176 fused to a 56-residue solubility enhancement tag [118]. 
Differences in the reported dissociation constants (Kd) may stem from either the 
different experimental conditions or the difference in the Vif fragments used The 
unfolded nature of this domain enables a wide range of weak interactions mediated 
by numerous residues in the Vif CfD [73,94]. Shortening the Vif fragment used may 
result in loss of important interactions or residues that stabilize the binding confor
mation and hence result in loss of affinity. Using small segments of Vif, although 
advantageous, has a significant drawback at the structural level, particularly when 
it comes to lOPs since structural elements that are important for intermolecular 
interactions may be truncated. Structural transitions from disorder to a-helical 
conformation on binding may increase the extent of the interaction between Vif 
CfD and BloC and/or strengthen the assembly of the overall B3 complex, as one 
of the multiple binding abilities of lOPs that have been proposed [92]. 

Different Kd values were observed from the same assay in the case of deuterium 
exchange monitored by mass spectroscopy [117]. A segment of Vif (135-158) 
showed an increase of almost 10-fold in the binding affinity to BloBC (Kd = 
0.23 IJ.M) as compared to that of full-length Vif (Kd = 1.9 11M). Moreover, while 
full-length Vif did not exhibit significant global conformational changes on bind
ing to the BloBC complex, Vif 135-158 dramatically changed its conformation 
on binding to this complex. The decrease in deuterium exchange of the folded 
region may have been compensated for by an increase resulting from unfolding of 
other regions in the full Vif protein. The intrinsically disordered nature of the full 
CfD of Vif may have weakened the interaction either by steric hindrance or by 
entropic barriers caused by disordered-to-ordered conformational changes of the 
IDP. Additional binding partners may be required for binding full-length Vif, such 
as Cul5. The Kd of 11 11M for Vif CTD 141-192 binding to a peptide derived 
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from EloC 76-111, without an evident structural change on binding [110], may 
result from steric hindrance, the absence of other components of the E3 complex, 
or other binding determinants in EloC. Induced folding of EloC was shown to be 
required for synergistic folding of both EloC and Vif CTD [69] as was proposed 
for IDPs [89]. In this case, the CTD would not be able to undergo a structural 
change in the absence of EloC folding. 

8.3.2 Multiple Binding Partners of the PPLP Motif in the Cullin Box 

In the cellular SOCS-box proteins, the SOCS motif contains a cullin box down
stream to the BC box, which determines the recruitment of a specific cullin in the 
E3 complex [121] and apparently forms two a-helices as was shown in the crystal 
structures of several SOCS-box domains [113,115,122]. The putative Vif cullin box 
slightly resembled the cellular cullin box in the crystal structure with the EloBC 
complex [68,121], although it did not adopt the same a-helical conformation. 
Different studies reported contradicting results regarding the involvement of the Vif 
cullin box in the interaction with Cu15. The cullin box-Cu15 interaction has been 
shown, by coimmunoprecipitation, to be impaired in Vif mutants L163S and L169S 
[68], while alanine mutations of 161PPL163 to AAA did not result in impaired 
Cul5 binding [70]. Moreover, a peptide derived from the HCCH Zn2+ -binding 
domain in the absence of the cullin box interacted with Cul5 [65,123]. Cul5 bound 
to Vif 139-192 in complex with EloBC in vitro, as shown by ITC experiments 
resulting in a Kd of "-'670 nM, although no interaction occurred between Cul5 
and a complex of Vif 139-154 and EloBC [116]. The same region was implicated 
in an interaction with EloB by NMR analysis and ITC binding experiments, 
demonstrating additional binding of the EloBC complex to the cullin box but only 
when the EloBC complex had already bound the BC box [69]. The exact role of 
the cullin box in the assembly of the E3 complex is yet unclear, and its elucidation 
would greatly improve understanding of the mechanism of action of Vif. 

The cullin box of Vif has also been shown to be important for numerous 
interactions with other proteins, particularly through the conserved PPLP motif. 
Originally this domain was related to the ability of Vif to form oligomers, since 
deleting residues 151-164, and specifically the PPLP motif, significantly impaired 
Vif oligomerization [25,26]. Peptides derived from the Vif cullin box were able to 
inhibit the Vif-Vif interaction, as did other PXP-motif-containing peptides [25]. 
An opposing study found that alanine mutations of 161 PPLP164 to AALA did not 
impair Vif oligomerization [68]. Additional oligomerization regions were assigned 
using mass spectrometry analysis of cross-linked peptides, indicating regions of 
dimerization and/or trimerization of Vif [ 23]. These include residues 169-173, 
the remaining part of the cullin box following the PPLP motif, which partici
pates in both dimerization and trimerization, while residues 148-157 from the 
BC box and residues 107-121 from the HCCH Zn2+ -binding motif are important 
for trimerization only. The PPLP (161-164) motif was not indicated as important 
for oligomerization and is located amid regions determined to participate in this 
process: 148-157 and 169-173. This fact suggests a possible role for PPLP as a 
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structural element that mediates the tertiary arrangement of :flanking regions that are 
important for the interactions of Vif such as oligomerization. Vif oligomerization 
may regulate the interactions it forms since adding Cul5 to Vif complexed with 
EloBC shifted Vif from its dimeric to monomeric state [116]. 

The importance of the PPLP motif for interacting with A3G was demonstrated 
using the alanine mutations of 161 PPL 163 to AAA, which resulted in decreased 
binding to A3G and A3G degradation [70]. Recently, dominant negative variants 
of Vif have been described, including mutations in the PPLP motif to AALA 
or deletion of the cullin-box .6.155-164 [71]. These nonfunctional mutants were 
unable to bind A3G and interfered with the activity of WT-Vif when expressed in 
trans, resulting in higher cellular and viral levels of A3G. The viral RT binds Vif 
at the same PPLP motif [72]. The PPLP motif was reported to be an additional 
interaction point with the tyrosine kinase, Hck, that inhibited HN -1 infectivity in 
a Vif-dependent manner [124]. Peptides bearing the PPLP sequence were able to 
disrupt this interaction [25]. 

The Vif PPLP motif, situated in the middle of an IDR, clearly is important for 
its activity, as evident in its numerous interactions and from the effect conferred on 
virus infectivity by deleting or mutating these residues. Binding to multiple partners 
in the same region is one of the basic characteristics of IDPs and is possible due to 
the dynamic interplay among the different conformations [91-94]. The structural 
role of the rigid PPLP motif may be based on the secondary-structure-breaking 
properties of the proline residues. Increased conformational freedom resulting from 
P to A mutations may affect the :flanking regions in Vif. 

8.4 THE HCCH zn2+ -BINDING DOMAIN IS IN EQUILIBRIUM 
WITH DIFFERENT CONFORMATIONS 

The HCCH zn2+ -binding motif is central in Vif function and A3G degradation and 
mediates the interaction with the Cu15 component of the E3 ubiquitin ligase com
plex [64,65,114]. Each of the H108-C114-C133-H139 residues has been shown to 
be important for interaction with Cu15 and for binding Zn2+ [65,125]. The specific 
arrangement of the HCCH motif and the exact spacing among these residues are 
also important for Vif function, together with additional conserved residues [66]. 
These conserved hydrophobic residues, including residues F115, !120, A123, and 
Ll24, create a stable hydrophobic interface between Vif and Cul5. This interface 
is important for A3G degradation, but with no direct binding of the HCCH motif 
to A3G [65,125]. 

The Vif HCCH Zn2+ -binding motif is conserved in all primate lentiviral Vif 
proteins but distinct from other known classes of Zn2+ finger motifs [65,125]. 
Zn2+ binding to the HCCH motif is important for Vif function as was demon
strated by Zn2+ chelation coupled to the loss of Vif activity [126]. zn2+ binding to 
a peptide derived from Vif residues 101-142 (HCCHp) was shown to be specific 
and reversible and to induce a conformational change from a-helix to ~-sheet with 
subsequent aggregation [127]. zn2+ binding also increased the affinity between the 
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Vif HCCHp and Cu15 [123]. Recently, direct binding between Cu15 and a com
plex of EloBC with Vif 100-154, Vif 100-176, or Vif 100-192 gave Kd of "-'90 
nM [116]. In contrast to the a-helical conformation previously reported [126] for 
the unbound HCCHp, two recent studies demonstrated using several biophysical 
methods that in the absence of Zn2+, the HCCHp mainly adopted a random con
formation that fits the pattern of IDPs [123,128]. The possible interplay among 
different conformations correlates with the ability of HCCHp to form a stable a.
helical conformation in the presence of 2,2,2-tri:fluoroethanol (fFE). The increase 
in the a-helical content correlated with a decrease in the random coil and ~-sheet 
content [128]. Analysis of the impact of His/Cys mutations on the Zn2+ -binding 
affinities and the conformation of the HCCHp showed that while a C133S mutation 
and C 114/C 133 double mutation to serine reduced the Zn2+ -binding affinity and 
increased the aggregation propensity of the peptides, mutants C114S, H139A, and 
H108A behaved more like the WT-HCCHp with the same degree of Zn2+ binding 
and only a small effect on aggregation as compared to WT-HCCHp [123]. The 
H1 Zl A mutation, which does not participate in Zn2+ coordination in the proposed 
HCCH motif, caused a reduction in the Zn2+ -binding affinity and reduced aggre
gation of Vif compared to the wild type. The mutant peptide adopted an a-helical 
conformation. These results suggest that Zn2+ coordination can occur via more 
than one set of ligand residues in the Vif HCCH motif. Zn2+ binding at the HCCH 
domain is postulated to play an important structural role in Vif-Cul5 binding. 
zn2+ binding may stabilize HCCH in the correct conformation for Cul5 binding 
by positioning the hydrophobic residues at the binding interface [65,125]. In the 
absence of Cu15, the hydrophobic surface induced by Zn2+ can interact with a par
allel hydrophobic Vif HCCH domain, which may cause the observed aggregation 
of the HCCHp. 

The unfolded nature of the HCCH domain makes it possible to adopt several 
conformations, as indicated by several biophysical studies [123,127,128]. A model 
describing the structural changes of the HCCH domain is presented in Fig. 8.4. The 
suggested model addresses the contradictions in the reported conformations of the 
HCCH domain: (i) the unfolded conformation of the HCCH is in equilibrium with a 
partially folded conformation that may include structural elements from any of the 
HCCH folds, presumably a partially folded a-helix; (ii) adding TFE stabilized the 
a-helix conformation, which may be induced by membrane association in a similar 
manner; (iii) when Zn2+ binds the unfolded or partially folded HCCH domain, 
hydrophobic residues are exposed. These participate in the interaction with Cu15, 
which may result either in (iv) a stable conformation induced by binding Cu15 
or (v) aggregation that includes elements of ~-sheet The disordered conformation 
represents the basis of this model, enabling the dynamic interchange between the 
suggested conformations. 

8.5 CONCLUDING REMARKS 

Vif-isolated domains are useful for biophysical and structural studies ofVif in vitro, 
as the full-length Vif is unavailable at the high concentrations required for such 
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Figure 8.4 A model describing structural changes of the HCCH domain available by 
the dynamic conformational changes of the intrinsically disordered domain (see Section 
8.4 for details). 

experiments. At the same time, the effect of other domains on the function and 
structural organization of the studied region is lost. The involvement of IDRs in 
the self-assembly of macromolecules demonstrates their importance for the correct 
interactions among different domains in the protein [96]. Several such examples 
are present throughout the studies of Vif. Deleting Vif CTD (residues 141-192) 
impaired the ability of the resultant HCCH-containing Vif construct to bind a Zn2+ 
affinity column [72], although direct binding of Zn2+ to an intact HCCH peptide 
including residues 101-142 has been demonstrated This suggests that the CTD, 
which does not bind Zn2+ directly, still affects Zn2+ binding of the full protein. 

Vif is an example of an IDP that has a variety of active sites that can inhibit 
or enhance each other, providing a pathway for self-regulation, a versatility of 
actions, and a diversity of interactions that give this protein the potential to be 
particularly efficient. For technical reasons, this family of proteins is only recently 
being investigated as appropriate tools are developed for gleaning an insight into 
their intricate mechanisms of action. 
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9 
ORDER FROM DISORDER: 
STRUCTURE, FUNCTION, 
AND DYNAMICS OF THE HIV-1 
TRANSACTIVATOR 
OF TRANSCRIPTION 

SHAHEEN SHOJANIA AND JoE D. O'NEIL 

9.1 INTRODUCTION 

According to the World Health Organization, human immunodeficiency virus type 
1 (HN-1) is the leading infectious killer of humans: 25 million people have lost 
their lives to HN-1 since 1981, about 2 million people die annually, and 33.4 
million people are currently infected (UNAIDS and WHO, 2009). Highly active 
antiretroviral therapy (HAART) can suppress but not eradicate the virus because of 
the existence of a reservoir of quiescent, latently infected cells, the most abundant 
being resting CD4+ memory T lymphocytes (Chun et al., 2010; Trono et al., 2010). 
The HN-1 transactivator of transcription (Tat) plays a central role in provirus 
transcription activation, and in its absence, the virus cannot replicate. Recently, 
there has been significant progress in elucidating the molecular details by which 
this intrinsically disordered protein (IDP) interacts with host proteins to activate 
transcription, and with this understanding, a possible new route to suppressing 
the virus is emerging. In this chapter, the role of Tat in the HN-1 life cycle is 
discussed, with emphasis on the dynamic behavior of this IDP and its implications 
for therapeutics. 
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224 IDV-1 TAT DISORDER AND FUNCTION 

9.2 THE HUMAN IMMUNODEFICIENCY VIRUS 

Despite some disagreements in naming and credit for discovery, HN has been 
understood for more than 25 years to be the causative agent of acquired immun
odeficiency syndrome (AIDS) (Barre-Sinoussi et al., 1983; Popovic et al., 1984; 
Coffin et al., 1986). HN is a Lentivirns, a genus of retroviruses, displaying a char
acteristically long latency period (Turner and Summers, 1999; Emini, 2002). The 
retroviral genome consists of two copies of positive-sense single-stranded RNA 
(Fig. 9.1), which are reverse transcribed and then integrated into the DNA of an 
infected cell (Cullen, 1991). The major cells infected and depleted by HN are 
the CD4+ T lymphocytes that play a critical role in immune response (Kingsman 
and Kingsman, 1996). Macrophages, hematopoietic stem cells, and microglial cells 
can also become infected (Kingsman and Kingsman, 1996; Emini, 2002) and may 
serve as a source of latent infection (Carteret al., 2010). 

Lipid 
membrane 

MA (p17) 

su 

IN (p31) 

gp120 

Net (p27) 

Figure 9.1 The characteristic features of the HIV-1 virion showing the conical capsid 
composed of "-'1500 copies of the capsid protein (CA or p24) . The core contains the viral 
diploid single-stranded RNA (Haseltine, 1991), nucleocapsid protein (NC or p9), protease 
(PR), integrase (IN), negative factor (Nef), integrase (IN or p31), and reverse transcriptase 
(RT or p51 ). The capsid core is enclosed in a protein matrix (MA or p 17). The matrix is 
enveloped by a lipid bilayer derived from the host cell along with some host cell proteins. 
The surface unit (SU) is composed of trimers of glycoprotein 120 (gp120), which are 
anchored to the envelope via the transmembrane (1M) complex consisting of a trimer of 
glycoproteins 41 (gp41 ). 
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9.2.1 HIV-1 Virus Structure 

The mature HN-1 virion, depicted in Fig. 9.1, is distinguished by its cone-shaped 
capsid core (Turner and Summers, 1999) that is surrounded by a lipid bilayer 
derived from its host cell. The surface of the virion is covered with glycoproteins 
(gps) involved in binding to host cell surface receptors, the most common of which 
is the immunoglobulin-like protein CD4 (Frankel and Young, 1998). The surface 
unit (SU) is made of a trimeric complex of gp120 and is attached to the virion 
through a transmembrane (I'M) trimeric complex of gp41 (Kwong et al., 1998; 
Zwick et al., 2004 ). The TM complex may also aid in the fusion of the virion 
and host cell initiated through an N-terminal glycine-rich peptide (Frankel and 
Young, 1998). Beneath the lipid bilayer is the matrix (MA) complex of proteins 
(p17) (Chapter 6). The conical capsid is a complex of approximately 1500 capsid 
(CA) proteins (p24) (Garzon et al., 2004). The capsid contains the viral genome 
(two single strands of RNA) along with several viral enzymes necessary for early 
replication steps (Haseltine, 1991). The inner core contains the viral enzyme reverse 
transcriptase (RI' or p51) that processes the viral RNA into viral DNA inside the 
host cell, integrase (IN or p31) that inserts the viral DNA into the host DNA in the 
nucleus, the nucleocapsid (NC or p9) that functions to deliver unspliced RNA for 
assembly of new virions, protease (PR) that cleaves viral polyproteins into their 
functional units, and the negative factor (Net) that is primarily involved in the 
downregulation of CD4 surface expression (Aiken et al., 1994) but it may also 
serve to enhance the envelope (Env) incorporation into new virions and facilitate 
viral budding and release (Frankel and Young, 1998). 

There are nine open reading frames in the HN -1 genome (Frankel and Young, 
1998) as depicted in Fig. 9.2. The group-specific antigen (gag) gene encodes a 
polyprotein (Gag) that contains the major structural components of the virus core 
(matrix, capsid, and NC). The pol gene encodes a polyprotein (Pol) containing RT, 
IN and PR. PR (also contained in the mature virion) cleaves the Gag and Gag-Pol 
polyproteins into the individual protein units (Turner and Summers, 1999). The 
envelope (env) gene encodes the Env proteins gp120 and gp41, which make up 
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Figure 9.2 Open reading frames of the HIV-1 genome. The HIV-1long terminal repeat 
(LTR) has an inducible promoter (Karn, 1999) followed by the genes for group-specific 
antigen (gag) encoding a polyprotein containing the major structural components of the 
matrix, capsid, and nucleocapsid complexes; polyprotein (pol) encoding another polypro
tein containing the viral enzymes protease, reverse transcriptase, and integrase; accessory 
proteins, namely, viral infectivity factor (vif), viral protein R (vpr), viral protein U (vpu), 
and negative factor (net); envelope (env) encoding the surface and transmembrane gly
coproteins; and the regulatory proteins, namely, transactivator of transcription (tat) and 
regular expression of virus (rev). Both the regulatory proteins are encoded by two exons. 
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the SU and TM complexes (Frankel and Young, 1998). The six additional reading 
frames are the genes for the regulatory proteins transactivator of transcription (Tat) 
and regular expression of virus (Rev), as well as the accessory proteins: viral 
infectivity factor (Vif) (Chapter 8), viral protein U (Vpu), viral protein R (Vpr), 
and negative factor (Nef) (Turner and Summers, 1999). 

9.2.2 IDV-1 Life Cycle 

An outline of the HIV-1life cycle is depicted in Fig. 9.3 for infection of a CD4+ 
T lymphocyte. Upon gp120 recognition and binding to the cell surface receptor (in 
this case CD4 ), the virion attaches itself to the cell. Additional interactions between 
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Figure 9.3 The general features of the HIV-1 life cycle on infection of a CD4+ T 
lymphocyte. See text for details. 
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host cell surface chemokine receptors (CXCR4 or CCR5) induce a conformational 
change in the CD4 receptor that allows for fusion of the viral envelope with the 
cell plasma membrane (I'urner and Summers, 1999; Freed, 2001). Once the diploid 
viral RNA is released into the cell, it is replicated by the viral enzyme RT yielding 
double-stranded DNA. A preintegration complex results from the association of the 
viral DNA with a complex that contains at least IN, matrix protein, and RT (I'urner 
and Summers, 1999). The preintegration complex crosses the nuclear membrane 
and is integrated into the host DNA by IN and becomes the provirus. 

Expression of the virus results in a number of mRNAs of varying length. These 
viral RNAs fall into three categories: unspliced, partially spliced, and multiply 
spliced (Freed, 2001). The full-length unspliced RNAs can exit the nucleus for 
translation or assemble at the cell membrane for packaging into a new virion. 
Early in infection, multiply spliced mRNAs are transported to the cytoplasm and 
translated into the viral regulatory proteins Tat and Rev along with the accessory 
protein Nef. The Rev protein ensures that the full-length viral transcripts leave 
the nucleus and enter the cytoplasm for Gag and Gag-Pol synthesis and assembly 
of new virions (I'urner and Summers, 1999). The viral regulatory protein Tat is 
essential for virus expression, and its function is described in Section 9 .4. 

9.3 INTRINSICALLY DISORDERED PROTEINS 

A current view of proteins suggests that functional proteins inhabit a wide spec
trum from tightly folded to completely disordered including such diverse states as 
molten globules (Ohgushi and Wada, 1983) and amyloid fibrils (Dobson, 2004; 
Uversky et al., 2005; Maji et al., 2009). Biological activity nearly always involves 
changes in protein conformation that can range from subpicosecond atomic vibra
tions to multisecond, 100-A refolding events (Henzler-Wildman and Kern, 2007; 
Baldwin and Kay, 2009). Recent bioinformatics analyses suggest that up to 30% 
of the eukaryotic proteome is intrinsically disordered under physiological condi
tions (Chen et al., 2006); that is, in the absence of binding partners, these proteins, 
or protein segments, do not fold into a stable conformation but rather exist in a 
more or less restricted ensemble of conformations determined by the amino acid 
sequence. Although tremendous resources have been expended to understand the 
folded end of the protein structure spectrum, we know much less about IDPs and 
the key role that disorder plays in effecting biological function. This has significant 
implications including the wide assumption that rational drug design is possible 
only for proteins with known high-resolution structures and the lack of tools and 
concepts available to quantify dynamic proteins on which IDP-directed drug design 
can be effected. 

9.3.1 The Role of Disorder in Function 

Early insight into IDP function came from its classification into six broad categories 
(Tampa, 2002, 2005 Tampa and Csermely, 2004): effectors, proteins that activate, 
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or more commonly inhibit, activities such as transcription initiation; assemblers of 
macromolecular complexes such as ribosomes; chaperones that provide a protec
tive function to proteins and RNA; display sites for posttranslational modification; 
scavengers of small ligands, such as calcium phosphate by casein; and entropic 
chains that can be dynamic linkers or regulators of access to binding sites, active 
sites, and pores (Brown and Hob, 1997; Hob, 1998; Dunker et al., 2001; Tampa, 
2002; Uversky, 2002; Denning et al., 2003; Rout et al., 2003; Mukhopadhyay et al., 
2004; Tampa and Csermely, 2004; Tampa, 2005). All these categories of protein, 
with the exception of the entropic chains, involve some form of molecular recog
nition, a key element in drug design. Further insight came with the realization that 
the five categories of IDP can be classified based on whether their interactions 
with a binding partner are transient (display sites and chaperones) or permanent 
(effectors, scavengers, and assemblers) (fompa, 2005). 

Several advantages have been proposed for disordered proteins over folded pro
teins (Schrader et al., 2009; Tsvetkov et al., 2009; Radivojac et al., 2010). IDPs 
have significantly greater surface areas than folded proteins of the same length, 
endowing them with the ability to bind multiple partners and to have multiple 
functions (Bussell and Eliezer, 2001; Uversky et al., 2005; Hegde and Rao, 2007). 
This binding promiscuity, which can modulate the activity of different targets, has 
been observed for several IDPs (Dunker et al., 2001; Tampa, 2002; Radivojac 
et al., 2006) and can have opposing effects on the same target (fompa, 2002). 
However, in all the categories, except for the entropic chains, interactions between 
a disordered protein or segment and its target typically result in some degree of 
disorder-to-order transition (fompa, 2002). The large surface areas of disordered 
proteins can contribute to high specificity of binding, but the large entropy loss 
on folding will, in principle, reduce binding affinity (Demchenko, 2001). Surpris
ingly, a survey of the binding affinities of folded and IDPs shows that the range of 
binding affinities is remarkably similar between the two classes (Huang and Liu, 
2009). High affinity binding in IDPs may be achieved in part by the counteracting 
solvent entropy gain that occurs on burial of a large hydrophobic surface. It has 
also been suggested that decoupling folding and binding permits faster dissociation 
of high affinity IDPs than is possible for folded proteins (fompa, 2002; Huang and 
Liu, 2009). In this regard, recent dynamics analyses of several proteins (Henzler
Wildman and Kern, 2007; Baldwin and Kay, 2009) and RNA (Zhang et al., 2007) 
suggest that many biomolecular interactions entail conformational selection of a 
target that samples the bound state in its unbound ensemble. However, more work 
is needed to dissect the multiple enthalpic and entropic contributions that explain 
IDP folding transitions and expression of biological activity (Demchenko, 2001). 

Recent analysis supports earlier observations that IDPs are particularly 
abundant in processes involving the binding of DNA and RNA in the regulation 
of cell cycle, transcription, differentiation, and growth (fompa, 2002; Dunker 
et al., 2008). Genome analysis suggests that disordered segments of 30 or more 
consecutive residues occur in 2.0% of archaean, 4.2% of eubacterial, and 33.0% of 
eukaryotic proteins (Ward et al., 2004). These analyses also indicate that viruses 
have the highest fraction of proteins containing a disordered segment (37%) 
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compared to bacteria (30%), eukaryotes (21 %), and archaea (19%) (Chen et al., 
2006). Furthermore, it appears that protein disorder is important in cell signaling 
or regulation only in eukaryotes and viruses (Chen et al., 2006). 

Most viruses have very simple genomes that encode only a small number of 
proteins and therefore have limited biological machinery. Viruses must therefore 
''hijack'' the infected host cell machinery in order to replicate. One solution to this 
problem is multifunctional viral proteins capable of interacting with multiple host 
proteins. A recent survey of interactions between human proteins and the proteins 
of human pathogens, including HN -1, indicates that viruses and bacteria mainly 
manipulate host cell cycle, apoptosis, immune response, and nuclear transport (Dyer 
et al., 2008). Currently, the HN -1 Human Protein Interaction Database (Ptak et al., 
2008; Fu et al., 2009; Pinney et al., 2009) at the National Center for Biological 
Interaction (NCBI) lists 1443 interactions between host proteins and the 18 pro
teins of HN -1. This type of binding promiscuity has sometimes been referred to as 
moonlighting (Jeffery, 2009), and IDPs appear well designed to effectively inter
act with multiple host proteins to control host cell physiology and replicate new 
virions. 

9.3.2 Disorder Prediction 

A number of algorithms have been developed in recent years to predict the disor
dered segments of proteins based on amino acid properties such as net charge, 
hydropathy, secondary structure propensity, and their frequency of occurrence 
throughout a protein (Romero et al., 1997, 2001; Li et al., 1999; Obradovic et al., 
2003; Peng et al., 2005; Yang et al., 2005; Dosztmyi et al., 2005a,b). Low sequence 
complexity is often an indicator of protein disorder (i.e., low variability of the 20 
amino acids within a segment of the protein and repetition of amino acids) (Uver
sky et al., 2005). Disordered proteins often exhibit a compositional bias against 
bulky or nonpolar amino acids (Dyson and Wright, 2005) and display a high con
tent of polar or charged residues (Uversky et al., 2005). Gly and Ala are often 
found to be present in higher proportions because their small side chains favor a 
:flexible backbone (Dyson and Wright, 2005). Recently, progress has been made 
in predicting those regions of IDPs that undergo a disorder-to-order transition on 
binding to partners. Such regions are sometimes observed in disorder predictions 
as regions of intermediate order :flanked by disordered regions (Cheng et al., 2006, 
2007). Regions that undergo a disorder-to-order transition are sometimes referred 
to as molecular recognition features (MoRFs). Detection of MoRFs in IDPs might 
become an important step in the design of small molecule inhibitors of protein and 
nucleic acid binding (Metallo, 2010) because IDPs are highly represented in the 
human disease network (Cheng et al., 2006; Midic et al., 2009). 

Disorder predictions using VLXT and VL3 algorithms of the web server program 
PONDR® (Romero et al., 1997, 2001; Dunker et al., 1998; Li et al., 1999; Dunker 
and Obradovic, 2001) of the proteins of the HN -1 genome (Goh et al., 2008) iden
tified several HN -1 proteins with varying degrees of disorder. Goh et al. suggest 
that the predicted disorder in matrix (MA) and capsid (CA) proteins is high, as well 
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as for the accessory protein Vpr. Nef and IN are suggested to be moderately disor
dered (26% ), and Tat is found to be entirely (100%) disordered by their analyses. 
Rev is omitted from the table of results in (Goh et al., 2008), but it too is predicted to 
be disordered (98% by VLXT and 100% by VL3 algorithms). The PONDR VLXT 
predictions for the HN-1 proteins are shown in Fig. 9.4 for the three polyproteins 
(Gag, Pol, and Env) and Fig. 9.5 for the 15 individual protein Wlits. 
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Figure 9.4 Disorder predictions using the PONDR® VLXT algorithm for the HIV-1 
polyproteins. Scores >0.5 over a region of several residues suggest disorder in the seg
ment. 
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Figure 9.5 Disorder predictions using the PONDR® VLXT algorithm for the HIV-1 
proteins. Scores >0.5 over a region of several residues suggest disorder in the segment. 

9.4 THE IDV-1 TRANSACTIVATOR OF TRANSCRIPTION 

9.4.1 Role of Tat in Transcription Activation 

The transactivator of transcription (fat) is a regulatory protein found in all 
lentiviruses including those of primates, sheep, cattle, horses, goats, and cats 
(Clements and Zink, 1996; Coffin et al., 1997). Although sequence homology 
among the Tat proteins from different lentiviruses is low, the function is highly 
conserved (Clements and Zink, 1996). 

Transcription of the HIV-1 genome is regulated by promoter-proximal pausing 
of RNA polymerase II (RNAP II), a feature it shares with approximately 30% of 
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all human genes (Guenther et al., 2007; Core and Lis, 2008). It has long been rec
ognized that transcription activation is accomplished by phosphorylation at Ser-2 
of the carboxy terminal domain of RNAP II by the positive transcription elonga
tion factor b (P-TEFb) (Wei et al., 1998). Specificity for the HN-1 provirus is 
determined by the transactivator of transcsitpion (Tat) protein that binds to both 
P-TEFb and a stem loop structure in the nascent RNA referred to as the transac
tivation response (TAR) element. The TAR element is located downstream of the 
HN-1long terminal repeat (LTR) and spans nucleotides +1 to +59 of the nascent 
RNA. In addition, P-TEFb, a heterodimeric complex of a regulatory Cyclin T and 
cyclin-dependent kinase 9 (CDK9), also phosphorylates the components of nega
tive transcription elongation factor (N-TEF) and the transcription elongation factor 
Spt5 (Yamaguchi et al., 1999; Bourgeois et al., 2002; Kim et al., 2002), relieving 
their inhibition. 

Over the past year, significant new details have been discovered that explain 
why Tat is such a powerful activator of HN-1transcription. Because P-TEFb can 
activate transcription of a vast array of genes, it is highly regulated by both posi
tive and negative regulators, and it has now been revealed that Tat can recruit both 
inactive and active P-TEFb to the LTR (Barbaric and Lenasi, 2010; D'Orso and 
Frankel, 2010; Sobhian et al., 2010). Two groups have shown that Tat and tran
scription cofactor AF4 assemble a large, multifunctional transcription elongation 
complex composed of P-TEFb, PAF1, CDC73, EAF1, ELL2, AF1, AF9, AF4, and 
ENL (He et al., 2010; Sobhian et al., 2010) (Fig. 9.6) that permits multiple levels 
of elongation regulation. For example, ELL2 promotes elongation by preventing 
RNAP II from sliding backward a few nucleotides (Sims et al., 2004 ). In addition, 
Tat can also bind to 7SK snRNP-bound and inactive P-TEFb, forming a stress
resistant particle also containing Hexim1, LARP7, SART3, and the 7SK-capping 
enzyme MePCE (Sobhian et al., 2010). This complex appears to be able to bind to 
the HN-1 LTR before TAR is expressed, suggesting that P-TEFb is activated by 
the displacement of the 7SK snRNA by TAR (D'Orso and Frankel, 2010). Recent 
results suggest that Tat activates P-TEFb by displacing Hexim1 (hexamethylene 
bisacetamide-inducible protein 1) from its Cyclin T1 binding site (Schulte et al., 
2005; Tahirov et al., 2010), but it may also displace Hexim1 from the 7SK snRNP 
(Barbaric and Lenasi, 2010). Tat itself is also regulated as its affinity for TAR is 
modulated through Tat acetylation by histone acetyl transferase (HAT) (Mujtaba 
et al., 2002; Bannwarth and Gatignol, 2005). 

9A.2 Other Biological Functions of Tat 

In addition to its role as a transcriptional regulator of HN -1 gene expression, 
Tat has been implicated in a number of intracellular and extracellular activities 
unrelated to transcription activation, including supporting endothelial cell 
proliferation and contributing to the development of Kaposi's sarcoma (Ensoli 
et al., 1990; Albini et al., 1996a,b), inducing apoptosis of T cells (Goldstein, 
1996), inducing cell death of neurons (Nath et al., 1996; Pocernich et al., 2005), 
decreasing expression of tight junction proteins (Andras et al., 2003), disrupting 
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Figure 9.6 Models of transcription activation (Barboric and Lenasi, 2010; D'Orso and Frankel, 2010; Sobhian et al., 2010). P-TEFb can be 
recruited in multiple active and inactive forms. (a) Top: inactive Tat-P-TEFb (Cyclin T1-CDK9) is shown in complex with 7SK snRNP (Hexim1, 
Larp7, 7SK snRNA) bot.md to it through Cyclin T1 and Hexim1 interactions; bottom: active Tat-P-TEFb and AF4 form a large transactivation 
complex including PAF1, CDC73, and ELL. (b) The Tat-P-TEFb complexes recruited to the preinitiation complex (PIC) of RNAP II and the core 
promoter complex (Sp1, TFIID, and GTFs). The Tat-P-TEFb 7SK snRNP (top) and AF4 (bottom) complexed with the PIC assembly remain in a 
paused state until TAR formation. (c) Top: Tat recognizes and binds to a UCU stem loop bulge on the TAR element, thus completely disrupting 
the Hexim1-Cyclin T1 interaction, dissociating the 7SK snRNP, and activating the P-TEFb complex; bottom: the P-TEFb-AF4 complex is 
more active and efficient than P-TEFb alone, but specificity for the HIV-1 provirus results from the Tat-TAR interaction. (d) CDK9 of P-TEFb 
phosphorylates Ser2 in the CTD of RNAPII, DSIF (Spt4-Spt5), and NELF. The hyperphosphorylated RNAP II is able to continue synthesizing 
the full HIV-1 transcript. Hexim1 may completely dissociate from the rest of the 7SK RNP complex because it is not stably bound. (See insert 

~ for color representation of the figure.) 
~ 
~ 



234 IDV-1 TAT DISORDER AND FUNCTION 

the blood-brain barrier (BBB) (Banks et al., 2005), and inducing oxidative stress 
(Westendorp et al., 1995; Pocernich et al., 2005). Tat may also be involved in 
derepression of heterochromatin, in transcription initiation (Pumfery et al., 2003), 
and in reverse transcription (Guo et al., 2003). Absence of Tat and low levels of 
Tat-associated host factors (CDK9 and Cyclin Tl) in resting CD4+ T cells are all 
implicated in the latency of the virus (Lassen et al., 2004). In general, the patho
logical activities of Tat contribute to both immune and nonimmune dysfunction, 
resulting in an overall increase in the burden of the viral infection. More recently, 
Tat has been shown to regulate capping of HN-1 mRNA (Chiu et al., 2002), inter
act with Dicer and suppress the production of small interfering RNA (Bennasser 
and Jeang, 2006), and act as a nucleic acid chaperone (Kuciak et al., 2008). 

A recent proteomics study to determine the range of cellular targets of Tat within 
the nucleus of Jurkat T cells revealed 183 interacting proteins, 90% of which had 
not been previously reported (Gautier et al., 2009). The identified nuclear targets 
covered a range of biological processes, namely, transcription, RNA processing, 
translation, nuclear organization, cell cycle, DNA replication, and signaling, with 
transcription being the most highly represented process (39%). The range of pro
cesses covered by the nuclear interaction targets emphasizes the multiplicity of 
binding partners of this small IDP. 

9.4.3 Tat Amino Acid Sequence and Properties 

The HN-1 Tat protein is a 101-residue RNA-binding protein encoded by two 
exons and expressed during the early stages of viral infection (Liang and Wainberg, 
2002).The first tat exon defines amino acids 1-72 (shown in Fig. 9.7). Several early 
reports suggested that the 72-residue segment of Tat can activate transcription with 
the same proficiency as the full-length protein (Garcia et al., 1988; Kuppuswamy 
et al., 1989; Jeang et al., 1999; Smith et al., 2003). Recently however, HN-1 
expressing the full-length 101-residue protein was shown to have enhanced NFKB 
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Figure 9.7 (a) The HIV-1 Tat sequence (BH10 isolate) encoded by exon 1. The 72-
residue segment encompasses an N-terminal proline-rich region (1-21) containing the 
only three acidic residues, a cysteine-rich region (22-37), a core (38-47), a basic region 
(48-57), and a Gln-rich segment (58-72). Residues 73-101 are encoded by exon 2. 
(b) Sequence alignment of the first exon-encoded region of HIV-1 Tat1_n of the Tht 
BH10 isolate, the 86-residue Tat (HXB2 isolate; Swiss-Prot P04608) (Tahirov et al., 
2010), and the 75-residue Tat protein from EIAV (Swiss-Prot accession number 20920) 
(Anand et al., 2008). 
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activation, transactivation, and replication in T cells compared to the ex on 1 product 
(Mahlknecht et al., 2008), strongly suggesting that future work on the protein 
includes the segment from exon 2. There are several laboratory strains of the 
Tat protein with 86 residues that may originate from the HXB 2 strain (subtype B) 
commonly found in Europe and North America (Opi et al., 2004). These 86-residue 
variants are not found in natural viral isolates (J eang, 1996). It has been suggested 
that the 86-residue form of Tat was a consequence of tissue culture passaging, 
and a single nucleotide correction in the laboratory genomes yielded the expected 
101-residue protein from the Tat coding frame (Neuveut and Jeang, 1996). 

The product of the first Tat exon can be divided into several regions (Fig. 9.7): 
an acidic and proline-rich N-terminus (1-21), a cysteine-rich region (22-37), a 
core (38-47), a basic region (48-57), and a Gln-rich segment (58-72) (Derse 
et al., 1991). Residues 1-24 form the coactivator and acetyltransferase CBP (CREB 
binding protein) KIX domain binding site (Vendel and Lumb, 2003). Cyclin T1 is 
now known to interact with the Cys-rich region of Tat (Bieniasz et al., 199 8; Tahirov 
et al., 2010). Mutation of any one of the cysteine residues in the protein, except 
for C31, results in loss of transactivation (Jeang et al., 1999). C31 is common 
in most major subtypes of HN-1, but it is not present in the HN-1 subtype C 
strain (which has serine in its place), which accounts for more than 50% of the 
infections worldwide (Campbell et al., 2007). The end of the Cys-rich region and 
the core are involved in mitochondrial apoptosis of bystander noninfected cells 
through their ability to bind tubulin and prevent its depolymerization (Chen et al., 
2002). The basic region is critical for TAR RNA binding (Weeks et al., 1990; 
Anand et al., 2008) and nuclear localization; peptide fragments corresponding to 
the region of Tat spanning Tyr-47 and Arg-57 have been used to transport a large 
variety of materials including proteins, DNA, drugs, imaging agents, liposomes, 
and nanoparticles across cell and nuclear membranes (Gupta et al., 2005). The Gin
rich region has been implicated in mitochondrial apoptosis of T cells (Campbell 
et al., 2004 ). 

The second tat exon defines residues 73-101 and encodes an RGD motif that 
may mediate Tat binding to cell surface integrins (Avraham et al., 2004). The 
function of the second exon-encoded polypeptide has, thus far, been difficult to 
determine (Guo et al., 2003; Smith et al., 2003). Studies have shown that the peptide 
encoded by the second exon is involved in repressing expression of the major histo
compatibility complex (MHC) class I molecules whose presence at the cell surface 
serves as targets for cytotoxic T lymphocytes (Howcroft et al., 1993; Carroll et al., 
1998; Weissman et al., 1998). This repressive function from the exon-2-encoded 
polypeptide may contribute to HN-infected cells escaping an immune response 
(Carroll et al., 1998; Weissman et al., 1998). Recently, the second exon product 
has been implicated in major changes to the T -cell cytoskeleton, chemotaxis, and 
migration and the downregulation of several cell surface receptors (Lopez-Huertas 
et al., 2010). The identification of different biological functions with short amino 
acid sequences in the protein highlights the "moonlighting" advantage of IDPs over 
folded proteins. 
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The Tat amino acid sequence has a low overall hydrophobicity and a high net 
positive charge, and analyses by several disorder prediction algorithms suggest 
that it is intrinsically disordered (Goh et al., 2008) with a potential for order in 
the cysteine region. Early CD spectropolarimetry experiments suggested a lack of 
secondary structural elements but showed minor conformational changes in the 
presence of zinc (Vendel and Lumb, 2003). 

9.5 STRUCTURAL BIOLOGY OF Tat 

9.5.1 Preparation of Reduced Tat 

There have been several attempts to determine the solution conformations of Tat 
and its segments, both alone and in complexes, and these were recently reviewed 
(Shojania and O'Neil, 201 0). All previous homonuclear NMR studies of Tat showed 
that amide proton chemical shifts of the protein are within the range characteristic 
of disordered proteins (Gregoire et al., 2001; Peloponese et al., 2000; Freund et al., 
1995; Shojania and O'Neil, 2006). However, it is challenging to obtain a solution 
of monomeric reduced protein at concentrations amenable to NMR spectroscopy 
because the readily oxidized Cys-rich region leads to mixtures of soluble and 
insoluble aggregates. Tat regulates transcription in the interior of a cell that is a 
reduced environment where most proteins do not contain intramolecular disulfide 
bonds. In the rare cases where intracellular disulfides have been observed, they are 
usually involved in redox cycling, are transiently formed, and are not required to 
maintain the structure of the protein (Mallick et al., 2002). In agreement with this, 
evidence suggests that the reduced Tat monomer is the form of the protein that is 
active in transactivation (Siddappa et al., 2006). Although a number of condensed 
globular protein structures of Tat have been published, it remains possible that 
some of these contain disulfide-cross-linked monomers or multimers and that the 
intrinsic folding propensity of the polypeptide can only be revealed in strictly 
anaerobic reducing conditions. 

Preparation of fully reduced HN-1 Tat1-12 uniformly labeled with 13C and 
15N isotopes for multidimensional heteronuclear NMR studies involved bacterial 
expression in Escherichia coli and extraction under denaturing conditions 
with guanidine hydrochloride in the presence of the strong reducing agent 
tris(carboxyethyl)phosphine (fCEP). Tat1_72 was purified by immobilized metal 
affinity chromatography followed by the removal of the denaturants and reducing 
agent by dialysis (Shojania and O'Neil, 2006; Shojania et al., 2010). All NMR 
experiments were done at pH 4.1 in order to maintain the protein in a reduced 
monomeric state, and the implications of this are discussed below. 

9.5.2 Multinuclear NMR Studies of Tat Dynamics 

Multinuclear labeling of Tat was essential to obtaining correct chemical shift 
assignments of backbone resonances and for high resolution dynamics experiments 
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Figure 9.8 Strip plots extracted from three-dimensional, amide-detected, heteronuclear 
NMR experiments for the Cys-rich region of 13C/15 N-labeled His-tagged Tat1_72• Inter
and intraresidual correlations are obtained from an HNCACB (Wittekind and Mueller, 
1993) spectrum correlating HN(i) and N(i) with Ca(i), Ca(i - 1), C{3(i), and C{3(i - 1) 
resonances and a CBCA(CO)NH (Grzesiek and Bax, 1992) spectrum correlating HN(i) 
and N(i) with Ca(i - 1) and C{3(i - 1) resonances. Indicated are the chemical shifts of 
theCa and C{3 resonances for the seven Cys residues, C42, C45, C47, CSO, C51, C54, 
and C57 from left to right, and the residues preceding the cysteines. 

(Shojania and O'Neil, 2006). The assignmertts of the Cys residues are particularly 
informative, as they confirmed that all of the Cys residues in the NMR sample 
were reduced (Fig. 9.8); all the 13Ca and 13C/3 chemical shifts observed in a 
three-dimensional HNCACB (Wittekind and Mueller, 1993) spectrum are in the 
range of the random coil chemical shifts of reduced cysteine (58.6 and 28.3 ppm) 
(Schwarzinger et al., 2000), differing significantly from those of oxidized cysteine 
(55.6 and 41.2 ppm) involved in disulfide bonds. The dispersion of the resonances 
in 15N-1 H HSQC spectra of Tat1-n (Fig. 9.9) is typical for a disordered protein 
lacking regular secondary structure (Freund et al., 1995; Dyson and Wright, 1998; 
Peloponese et al., 2000; Gregoire et al., 2001; Peti et al., 2001) and agrees with 
previous homonuclear NMR studies. The resonance linewidths of 15 ± 5 Hz for 
1 H and 6 ± 1 Hz for 15N are slightly broader than those measured for folded pro
teins of a comparable size (6-9 and 3 Hz, respectively) (Cavanagh et al., 1996). 
The broad linewidths suggest backbone conformational exchange on the micro
to millisecond timescale. Furthermore, multiple minor resonances are detected for 
many residues, suggesting the presertce of multiple, likely disordered, conformers 
in equilibrium (Shojania and O'Neil, 2006). 

The use of the chemical shift as an indicator of secondary structure (Wishart 
and Sykes, 1994) has been successfully applied to the analysis of proteins under 
denaturing conditions to iderttify regions of residual structure (Garcia et al., 2001; 
Yao et al., 2001; Teilum et al., 2002) but required adaptation to account for local 
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Figure 9.9 TWo-dimensional 1HI15N-HSQC spectrum (Kay et al., 1992) of Tat at pH 
4.1 and 293K. Backbone amide proton resonances are narrowly dispersed over the range 
of 7.4-8.9 ppm. Backbone resonance assignments of 80 of the 84 nonproline resonances 
are shown. The inset spectrum shows the three peaks associated with the side chain of 
the single Trp residue indicating one major and two mmor conformers. Also labeled are 
several glycine conformers. Side-chain Asn and Gln NH2 resonances are outlined with a 
solid ellipse, and side-chain Arg resonances are outlined in a dashed ellipse. 

sequence effects on the reference shifts for the random coil (Schwarzinger et al., 
2000, 2001, 2002). In some cases, a nonnative residual structure has been identified, 
which may indicate transient intermediates along a protein-folding pathway (Yao 
et al., 2001; Teilum et al., 2002). Marsh et al. recently described a method for 
combining the chemical shift differences from many nuclei into a single probe 
score to obtain a secondary structure propensity (SSP) especially suited to detecting 
transient structure and structural propensity in IDPs (Marsh et al., 2006). In this 
procedure, consecutive residues with SSP scores of + 1 or -1 indicate a fully 
formed a- or i)-structural element, respectively. Lower scores correspond to the 
fraction of the ensemble that is in a particular structural state. The SSP scores for 
Tat are shown in Fig. 9.10 (Shojania and O'Neil, 2006). For the entire protein, the 
expected fractions of a- and i)-structure are below 20%. Particularly noteworthy in 
the context of the two X-ray diffraction structures discussed below (Anand et al., 
2008; Tahirov et al., 2010) are the SSP scores for the region centered on residue 
52, which indicate a propensity toward ~ structure followed by a propensity to 
a-helix for a region centered on residue 66. The two regions correspond to the 
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Figure 9.10 Secondary structure propensity (SSP) scores (Marsh et al., 2006) based on 
the HN, N, Ca, Cf3, C1, and Ha chemical shifts. Upper and lower lines correspond to 
20% of the conformers in the ensemble being in either the a or f3 states. Note that the 
20-residue affinity tag has been added to the sequence in the figure, whereas it is absent 
in Fig. 9.7. 

Cys-rich region and a region that encompasses the core and basic regions shown 
in Fig. 9.7. 

Relaxation data were obtained for 77% and 72% of the observable resonances 
at 600 and 800 MHz spectrometer frequencies, respectively. The steady-state het
eronuclear 15N-1 H nuclear Overhauser effects (NOEs) exhibited a :flattened bell
shaped variation with amino acid sequence (Shojania and O'Neil, 2006), which is 
diagnostic of a completely disordered polypeptide (Hu et al., 1990). The lack of any 
significant variation in the 15N-1 H NOEs, coupled with their negative values, are 
good indicators of the degree of uniform disorder throughout the protein backbone 
on the nano- to picosecond timescale. Longitudinal relaxation rates (R1) observed 
for Tat (Shojania and O'Neil, 2006) were consistent with slower relaxation and 
faster dynamics at the nano- to picosecond timescale than for a folded protein of 
similar size, and both the 15N-1 H NOEs and R1 values were very similar to those 
measured for a guanidine-denatured protein (Farrow et al., 1997). The rotating 
frame longitudinal relaxation rates (R1p) were slightly higher than average at the 
end of the Cys-rich region (Cys-57 to lle-59), possibly indicating contributions 
from slow conformational exchange. 

Analysis of the relaxation rates by reduced spectral density mapping (Peng and 
Wagner, 1992; Lefevre et al., 1996; Farrow et al., 1997) showed little variation over 
the length of the sequence and showed a range of values similar to those observed 
for the guanidine-denatured state of drkN SH3 (Farrow et al., 1997), acid-denatured 
apomyoglobin (Yao et al., 2001), apomyoglobin denatured by low pH/urea (Peng 
and Wagner, 1992), and the intrinsically disordered propeptide of subtilisin (Bue
vich et al., 2001). Interestingly, the acid-urea-unfolded state of apomyoglobin shows 
minima in the high frequency plots that appear to be diagnostic of residual structure 
because they correspond to maxima in buried surface area in the folded protein 
(Yao et al., 2001). The lack of definition in the plots of high frequency motion for 
reduced Tat1-12 implies a lack of formation of any transient structure at pH 4.1. 
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However, residues Asn-44, Lys-61, and Ala-62 were found to have faster than aver
age motions in the mid-frequency plots. Schwarzinger et al. (2002) made a similar 
observation in their studies of acid-urea-denatured apomyoglobin and noted that 
high proportions of glycine and alanine are present in the most flexible regions 
of the protein. The region of Tat following the Cys-rich region contains one ala
nine and two glycines (Ala-62, Gly-64, and Gly-68), which may explain the higher 
dynamics. Calculation of Lipari -Szabo order parameters from the relaxation data 
gave an average value of 0.5, where a value of 1 represents order and 0 represents 
disorder and where most unfolded proteins show values in the range of 0.4-0.6 
(Farrow et al., 1997; Buevich et al., 2001). 

9.5.3 Implications of the NMR Data 

Two weaknesses in the NMR experiments are that they were measured at pH 4 
and that the exon 2 product is absent from the protein and it could be critical for 
folding. The cross-peaks in the HSQC spectra of Tat1_72 (Fig. 9.11) diminish in 
intensity as the pH is raised from 3.3 to 6.7, whereas the chemical shifts of the 
resonances move very little. For the most part, the loss of resonance intensity can be 
explained by the pH-dependent increase in hydrogen exchange rates and suggests 
that the protein does not fold at the elevated pH because buried resonances would 
be expected to exchange more slowly and remain visible in the spectrum. However, 
it cannot be ruled out that the protein forms a molten globule or other condensed 
conformation at elevated pH, in which conformational exchange causes broadening 
of the resonances. And although the dynamics experiments and chemical shift 
analysis suggest that the protein is in a random coil conformation at pH 4, it is 
also conceivable that measurement of 1 H-NOEs might detect minor condensed 
conformations in the ensemble. 

The observation of intrinsic disorder in HN-1 Tat1-12 at pH 4 was recently 
corroborated by small angle X-ray scattering (SAXS) and dynamic light scattering 
(DLS) measurements of the hydrodynamic radius of Tat1-101 in solution (Foucault 
et al., 2010). SAXS measurements showed a hydrodynamic radius of 33 ± 1.5 
A, and DLS yielded a radius of 30 ± 3 A, whereas a folded globular protein of 
101 residues would be expected to have a Stokes radius of about 18 A (Foucault 
et al., 2010). The data were interpreted to indicate that the 101-residue protein 
is mostly in an extended conformation at neutral pH. These observations confirm 
the predictions of disorder in the C-terminal product of ex on 2 (Fig. 9 .51) and 
prove that the C-terminus does not form a folding nucleus that catalyzes folding of 
the exon 1 protein. However, none of the solution experiments address the likely 
influence of zinc ions on the folding of the Cys-rich region of the protein. 

9.5.4 X-Ray Diffraction Studies of EIAV Tat 

X-ray diffraction studies have been reported for EIAV Tat in complex with Cyclin 
T1 and TAR. EIAV Tat contains only two Cys residues in contrast to the six 
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Figure 9.11 Two-dimensional 1H/15N-HSQC spectra of Tat1_n at 293 K observed at 
pH 3.3 (red), pH 4.1 (orange), pH 5.3 (purple), pH 5.8 (cyan), and pH 6.7 (blue). The 
solution is approximately 1 mM, and all spectra were obtained from a single expres
sion/purification. Each spectrum was collected with 32 transients, 2048 x 256 complex 
points, and sweep widths of 10 ppm in F2( 1 H) and 24 ppm in F1 ( 15N). Side chain Asn and 
Gln NH2 resonances are outlined with a solid ellipse. (See insert for color representation 
of the figure.) 
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(type C) or seven (type B) present in the HN-1 proteins, considerably simplifying 
expression and purification of the protein. A 57-residue segment of EIAV Tat 
(residues 22-78) fused with a :flexible linker to the cyclin box domain of human 
Cyclin T1 formed crystals with electron density observed for residues 8-263 of the 
Cyclin T1 (Anand et al., 2007). No electron density was observed for EIAV Tat, 
indicating that Cyclin T1 does not induce a stable conformation in Tat (Anand et al., 
2007). Crystallization of an EIAV Cyclin-Tl Tat fusion protein in the presence of 
TAR RNA resulted in the detection of electron density for residues 41-69 of Tat 
(Anand et al., 2008) (Fig. 9.12a). Residues 41-47 in the core region (Fig. 9.7) exist 
in an extended conformation interacting mostly with Cyclin Tl. Residues 48-59 
in the basic segment (Fig. 9.7) form a helix that binds to the major groove of the 
TAR stem loop structure (Fig. 9.12a). This region is followed by a tight turn and an 
extended segment that inserts the C-terminal Leu-68 and Leu-69 into a hydrophobic 
groove on Cyclin Tl. It is interesting to note that the strongest indication of a 
propensity to fold based on the NMR chemical shift analysis shown in Fig. 9.10 
is found in the basic region of the Tat protein (Shojania and O'Neil, 2006). The 
structure of the tripartite complex explains the specificity of Tat proteins for T
type cyclins, the binding specificities of Cyclin T1 for Tat-TAR complexes from 
different species, the structural implication of the acetylation of Lys-50 and likely 
reveals the binding site for Hexim1 on Cyclin Tl. The Cyclin-T1 Tat interface 
encompasses 806 A2, the Tat-TAR interface covers 582 A2, and the Cyclin-T1 
TAR complex buries only 193 A 2. Clearly the role of Tat is to bring the two 
molecules together. Although this structure does not directly reveal the dynamics 
of Tat and TAR, it clearly illustrates the large surface area available to a disordered 
protein, permitting high affinity and high specificity of binding. The structure also 
shows the power of molecular structures to illuminate biological activity even in 
the realm of IDPs and suggests that the crystallization of fusion proteins will be a 
rich source of information on IDPs. 

9.5.5 X-Ray Diffraction Studies of IDV-1 Tat 

A more recent X-ray diffraction study of HN -1 Tat (86 residues) in complex with 
P-TEFb (Tahirov et al., 2010) is highly complementary to the EIAV Tat structure. 
It revealed residues 1-49 of Tat in an extended conformation along the interface of 
the CDK9-Cyclin-Tl complex (Fig. 9.12b). The region observed in the complex is 
thought to encompass the minimal surface for activation of Cyclin T1 and includes 
the acidic, cysteine-rich, and core regions of Tat The basic region is involved in 
RNA binding, and in the absence of bound TAR, residues 50-86 of Tat do not show 
any defined electron density and are therefore disordered. The interaction between 
Tat and Cyclin T1 also revealed the expected Zn bridge between Tat and Cys-261 of 
Cyclin T1 (Garber et al., 1998). Although residues 1-49 are defined in the electron 
density maps of the complex, only two small segments adopt any regular secondary 
structure along with a small segment coordinating two zinc ions; the remainder is 
essentially disordered Residues 29-33 form a small 310-helix, followed by an 
CL-helix spanning residues 35-43. One zinc ion coordinates with Cys-22, His-33, 
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Figure 9.12 X-ray diffraction structures of (a) the Cyclin-Tl-Tat-TAR complex from 
EIAV (Anand et aL, 2008) showing the C-tenninal region of EIAV Tat residues 41-69 
(orange) bound to the cyclin box repeat of Cyclin T1 (cyan) and the major groove and 
loop region of TAR generated from PDB id 2W2H; (b) the human P-'IEA> complex of 
Cyclin T1 (blue) and CDK9 (red) showing IDV-1 Tat residues 1-49 (violet) and the zinc 
ions in gray (Tabirov et aL, 2010) generated from PDB id: 3MI9. (c) Alignment of the 
two structures in (a) and (b) with the Cyclin T1 proteins superimposed. (d) The structured 
portions ofiDV-1 Tat (1-49) and EIAV Tat (41-69) extracted from the alignment in (c). 
The remainder of the mv -1 and EIA V Tat proteins is missing from the electron density 
maps. (See insert for color representation of the figure.) 

Cys-34, and Cys-37, and the other coordinates with Cys-25, Cys-T/, and Cys-30 
of Tat and Cys-261 of Cyclin Tl. Thus, only the Cys-rich and core regions of Tat 
gain in structural order on formation of the complex, a result that COiq)lements the 
NMR chemical shift and relaxation analyses described earlier (Shojania and O'Neil, 
2006). Tahirov et al. also suggest a possible ~anism for the displacement of 
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Hexim1 by Tat by revealing a small a-helix (HC) on Cyclin T1, which becomes 
disordered on binding with Tat. Helix HC is likely near the binding interface of 
the Hexim1 7SK snRNA dimer, and its order-to-disorder transition on Tat binding 
to Cyclin T1 may disrupt the binding of the Hexim1-7SK dimer (fahirov et al., 
2010). The structure may also be showing how some of the entropy loss on Tat 
binding can be paid for by disordering its binding partner. 

The two X-ray diffraction structures each provide only fragmentary information 
on the structure of Tat; however, together the two structures yield information on 
nearly the entire ex on 1 protein (HN -1 Tat residues 1-49 and EIA V Tat residues 
41-69). By aligning the two complexes by superimposing the Cyclin T1 structures 
(Fig. 9.12c), a picture of Tat emerges (Fig. 9.12d), which shows a predominantly 
extended conformation with two small helical segments and a zinc finger confor
mation that forms on complex formation. The folded segments may be targets of 
small molecule antagonists of P-TEFb or TAR binding as discussed below. 

9.6 THERAPEUTIC IMPLICATIONS OF DISORDER 

In the United States, more than 25 drugs have been approved by the FDA to 
combat HN-1 infection, including PR, RT, IN, and fusion inhibitors, as well as 
CCRS antagonists (Hughes, 2010). Because of its essential role in the life cycle of 
the virus, proviral transcription is a highly attractive target for inhibitor develop
ment, yet no drugs are currently on the market. Tat has been the target of several 
attempts to develop a vaccine for the prevention and treatment of HN-1 infection. 
A recent phase I trial showed significant promise; the vaccine is safe and highly 
immunogenic and is reported to be proceeding to a phase II trial (Bellino et al., 
2009). An important implication of these studies is that the absence of a single 
dominant protein conformation does not preclude the development of high affinity 
antigen -antibody interactions. This runs counter to the current pursuits in vaccina
tion research, which suggest that conformational restriction of peptides can lead to 
higher immunogenicity (Kao and Hodges, 2009; Moseri et al., 2010), and indeed, 
in the vast majority of cases, peptides have so far proven to be less immunogenic 
than the proteins from which they were derived (Azizi and Diaz-Mitoma, 2007). 
In this regard, it is very likely that Tat immunogens are disulfide cross-linked, and 
it may be these stabilized segments that form the primary epitopes. 

The Tat-TAR interaction has also been the target of multiple attempts to develop 
inhibitors of transcription activation, including large-scale small molecule screens 
(Bannwarth and Gatignol, 2005). Many of the compounds under development target 
the bulge in the HN -1 TAR RNA (Baba, 2006), with fewer studies targeting the 
Tat protein (Montembault et al., 2004; Chen et al., 2009). Conceptually, structure
based drug design aimed at IDPs may at first glance appear impossible because the 
proteins do not adopt a single conformation in the absence of a binding partner. 
Adding to the challenge, high affinity high specificity small molecule inhibitors 
of protein-protein interactions have been notoriously difficult to design (Wells 
and McClendon, 2007). However, recently, a number of small molecule inhibitors 
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targeting IDPs have been developed, suggesting that IDPs may be the source of an 
abundance of new drugs for a wide variety of disorders. 

The transcription activator cMyc contains a basic helix-loop-helix leucine zipper 
domain that is a disordered monomer but undergoes a coupled folding and binding 
transition in the presence of its partner Max. Recently, Metallo and colleagues 
(Hammoudeh et al., 2009) identified several small-molecule-binding sites in the 
intrinsically disordered regions of cMyc. Small molecules bind simultaneously and 
independently to three different sites inducing very little order in the IDP yet 
inhibiting cMyc-Max interactions potently. This study also suggests that MoRFs 
are likely sites of drug interaction in IDPs. Although the small molecule affinity is 
on the micromolar scale, it was suggested that higher affinity could be obtained by 
introducing multilvalency into the drug candidate. Optimization allowed specificity 
in disruption of the cMyc-Max interaction (Metallo, 2010). 

The previously discussed X-ray diffraction structures (Anand et al., 2008; Tahi
rov et al., 2010) show that the small disordered Tat protein can provide a large 
binding surface bringing together two proteins and RNA in a high affinity high 
specificity complex for efficient transcription activation. The large binding interface 
should provide ample opportunity for the development of highly specific inhibitors 
of proviral transcription activation, a process that is essential to viral replication. 
Specifically, based on the new X-ray diffraction structures of the HN-1 and EIAV 
Tat complexes mentioned earlier, residues 29-33, 35-43, and 48-59 adopt some 
local secondary structure (MoRFs) that may be targets for drug development 
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long terminal repeat 
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molecular recognition fragment 
negative transcription elongation factor 
nucleocapsid 
National Center for Biological Interaction 
negative factor 
nuclear magnetic resonance 
nuclear Overhauser effect 
positive transcription elongation factor b 
p300/CB P-associated factor 
preinitiation complex 
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protease 
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rotating frame longitudinal relaxation rate 
transverse relaxation rate 
regular expression of virus 
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RNA polymerase II 
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reverse transcriptase 
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10 
INTRINSICALLY DISORDERED 
DOMAINS OF SESBANIA MOSAIC 
VIRUS ENCODED PROTEINS 

SMITA NAIR, M. R.N. MURTHY, ANDH. S. SAVITHRI 

10.1 INTRODUCTION 

Sobemoviruses (Hull and Fargette, 2006) are spherical, positive-sense single
stranded RNA viruses named after their type member southern bean mosaic virus 
(SBMV). The first sobemovirus was isolated in 1943 (Zaumeyer and Harter, 
1943). Although these viruses have a narrow host range, they can infect plant 
species from at least 15 different families (Hull, 1977) belonging to both monocots 
and dicots. A typical sobemoviral infection is marked by necrotic lesions, 
stunting, mild or severe chlorosis, mottling, and vein clearing. Sobemoviruses are 
transmitted by vectors (aphids, beetles, leaf miners, leaf hoppers) or seeds. They 
can also be readily propagated by mechanical inoculation using infected leaf sap 
or purified virus. 

Sobemoviruses are icosahedral particles of about 30 nm diameter. These virus 
particles have a sedimentation coefficient of 110-120S (Hull, 1988). Electron 
microscopic data suggests that the particles are compact nucleocapsid&. They 
are stable to treatments such as repeated freezing and thawing, although they 
swell upon treatment with chelating agents such as EDTAIEGTA because of 
the removal of capsid-associated divalent metal ions. The three-dimensional 
structure of five sobemoviruses, namely, southern cowpea mosaic virus (SCPMV), 
Sesbania mosaic virus (SeMV), ryegrass mottle virus (RGoMV), rice yellow 
mottle virus (RYMV), and cocksfoot mottle virus (CfMV) have been determined 
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(Abad-Zapatero et al., 1980; Bhuvaneshwari et al., 1995; Opalka et al., 2000; 
Tars et al., 2003; Plevka et al., 2007). Like other T = 3 viruses, SeMV capsid 
consists of 180 coat protein (CP, 29 kDa) subunits (Fig. 10.1a). Although the 180 
subunits of the capsid are identical, they occur in three slightly different bonding 
environments. Therefore, these capsids contain 60 copies each of A-, B-, and 
C-type subunits occupying quasi-equivalent positions (Fig. 10.1b). The A subunits 
form pentamers at the icosahedral fivefold axes, while the B and C subunits 
form hexamers at the icosahedral threefold (quasi-sixfold) axes in the capsid. An 
icosahedral twofold relates two C-type subunits, while a quasi-twofold relates A 
and B subunits. Thus, the capsid consists of 30 symmetric C/C dimers and 60 
quasi-symmetric AlB dimers. Protein-nucleic acid as well as metal-ion-mediated 
protein-protein interactions contribute to the stability of SeMV capsids. The 
CP subunit can be broadly divided into two domains, a random (R) domain 
comprising 71 N-terminal residues and a shell (S) domain The shell domain 
corresponds to the core of the CP molecule, and it has the canonical eight-stranded 
antiparallel ~-sheet/barrel topology called as the jelly-roll motif and five CL-helices. 
The jelly-roll motif is commonly found in many viral CPs. The first 73 residues 
of the R domain are disordered in the A and B subunits, whereas in the C subunit, 
residues are ordered from 44 and 48-58 to form a ~-annulus structure. More 
recently, the structure of SeMV-like particles obtained by expression of the CP in 
Escherichia coli and several of the deletion and site-specific mutants have been 
determined On the basis of an analysis of these structures and biophysical studies, 
a model for the assembly of the virus was proposed (Savithri and Murthy, 2010). 

The particles of sobemoviruses contain a single-stranded positive-sense genomic 
RNA (gRNA) of size 4-4.5 kb and a subgenomic RNA (sgRNA) of 1 kb. In 
addition to their gRNA, some sobemoviruses are known to encapsidate viroidlike 
satellite RNAs (sat RNAs) of size 220-390 nucleotides. sat RNAs occur both 
in linear and circular forms and have been reported from RYMV (Collins et al., 
1998), lucerne transient streak virus (LTSV) (Forster and Symons, 1987), sub
terranean clover mottle virus (SCMoV) (Davies et al., 1990), and so on. These 
sat RNAs contain a conserved hammerhead structure, which is involved in self
cleavage (ribozyme) (Forster et al., 1987; Forster and Symons, 1987). Studies reveal 
the dependence of these sat RNAs on the helper virus and the host plant (Jones 
and Mayo, 1984; Paliwal, 1984; Sehgal et al., 1993). 

10.1.1 gRNA Organization 

To date, the complete genome sequences of 12 sobemoviruses and 1 unclassified 
sobemoviruses have been determined (Wu et al., 1987; Yassi et al., 1994; Jeffries 
et al., 1995; Makinen et al., 1995; Lee and Anderson, 1998; Lokesh et al., 2001; 
Zhang et al., 2001; Callaway and Lommel, 2002; Dwyer et al., 2003; McGavin 
et al., 2009; Sereme et al., 2008; Arthur et al., 2010; Chen et al., 2010; Eastwell 
et al., 2010). Both gRNA and sgRNA have a viral protein (viral protein genome 
linked, VPg) covalently attached to their 51 end and lack a poly A tail or a t
RNA-like structure at their 31 end The genome codes for four overlapping open 
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(a) 

(b) 

Figure 10.1 Structure of SeMV. (a) T = 3 icosahedral shell of SeMV. (b) Icosahedral 
asymmetric unit showing three different confonnations. A-type subunit is represented in 
green, B in red, and C in blue. Calcium ions at the interface of AB, BC, and CA subunits 
are depicted as yellow circles. (See insert for color representation of the figure.) 
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Fs~~~~~~~~~ 
I:P.rotease::f ~~ii~RdR~ 

Figure 10.2 Schematic representation of the genome organization in sobemoviruses. 
VPg attached at the 5' end is denoted by a black oval. The translation products of the 
central ORFs are also shown. Fs corresponds to the region where -1 ribosomal frame 
shift occurs. The RdRp domain translated via -1 ribosomal frame shifting is represented 
by block shifted upwards. 

reading frames (ORFs), of which the ones proximal to the 5' and 3' end code for 
the movement protein (MP) and the CP, respectively. The central two ORFs, 2a 
and 2b, code for the polyprotein 2a and RNA-dependent RNA polymerase (RdRp ), 
respectively (Fig. 10.2). 

SeMV infects the Fabaceae plant, Sesbania grandijlora pers agathi, and was 
first identified in Tirupati, Andhra Pradesh, India (Solunke et al., 1983). SeMV can 
be transmitted by mechanical inoculation. Infected plants show yellowish green 
irregular patches on leaves 10 days post inoculation (d.p.i.). After 40-50 d.p.i., 
the plants appear stunted with reduction in the size of the leaflets (Subramanya 
et al., 1993) (Fig. 10.3). As in other sobemoviruses, SeMV ORF 1 codes for the 
MP and ORF 2a codes for polyprotein 2a, which was shown to have a domain 
arrangement of membrane-anchor-protease-VPg-P10-P8. ORF 2b is translated by 
-1 ribosomal frame shift into polyprotein 2ab (membrane-anchor-protease-VPg
RdRp) (Nair and Savithri, 2010a). The N-terminal serine protease domain was 
shown to be responsible for processing of the polyproteins into functional domains 
(Satheshkumar et al., 2004a; Nair and Savithri, 2010a). Among the seven protein 
domains encoded by SeMV genome, VPg and P8 are completely disordered, while 
CP, MP, and RdRp have some unstructured segments. This chapter describes the 
investigations that led to the identification of the intrinsically disordered protein 
domains encoded by SeMV genome and their functional significance. 

10.2 BIOINFORMATIC ANALYSIS OF INTRINSICALLY 
DISORDERED DOMAINS OF SeMV-ENCODED PROTEINS 

Foldlndex analysis of SeMV-encoded proteins was carried out to locate intrin
sically disordered segments/domains (Fig. 10.4). As apparent from Fig. 10.4a, 
ORF-1-encoded MP has disordered segments in the N- and C-terminal regions. 
Recently, using yeast two-hybrid assays, it was demonstrated that SeMV MP inter
acts with other viral proteins such as CP, VPg, and P10 via the same disordered 
N-terminal domain (Chowdhury and Savithri, 2011a,b). Foldlndex analysis of the 
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(a) (b) 

Figure 10.3 Symptoms of SeMV infection. (a) Uninfected and (b) infected Sesbania 
grandijlora leaves. 

SeMV polyprotein 2a revealed that it has an alternating arrangement of ordered 
and disordered domains, with protease and PlO regions being ordered and VPg and 
P8 intrinsically disordered (Nair and Savithri, 2010b) (Fig. 10.4b). Interestingly, 
Foldlndex analysis of the polyprotein 2a of all known sobemoviruses and the 
related luteo and poleroviruses also shows a similar pattern of alternating ordered 
and disordered domains, indicating the plausible functional i.rq)ortance of such a 
pattern. Foldlndex analysis of polyprotein 2ab (Fig. 10.4c) showed that VPg and 
C-terminal 43 residues of RdRp are disordered. The results of Foldlndex analysis 
of SeMV CP (Fig. 10.4d) are consistent with the structures of sobemoviruses, in 
which N-terminal domain of CP is disordered. 

The following sections discuss the biophysical and functional characterization 
of the intrinsically disordered proteins VPg and P8. The role of the disordered R 
domain in controlling the assermly of SeMV is also descnbed. 

10.3 INTRINSICALLY DISORDERED VPg MODULATES 
THE PROTEASE FUNCfiON 

SeMV VPg is a 9-kDa protein and has a theoretical pi of 4.5 . This was the first 
protein to be identified as intrinsically disordered among all known sobemoviruses 
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Figure 10.4 Prediction of disordered segments in SeMV -encoded proteins. The disordered regions were predicted using the Foldlndex program. 
Results of Foldlndex analysis for (a) MP; (b) polyprotein 2a; (c) polyprotein 2ab; and (d) CP are shown. 
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and related polero and luteoviruses. As shown in the Foldindex analysis of polypro
tein 2a (Fig. 10.4), unlike the protease domain, VPg was completely disordered. 
Predictions using PONDR also revealed the disordered nature of VPg (Fig. 10.5a). 
Far-UV CD spectrum provides information on the secondary structure of pro
teins. The VPg CD spectrum revealed maximum negative ellipticity at 200 nm, a 
characteristic of random coil (Fig. 10.5b). Fluorescence spectrum of VPg showed 
maximum emission at 357 nm, which remained unchanged upon the addition of 
8M urea, confirming that VPg lacked tertiary structure (Fig. 10.5c). In gel filtra
tion studies, VPg eluted at a position corresponding to a higher molecular size, 
suggesting its open and random conformation (Fig. 10.5d). 
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Figure 10.5 Biophysical characterization of VPg. (a) Protein fold prediction obtained 
using PONDR with default values. (b) Far-UV CD spectral analysis showing the lmfolded 
nature of VPg. The CD spectrum was recorded using 0.5 mglmL of purified protein from 
190 to 250 nm. (c) Intrinsic fluorescence spectrum of VPg. The spectrwn was recorded 
between 300 and 400 nm after excitation at 280 nm under native and denaturing conditions. 
(d) Gel filtration analysis. VPg was analyzed on a FPLC system (Amersham Biosciences) 
using a Superdex S-200 analytical gel filtration column. 
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Figure 10.5 (Continued) 

Intrinsically disordered proteins are known to attain significantly ordered conforma
tions on interaction with their specific targets or ligands. Higher structural ftexibilil;y 
allows them to interact with a larger milieu of targets. This may serve to regulate 
a nuni>er of cellular processes, and therefore, these proteins have an edge over 
structurally ordered proteins in terms of protein-protein interactions and associated 
functions. 

VPgs of RNA viruses have been shown to serve as protein primers during viral 
replication. Interestingly, in SeMV, this natively unfolded VPg has a role apart 
from priming. SeMV VPg was shown to play an ilq)ortant role in the proteolytic 
activity of the protease (Satheshkumar et al., 200Sa). TheN-terminal serine protease 
domain is responsible for processing the polyproteins 2a and 2ab into functional 
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domains (Satheshkumar et al., 2004a; Nair and Savithri, 2010a). In vitro studies 
demonstrated that the protease domain, when expressed alone, was devoid of any 
proteolytic activity (Satheshkumar et al., 2005a). However, when it was expressed 
as a protease-VPg fusion protein, it was active both in cis and trans. Far-UV 
CD spectral analysis sheds light on the possible mechanism of how this natively 
unfolded VPg could render the otherwise inactive protease active. The cleavage site 
mutant of protease-VPg (E325A) exhibited a positive peak at 230 nm, which was 
absent in the spectrum of either protease or VPg alone (Fig. 10.6). Such a peak at 
230 nm might result from the presence of polyproline helix like structures or from 
aromatic stacking interactions between protease and VPg domains. By systematic 
deletions from the C-terminus of the protease-VPg and site-specific mutagenesis, 
it was shown that interaction of a single tryptophan residue at position 43 in VPg 
domain of protease-VPg contributes significantly to the positive CD peak at 230 nm. 
The mutation of W43 of VPg to Fin protease-VPg not only resulted in the loss of 
the positive peak (Fig. 10.6) but also abolished the activity of protease-VPg. 

The crystal structure of SeMV protease was determined, revealing a character
istic chymotrypsin fold (Gayathri et al., 2006). Examination of the 3D structure 
revealed a stack of aromatic residues exposed to the solvent (F269, W271, Y315, 
and Y319) (Fig. 10.7). Mutational analysis of these residues and H275 (although 
not a part of the exposed stack, but close to W271) was carried out to examine 
the importance of these residues in protease-VPg interaction and activation of the 
protease. When the wild-type protease-VPg was expressed in E. coli, it was cleaved 
to protease and VPg domains (Fig. 10.8, lane 1). W271A and H275A mutants of 
protease-VPg were completely inactive (Fig. 10.8, lanes 3 and 5). These mutants 
also did not exhibit the positive CD peak at 230 nm (Fig. 10.9). Y315A and Y319A 
mutants were as active as the wild-type protease-VPg (Fig. 10.8, lanes 6 and 8), 
and they also retained the positive CD peak at 230 nm (Fig. 10.9). F269A mutant 
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Figure 10.6 Far-UV CD spectrum of protease-VPg-E325A (PVEA) cleavage site 
mutant. The spectrum was recorded using 0.5 mglmL of purified protein from 190 to 
250 mn. A characteristic positive peak at 230 nm was observed. Also shown is the 
spectrum of PVEA-W43F mutant where the peak at 230 mn is abolished. 
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Figure 10.7 Ribbon diagram of SeMV protease domain (green) showing the exposed 
aromatic amino acids F269, W271, Y315 and Y319, and H275. Active site residues S284, 
H181, and 0216 are also shown (yellow). (See insert for color representation afthefigure.) 

was partially active (Fig. 10.8, lane 4) and showed reduced CD peak at 230 nm 
(Fig. 10.9). These results demonstrated that W43 of VPg is likely to interact with 
residues W271 and H275 in the protease domain to rrediate this stacking interaction 
responsible for the activation of the protease domain (Nair et al., 2008). Although 
the structure of active protease-VPg is not available, based on the biophysical and 
biochemical studies perforrred, we envisage alterations in the conformation of the 
substrate-binding pocket of the protease due to the aromatic stacking interaction 
of W43 of VPg with W271 and H275 of the protease, such that it can now cleave 
the substrate. This is also supported by the fact that the H275, which is otherwise 
stably H-bonded in the substrate-binding poclret of protease, is also the residue 
that interacts with the W271 of protease and W43 of VPg. The crystal structure of 
protease shows a well-forrred active site and an oxyanion hole; yet, the protease 
requires VPg as its C-terminal fusion to be catalytically active. Interestingly, addi
tion of purified VPg in trans to the protease cannot render the latter active. This 
suggests that only when covalently linked, the two domains can interact to bring 
about conformational changes in the protease so that it can cleave the substrate. 

In the case of sobemoviruses, the role of VPg as a primer in RNA replication 
has not been established yet But preliminary results from our laboratory suggest 
that presence of unfolded VPg at the N-terminus of RdRp has an inhibitory effect 
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Figure 10.8 In vivo cleavage assay. Protease-VPg (PV) and the mutants PV-W271F, 
PV-W271A, PV-F269A, PV-H275A, PV-Y315A, and PV-Y319A were expressed in 
Escherichia coli Bl21 (DID) pLys S cells and analyzed on 12% SDS-PAGE followed 
by western analysis using polyclonal antibodies to the protease domain as the primary 
antibody. 

on the in vitro polymerase activity of the latter. This is also true of the unfolded 
region present at the C-terminus of RdR.p itself. The deletion of this domain seems 
to enhance the in vitro polymerase activity (Govind and Savithri, unpublished data). 

10.4 INTRINSICALLY DISORDERED, NUCLEIC-ACID-BINDING P8 
DOMAIN ACTIVATES P10 ATPASE 

P8 is released as a result of the cleavage at E498-S499 at the C-terminus of PlO 
domain of polyprotein 2a (Nair and Savithri, 2010a). Cleavage at this site occurred 
only in cis, that is when polyprotein 2a was expressed in E. coli and not when 
purified E325A protease-VPg was added in trans to the polyprotein. Also, the 
cleavage at this site depends on the cleavage at the E132-S133 site (removes the 
meni>rane anchor from protease domain), as P8 was not released in the El32A 
mutant of polyprotein 2a. Thus, the release of this domain seems to be highly 
regulated both in terms of the order and mode of cleavage. The 8-kDa P8 has a 
theoretical pi of 11.5 and moves abnormally on SDS-PAGE as a 14-kDa protein 
owing to its highly basic nature (Fig. 10.1 Oa). It is interesting to note that this highly 
basic region is present in an the known sobemoviruses, poleroviruses, and also the 
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Figure 10.9 Far-UV CD spectra ofprotease-VPg mutants. The ellipticity was monitored from 200 to 250 run at 25°C using 0.2 mglmL of 
the purified protein in 20 mM Tris HCl pH 8.0. PVEA stands for Protease-VPg-E325A mutant. 
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Figure 10.10 Biophysical characterization of PS. (a) Purified His-tagged PS on a 15% 
SDS-PAGE moving abnormally at 15 kDa instead of the expected 9. 7 kDa (b) The far
UV CD spectnun of PS protein. The ellipticity was monitored from 190 to 280 nm using 
400 ~gfmL of the protein in 20 mM Tris-HCI pH 8.0. 

fungi-infecting barnaviruses although the cleavage site for P8 remains to be estab
lished in these viruses. The far-UV CD spectrum of P8 revealed a negative elliptic
ity at 200 run, suggesting that P8 too was intrinsically disordered (Nair and Savithri, 
2010b) (Fig. 10.10b). Like VPg, P8 also showed an abnormal elution profile on 
the gel filtration column, suggesting its disordered nature. 

10.4.1 Ftmcttooal Role 

Owing to the highly basic nature of P8, its ability to bind nucleic acids was investi
gated. The results revealed that P8 could bind to single- or double-stranded nucleic 
acid in a sequence-nonspecific manner (Nair and Savithri, 2010b) (Fig. 10.11). 
Such a nucleic-acid-binding region has also been identified at the C-terminus of 
VPg in polyprotein P1 of potato leafroll virus (PLRV) (luteovirus) and the polypro
tein 2a of CfMV (Dirk Prufer et al., 1999; Tamm and Trove, 2000). Together, these 
findings suggest that the positively charged, disordered region at the C-tenninus 
of VPg in the polyprotein of these viruses may play an essential role in the viral 
life cycle. One possibility could be that polyprotein 2a binds to the gRNA via the 
C-terminal P8 RNA-binding domain, and this might aid in correctly positioning 
the natively unfolded VPg for nucleotidylylation by RdRp. Analysis of the amino 
acid sequence of P8 shows that it may have a bipartite nuclear localization signal. 
It would be interesting to examine if P8 or any of its precursors could enter the 
nucleus of the host cell and act as transcriptional regulators. P8 or its precursors, 
because of their natively unfolded structure, might interact with a large nunt>er of 
host factors and modulate their functions. 

Recently, one of the precursors ofP8, P10-P8/P18 was shown to possess inher
ent Mgl+ -dependent ATPase activity that was inhibited in the presence of poly A 
(Nair and Savithri, 2010b) (Fig. 10.12a). Although, P10 alone could hydroly:re ATP, 
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Figure 10.11 Gel retardation assay demonstrating nucleic acid binding by purified PS 
protein. Increasing amounts of purified PS were incubated with (a) genomic RNA and (b) 
DNA (VPg-PlO-PS PCR product), in the presence of lX binding buffer (50 mM Naa, 
25 mM Tris-HCI pH 7.4, 25 mM Ka, 2 mM FDTA) at room temperature (Rl). The 
samples were analyzed by agarose gel electrophoresis and stained with EtBr. 

in the presence of P8 domain, there was an increase in the keat of PlO ATPase by 
4.3-fold, Ymax by 2.5-fold, and Km by 3-fold (Fig. 10.12b). In other words, the 
ATPase activity of PlO domain was enhanced by the disordered P8 domain. There
fore, like VPg, P8 also seerm to regulate the function of its neighboring domain. 
More intriguing is the fact that both VPg and P8 positively regulate the activities of 
the domains (protease and PlO, respectively), present at their N-terminus. Whereas, 
VPg has an iolubitory effect on the in vitro polytrerase activity of RdRp present 
at its C-terminus (Govind and Savithri, unpublished data). These in vitro studies 
suggest that the virus manages to fine-tune the activity of the various domains 
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Figure 10.12 ATPase assay. The assay was performed with increasing amounts of puri
fied His-tagged Pl8 protein. (a) ATPase activity of Pl8 in the absence and presence of 
0.5 mglmL of poly A. (b) 1/v versus l,YATP] Lineweaver-Burk plot for ATPase activities 
of purified PlO and Pl8 proteins. 
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Figure 10.13 SupetpOsition of the C subunits of the native T = 3 particles and rCP-C. 
48-59 recombinant capsids where the residues forming the ,8-annulus were deleted. The 
native and mutant structures are represented in red and green, respectively. (See insert for 
color representation of the figure .) 

by encoding intrinsically disordered regions/domains that are capable of higher 
flexibility and hence a plethora of interactions. 

10.5 INTRINSICALLY DISORDERED SEGMENT OF SeMV CP 
CONTROLS ASSEMBLY 

The polypeptide fold of SeMV CP consists of two domains, the S and the R domain. 
The S domain rrediates protein-protein interactions, and the R domain binds to the 
nucleic acid and controls the size of the asserrbled capsids (Lolresh et al., 2002). 
The R domain encolq)asses two il'q)ortant motifs, an arginine-rich motif (ARM) 
and the ~-annulus . The ARM is present in several viruses, although its precise 
position in the polypeptide is variable. ARM is found to be disordered in all the 
sobemovirus structures determined thus far, suggesting that the flexible nature of 
this motif is essential for promoting protein-RNA interactions and probably for 
RNA encapsidation (Choi et al., 2000). In SCPMV and SeMV, the ARM has been 
shown to possess RNA-binding property (Lee and Anderson, 1998). 

10.5.1 FWlctional Role of the Disordered ARM 

Overexpression of the SeMV CP gene in E. coli was shown to result in the asserrbly 
ofT = 3 viruslilre particles (VLPs) reserrbling the native particles (Lokesh et al., 
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2002). These VLPs encapsidate CP mRNA and E. coli 23S rRNA. In the native 
virus particles, the N-terminal43 residues are disordered in all the three subunits of 
the icosahedral asymmetric unit. Residues 44-73 are ordered only in the C subunits 
(Bhuvaneshwari et al., 1995). Mutational analysis carried out in SeMV CP showed 
that deletion of 22 amino acids from theN-terminus (CP-.6.N22), which retains the 
ARM, does not affect the T = 3 capsid assembly. However, the CP-.6.N36 mutant, 
in which the ARM is absent but the sequences corresponding to the ~-annulus and 
the f3A strand (residues 67-70) are intact, assembled mostly into T = 1 particles. 
Further, the deletion of the N-terminal65 amino acid residues (CP-N.6.65) resulted 
in the exclusive formation of T = 1 particles. The three-dimensional structures of 
the wild-type and the mutant VLPs have been determined, and an analysis of these 
structures revealed that the disordered N-terminal segment of the CP controls par
ticle assembly (Sangita et al., 2002, 2005a,b; Satheshkumar et al., 2004b). Also, 
the interaction between the disordered ARM and RNA is crucial for RNA encapsi
dation. Substitution of all the arginine residues (CP 28-36E) with glutamate in the 
ARM led to the formation of less stable but empty T = 3 capsids (Satheshkumar 
et al., 2005b ). 

10.5.2 Disordered Region Folds to Form Structured ~-Annulus 

In the SeMV capsid, theN-terminal amino acid residues 48-58 of C subunits form 
the ~-annulus structure. The ~-annulus is formed by hydrogen-bonding interactions 
of residues 48-52 from one C subunit with residues 55-58 of the neighboring 
subunit Since ~-annulus confers quasi-equivalence to the CP subunits, it was con
sidered to be the switch that controls the size and curvature of the assembled 
capsids (Olson et al., 1983). Surprisingly, rCP-.6.48-59 VLP, which lacked the 
whole segment forming the ~-annulus, assembled into T = 3 particles. In the crys
tal structure of this mutant (Pappachan et al., 2008), the ~-annulus was absent 
(Fig. 10.13). Therefore, the disordered segment corresponding to the ~-annulus 
assumes an ordered structure upon interaction with the C-type CP subunit and 
hence is a consequence of assembly into T = 3 particles. On the basis of an 
analysis of these structures and biophysical studies, a model for the assembly of 
the virus was proposed (Savithri and Murthy, 2010). 

In conclusion, disordered segments of SeMV -encoded proteins play crucial 
structural and functional roles and regulate the function of neighboring folded 
domains. 
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11 
INTRINSIC DISORDER 
IN GENOME-LINKED VIRAL 
PROTEINS VPgs OF POTYVIRUSES 

JADWIGA CHROBOCZEK, EUGENIE HEBRARD, KRISTIINA MAKINEN, 
THIERRY MICHON, AND KIMMO RANT ALAINEN 

11.1 INTRODUCTION 

In a supergroup of picomaviruslike RNA viruses, the genus Potyvirus (family 
Potyviridae) with more than 110 species is the biggest genus of plant-infecting 
viruses. Potyviruses cause diseases in crop plants that result in significant economic 
losses (for review on potyviruses see Shukla et al. (1994)). Their single-stranded 
messenger-polarity RNA genome of about 9.7 kb contains at the 5' end a cova
lently attached viral genome linked (VPg) protein and a poly(A) tail at the 31 end 
(Fig. 1l.la). The viral RNA contains one large open reading frame (ORF) encod
ing a polyprotein that is cleaved into 10 functional proteins by three virus-encoded 
proteinases (Merits et al., 2002). Recently, an eleventh protein, PIPO (pretty inter
esting Potyviridae ORF), which is encoded by a short ORF embedded within the 
P3 cistron of the polyprotein, was found (Chung et al., 2008). In the polypro
tein, the VPg of picomaviruslike viruses in families of Picornaviridae, Potyviridae, 
Comoviridae, Caliciviridae, and possibly also Sequiviridae is located upstream of 
the chymotrypsinlike cysteine proteinase domain. In the genera Soberrwvirus (not 
assigned to any family), Polerovirus, and Enarrwvirus (family Luteoviridae), the 
VPg is located downstream of the chymotrypsinlike serine proteinase in the viral 
genome. In the first situation, VPg forms the N-terminal part of VPg-proteinase 
(VPg-Pro, also called Nla), which is one of the first products released from the 
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Figure 11.1 Potyviral infection cycle from the VPg perspective. (a) Potyvirus genome. 
(b) VPg is involved in all essential phases of the infection cycle-translation, replica
tion and movement. Source: Modified from PhD thesis of K. Rantalainen (http://urn.fi/ 
URN:ISBN:978-952-10-6014-4). 

polyprotein (Fig. 11.1). Progress of the viral infection requires that the cleavage 
between VPg and Pro is slow, which is achieved via a suboptimal amino acid 
sequence at the cleavage site (Schaad et al., 1996). Maturation of VPg results in a 
protein of approximately 183-194 residues (22-26 kDa). Processing intermediate 
6K2-VPg-Pro mediates the VPg binding to membranes at sites of RNA replication 
(Restrepo-Hartwig and Carrington, 1994; Leonard et al., 2004 ). In addition to the 
VPg-Pro and free VPg forms, several phosphorylated forms of VPg can be found 
in infected cells (Hafren and Mlikinen, 2008). The potyviral VPg contains an N
terminally located two-partite nuclear localization signal (NLS) (Carrington et al., 
1991), and indeed, the VPg-Pro protein is translocated to the host cell nucleus 
and nucleolus (Restrepo et al., 1990; Carrington et al., 1991; Schaad et al., 1996; 



IN1RODUCTION 279 

Beauchemin et al., 2007; Rajamliki and Valkonen, 2009). Mutations in the NLS 
sequence are critical for RNA replication and virus accumulation in infected plant 
tissues and/or systemic movement in plants (Schaad et al., 1996, Rajamliki and 
Valkonen, 2009). It seems that the presence of VPg in nucleus might be related to 
the suppression of gene silencing (Rajamliki and Valkonen, 2009). At the end of 
the infection cycle, VPg or Nia fusion protein is packed into the virions alongside 
the viral RNA (Urcuqui-Inchima et al., 2001), where it is externally located, thus 
capable of taking part in interactions with the host, aphid vectors, and other viral 
proteins (Puustinen et al., 2002). VPg protein is required for potyvirus infectivity. 
The protein is covalently linked to the 51 terminus of the viral genomic RNA via 
a conserved Tyr residue (Murphy et al., 1996; Oruetxebarria et al., 2001; Anindya 
et al., 2005). Its removal or substitution is lethal for the virus. Moreover, VPg 
removal by treatment of genomic RNA with proteinase K abolishes viral RNA 
infectivity (Herbert et al., 1997). The VPg protein interacts with potyviral RNA 
polymerase Nib and is involved in the genome replication (Hong et al., 1995; 
Schaad et al., 1996; Li et al., 1997; Fellers et al., 1998). It was shown that the Nib 
polymerase attaches the CL-phosphate ofuridylic acid to VPg in a uridylylation reac
tion (Puustinen and Mlikinen, 2004) and that the resulting VPg-UMP probably acts 
as a primer for viral RNA synthesis, similarly as described in poliovirus and human 
norovirus (Paul et al., 1998; Belliot et al., 2008). In potato virus A (PVA) VPg, the 
fragment between residues 38 and 44 binds nucleotide triphosphates (NTPs), and 
its deletion debilitates VPg uridylylation in vitro (Puustinen and Mlikinen, 2004). 
In addition, VPg plays a role in the potyvirus movement, and it is a determinant 
of potyvirus systemic infection in certain host plants (Schaad et al., 1997; Keller 
et al., 1998; Rajamliki and Valkonen, 1999, 2002; Borgstr~m et al., 2001; Lellis 
et al., 2002). 

Several studies have reported the interaction between the potyvirus VPg protein 
and the host eukaryotic translation initiation factor eiF4E, which is the mRNA 51 

cap-binding protein. After the first demonstrations of an interaction between the 
eiF4E and eiF(iso)4E of Arabidopsis thaliana and turnip mosaic virus (fuMV) 
VPg (Wittmann et al., 1997; Leonard et al., 2000), this interaction has received a 
lot of attention since it seems to be crucial for a productive virus cycle; natural 
plant resistance to potyvirus infection has been shown to stem from the inability 
of VPg to interact with eiF4E, as a result of amino acid polymorphisms either 
in VPg (Borgstr~m and Johansen, 2001) or in eiF4E or eiF(iso)4E (Duprat et al., 
2002; reviewed in Ruffel et al., 2002; Rabaglia and Caranta, 2006; Charron et al., 
2008). Indeed, disruption of genes encoding eiF4E or eiF(iso)4E leads to loss of 
susceptibility to several potyviruses (Duprat et al., 2002; Lellis et al., 2002; Sato 
et al., 2005; Decroocq et al., 2006). 

The molecular mechanism of eiF4E involvement in potyvirus multiplication is 
actively studied. It has been shown that the presence of tobacco etch virus (TEV) 
VPg stimulates the in vitro translation of uncapped internal ribosome entry site 
(IRES) containing RNA (viral messengers), whereas translation of capped RNA 
(host messengers) is inhibited (Khan et al., 2006) most probably by the removal 
of eiF4E from the available pool through interaction with VPg. The inhibition of 
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in vitro translation was also demonstrated in potato virus Y (PVY) and ThMV 
VPgs (Cotton et al., 2006; Grzela et al., 2006; Miyoshi et al., 2008). Another role 
of VPgleiF4E interaction in the virus cell-to-cell movement has been suggested 
for the pea seed-borne mosaic virus (PSbMV) VPg (Gao et al., 2004). In this 
hypothesis, VPg employs known interactions of the cytoskeletal structures with the 
translational machinery (Bokros et al., 1995). Recent findings have revealed that 
eiF(iso)4F and eiF4F, which are binary complexes between the coupled initiation 
factors eiF(iso)4EieiF(iso)4G or eiF4EieiF4G, respectively, interact with ThMV 
and lettuce mosaic virus (LMV) VPgs (Khan et al., 2006, 2008; Michon et al., 
2006). In this interaction, it has been suggested that eiF4G recruitment is mediated 
through VPg-eiF4E association (Michon et al., 2006). 

Potyvirus VPgs interact also with other host proteins. VPg of ThMV has been 
shown to interact with a plant protein called Potyvirus VPg-interacting protein 
(PVIP) through the first 16 amino acids of the VPg N-terminus (Dunoyer et al., 
2004). A reduced expression of PVIP has been observed to diminish the suscepti
bility to ThMV infection, and knocking down the interaction with VPg resulted in 
reduced virus cell-to-cell and systemic movements (Dunoyer et al., 2004). In addi
tion, it has been found that the PVA VPg can be phosphorylated by plant kinases 
(Ivanov et al., 2001). It was hypothesized that this could trigger the disassembly of 
infecting virions and the subsequent initiation of potyvirus protein synthesis in the 
infected cell (Puustinen et al., 2002). The plum pox virus (PPV) VPg was shown 
to interact with two DEAD-box helicaselike proteins from peach and Arabidop
sis, respectively, and this interaction is necessary for infection with PPV and also 
ThMV (Huang et al., 2010). Finally, the PVA VPg is able to interact with fibril
latin, a nucleolar protein, and its depletion reduces PVA accumulation (Rajamliki 
and Valkonen, 2009). 

All these data show that potyviral VPg is a virulence factor and that it is a mul
tifunctional protein. We demonstrate below that the structure of VPgs from several 
potyviruses has the characteristics of intrinsically disordered proteins (lOPs), which 
may help to explain the multiple functions of VPg in potyvirus life cycle. A large 
degree of :flexibility would allow these IDPs to combine high specificity with low 
affinity to ensure faster association and dissociation rates, enable the binding of 
numerous structurally distinct targets, and provide the ability to overcome steric 
restrictions, thus leading to larger surfaces of interaction between par1ners (Dunker 
et al., 2001; Uversky, 2002, Tampa, 2005). It is relevant in this respect that adapta
tion and survival of viruses that contain only restricted genetic information depend 
on the multifunctionality of their components. Viruses have evolved to maximize 
their genomic information by producing multifunctional proteins. 

11.2 EXPERIMENTAL PROBING OF INTRINSIC DISORDER 
IN POTYVIRAL VPgs 

The studies that led to the discovery of the unstructured nature of PVY VPg were 
carried out with the VPg sequence of 188 amino acids derived from the polypro
tein of PVY strain 0, British isolate (accession number Z29526), causing mild 
symptoms (mottle mosaic, chlorosis). In order to be able to analyze its interaction 
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with the plant initiation factor eiF4E, the recombinant PVY VPg was prepared. 
During manipulations of VPg, some interesting features were observed, suggesting 
the unstructured nature of the protein. For example, it could not be easily precipi
tated and showed an unusual thermal stability. Multiple attempts to crystallize the 
PVY (similarly as LMV) VPg were unsuccessful. Furthermore, the protein sam
ples gave quite a low absorbance signal at 280 nm related to its low content of 
tryptophan, an order-promoting residue. 

Before any experimental evidence on the unstructured nature of potyviral VPg 
existed, data on the structure of two other, albeit quite small, VPgs suggested that 
the unordered state may be a common feature of this class of proteins. NMR studies 
on cowpea mosaic virus (CPMV) VPg implied absence of an ordered structure 
(van de Ven et al., 1990). Similarly, CD and :fluorescence spectroscopic analyses 
performed on Sesbania mosaic virus (SeMV, genus Sobemovirus) VPg indicated 
a lack of tertiary structure (Satheshkumar et al., 2005). However, as CPMV VPg 
and SeMV VPg consist of 28 and 77 amino acid residues, respectively, no general 
conclusions could be drawn from such a small sample of unrelated sequences and 
rather short proteins when compared to potyviral VPgs. 

11.2.1 Effect of Temperature on VPg 

Structured proteins are generally easily denatured by heat, while IDPs are rather 
insensitive to heat denaturation (Receveur-Brechot et al., 2006). PVY VPg remained 
soluble on heating at 100°C, while its partner eiF4E (which is a highly struc
tured globular protein) was completely aggregated, implying denaturation, when 
maintained at 100°C for 15 min (Fig. 11.2). 

Slow unfolding or denaturation due to changes in pH or temperature can be 
monitored by dynamic light scattering (DLS). The protein melting point temperature 
Tm obtained from DLS analysis is indicative of thermal stability. The change in 
mean particle size that accompanies protein denaturation was measured using a 
12-65°C thermal gradient. The reference globular protein eiF4E produced a typical 
denaturation profile with a slow increase in particle size beginning at about 55° C, 
followed by a rapid increase above 60°C, while the PVY VPg preparation did not 
show any signs of denaturation (Fig. 11.2.) It is noteworthy that such a high heat 
resistance is not a common property of all potyviral VPg structures. For example, 
the Tm for disruption of heat-sensitive secondary and tertiary structures of PVA 
VPg is about 42°C (Rantalainen et al., 2008). These changes may be attributable 
for dissociation of dimers or changes in the structured environment of the monomer 
(Section 2.2). Although a clear increase in the proportion of unfolded structure is 
obvious, a portion of the secondary structures is retained even at 80°C and the 
protein remains soluble, similar to PVY VPg. The heat denaturation of PV A VPg 
is reversible, which is typical of IDPs. 

11.2.2 VPg Oligomerization 

Some of the IDPs show a propensity for dimerization (Alonso et al., 2002; Sigalov 
et al., 2004). A 49-kDa protein could be detected in disrupted, RNase-treated PVA 
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Figure 11.2 Thennal stability of PVY VPg. Dynamic light scattering analysis of VPg 
(1 mglmL) and eiF4E (0.1 mglmL) was done as described in Grzela et al. (2008) Inset: 
samples of VPg and eiF4E (2 ~g each) were boiled at 100°C for 15 min, and the resulting 
pellets (P) and supernatants (S) were recovered by centrifugation and analyzed by SDS
PAGE followed by staining with CBB. 

virions with anti-VPg antibodies but not with antibodies to Nla-Pro, and it was con
cluded that it possibly represents a dimeric form of VPg ( Oruetxebarria et al., 2001 ). 
In the sam:: study, analysis with yeast two-hybrid system showed the capacity of 
PVA VPg for self-interaction. PVA VPg oligomerization was also demonstrated 
with asymmetric flow field-flow fractionation (AF4), a method suitable for sep
aration of biopolymers, proteins, macromolecules, and particles of different kind 
(viruses, liposomes, even small bacteria), that is done with the aid of different 
force fields applied (e.g., flow field) . The separation range for particles is up to 
100 ~m The advantage of AF4 method over size exclusion chromatography is 
that no matrix is needed for separation. When reconbinant PV A VPg preparations 
that differ in their storage time and protein concentrations were subjected to AF4 
separation, monomers, dimers, and higher oligomers were detected (Moldenhauer, 
Klein, Rantalainen and Milinen, unpublished data). On the basis of the reten
tion times, the size of PVA VPg monomer was determined to be 23 kDa; dimer, 
49 kDa; and the higher aggregate, 85 kDa. A two-month-old preparation stored 
at 4°C contained 85% of dimers. Surprisingly, more monomers were detected in 
a more concentrated preparation of PVA VPg (1.2 mglmL) than in a low con
centration preparation (0.2 mg/mL). The propensity for oligomerization has been 
observed also for VPg proteins of clover yellow vein virus (CIYVV) and TuMV 
(Yanbao et al., 2003 ; Beauchemin et al., 2007). 

When PVY VPg was prepared under nonreducing conditions, in addition to a 
major band (22 kDa) corresponding to the monomeric protein, a slowly migrating 
band of 44 kDa, consistent with the molecular weight calculated for PVY VPg 
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Figure 11.3 PVY VPg dimerization. VPg, C-terminal deletion mutant VPg139, and his 
VPg (Gr:zela et al, 2006) were analyzed by SDS-PAGE and stained with CBB (a) or 
revealed with anti-VPg antibody (b). (A) Lanes 1 and 2, nondenatmed VPg (3 j.Lg); lane 
2, VPg treated with 5 mM DTI. Lane 3, denatmed VPg (3 j.Lg) treated with 50 mM 
NEM. (b) Lanes 1 and 2, VPg (3 j.Lg); lane 3 and 4, VPg139 (1.5 j.Lg); lane 5, VPg (2 
j.Lg); and lane 6, HF (High FIVe, Trichoplusia ni) cells (105) expressing hisVPg. Samples 
in lanes 1 and 3 were denatmed and treated with NEM (marked by 'f), and in lanes 2, 
4, 5, and 6, SDS was omitted in Laemmli solution. (c) MALDI-TOF mass spectrometry 
analysis performed for recombinant VPg and his-tagged VPg. 

<limer, could be seen on semidenaturing SDS-PAGE (Fig. 11.3a, lane 1 and with 
MALDI-TOF mass spectrometry analysis (Fig. 11.3c)). The same preparation run 
on denaturing PAGE showed only one band migrating at 22 kDa (Fig. 11.3a, 
lane 3 ) . The amount of the 44-kDa form increased with the time of storage at 
4°C but disappeared when VPg was incubated with 5 mM <lithiothreitol (DTT) 
(Fig. 11.3a, lane 2). When N-ethylmaleimide (NEM) was added at the beginning 
of VPg purification, the protein appeared in a monomeric form only (Fig. 11.3b, 
lanes 1 and 2). NEM forms covalent bonds with sulthydryl groups of cysteines and 
prevents S-S bond formation . Similar gel analysis perfonned on VPg C-terminally 
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truncated at residue 139, and thus devoid of the unique cysteine 150, showed only 
one band migrating under nonreducing conditions with the molecular weight of the 
monomer (Fig. 11.3b, lanes 3 and 4). Moreover, no VPg dimers were observed 
in freshly expressing insect cells (Fig. 11.3b, lane 6, his-tagged VPg is somewhat 
retarded in comparison with untagged protein). It seems thus that the VPg dimer 
arises during VPg purification or manipulation, when atmospheric oxygen induces 
formation of the disulfide bond 

Appearance of dimers because of the formation of disulfide bridges may have 
an impact on VPg functionality. For example, cysteine oxidation prevents p53 
dimerization and hence inhibits DNA binding (Delphin et al., 1994). In some redox
responsive proteins, the formation of disulfide bonds modulates protein-protein 
interactions; on oxidation, the Escherichia coli chaperone Hsp33 undergoes a large 
conformational transition to a state that can bind polypeptide substrates and res
cue them from aggregation (Graumann et al., 2001). To explore whether VPg 
dimerization affects the interaction with its host par1ner, eiF4E, we studied the 
complex formation using monomeric and dimeric VPgs in parallel. No difference 
was observed in the interaction of DTT -treated VPg (monomeric form) and older 
VPg (dimeric form), with glutathione S-transferase (GST)-eiF4E immobilized on a 
GST column (results not shown). This suggests that the VPg dimerization regions 
are distinct from those implicated in its interaction with eiF4E. Note that theN
terminal part of TuMV and PVY VPgs seems to interact with host eiF4E (Leonard 
et al., 2000; Grzela et al., 2006), while the C-terminal part of Yellow Vein Virus 
(CYVV) VPg is involved in dimerization (Yambao et al., 2003), which is in agree
ment with our results for PVY VPg (Fig. 11.3b ). Whether disulfide brige formation 
in potyvirus VPgs is related to the infection needs to be determined via a mutation 
of the sole cysteine of VPg in infectious eDNA and subsequent infection analysis. 

11.2.3 Hydrodynamic Properties of Potyviral VPg 

11.2.3.1 Analytical Ultracentrifugation (AUC) Sedimentation velocity exper
iments were performed to evaluate the shape and oligomeric state of the PVY 
VPg under nondenaturating conditions (Fig. 11.4). As described earlier, VPg has 
a tendency to oligomerize with prolonged storage. VPg thawed after storage at 
-20°C (VPgM + D sample) has a maximum mean sw,w of 2.5 S. Protein stored 
for two weeks at 4°C (VPg) and believed to be a dimer (VPgD sample) has a larger 
mean S'l!J,w value of 3.0 S, while VPg purified in the presence of DTT (monomer, 
Fig. 11.4) has the smallest sw,w mean value of 2.0 S (VPgM). The three sets of 
data were also modeled as a mixture of noninteracting monomer and dimer species 
(fable 11.1). Following this approach, the molar mass is fixed, while the sedimen
tation coefficient for monomer and dimer, as well as the proportion of both species 
in different samples, are fitted. The results are compatible with the presence of 
about 90% monomer in the VPgM sample, about 90% dimer in the VPgD sample, 
and equal amounts of the monomer and dimer in the VPgM + D sample. The 
results from the monomer/dimer mixture analysis gives the sw,w values 1.7 and 
3.0 S for VPg monomer and dimer, respectively, that are rather small compared 
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Figure 11.4 Analytical ultracentrifugation c(s) analysis of PVY VPg. c(s) curves renor
malized up to maximum value of one. Samples are described in the text. 

TABLE 11.1 Hydrodynamic Parameters of Potyviral VPgs Obtained by 
Analytical ffitracentrifugation (AUC) and Size Exclusion Chromatography (SEC) 

PVY VPg LMVVPg 

Molecular MM S2(),w S2(),w MM Rs S20,w S20,w 

Species (kDa) AUC Glob Calca (kDa) (A) SEC Deduced Glob Calca 

Monomer 22 1.7 2.1 26 27.9 2.25 2.66 
Dimer 44 3 3.4 52 32.3 3.9 4.14 

aGlob Calc stands for values calculated for globular proteins of identical molecular weight 

to values calculated for globular compact species of comparable molecular mass, 
namely, 2.1 and 3.4 S. These results thus imply an elongated structure for both the 
monomeric and the dimeric VPg. Other IDPs with extended or elongated shape 
have been described, such as C-terminal domain of the measles virus nucleopro
tein or N-terminal domain of HPV16 E7 protein (Bourhis et al., 2005; Garcfa-Alai 
et al., 2007). 

11.2.3.2 Size Exclusion Chromatography (SEC) In the mobile phase of a 
chromatographic system, macromolecules drag a "coat" of solute molecules in 
their motion. This "coat" added to the volume of the macromolecule itself can 
be assumed to be a hydration sphere. IDPs shape often diverge from the ideal 
sphere assumed for globular proteins. Consequently, the resulting hydration sphere 
is larger than what can be expected for globular proteins. The hydration volume 
of a protein can be deduced from the experimental determination of its hydration 
radius Rs (also called Stokes radius). Size exclusion chromatography (SEC) is a 
straightforward and reliable method to evaluate the Rs of proteins (Uversky, 2010). 
Potyviral VPgs are known to form dimers, but under reducing conditions, VPg is 
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expected to be monomeric (see previous section, Grzela et al., 2006); therefore, 
a purified recombinant form of the LMV VPg (theoretical mass 26,250 Da for a 
monomer) was first submitted to SEC in the presence of 10 mM DTI. Its elution 
volume suggested a 42,000-Da globular protein. The same test under nonreducing 
conditions revealed a molecular weight of 63,100 Da (Fig. 11.5a). Clearly, under 
both sets of conditions, the LMV VPg does not behave like a globular protein. 
A linear relationship exists between log (MM) and log (Rs), which, knowing the 
SEC-derived apparent molecular weight of a protein, allows the determination of 
its Rs. A method was developed to classify IPDs according to their Molecular Mass 
(MM) versus Rs characteristics (Uversky, 2002). From Figure 11.5b, it can be seen 
that the monomeric (26 kDa) form of the LMV VPg displays structural elements 
in between molten and premolten globule features. The dimeric (52 kDa) form 
seems more compact with mainly molten globule features. Although these results 
were obtained by different experimental approaches, we attempted to compare data 
obtained for the PVY VPg and LMV VPg. Since the sedimentation data were not 
available for the LMV VPg, sw,w values were deduced from SEC-determined Rs 
using Equation (11.1): 

(11.1) 

with P'l!J,w = 0.998 glmL and 7'/'l!J,w = 1.022 mPa/s being the density and viscosity 
of water at 20°C, respectively. The protein partial specific volume v- was estimated 
to be 0.724 mUg from the LMV VPg amino acid composition using the freeware 
SEDNTERP (http:lwww.jphilo.mailway.com), for both VPg forms. The hydrody
namic parameters of both VPgs are shown in Table 11.1. The sw,w values obtained 
were 2.25 and 3.9 S for the monomeric and dimeric forms, respectively. Using a 
linear fit of log (Rs) versus log (MM) over a population of globular proteins (Uver
sky, 2002), values of 2.66 and 4.14 S were deduced for compact globular proteins 
of the same molecular weight In conclusion, the monomeric LMV VPg displays 
structural features reflected in a hydrodynamic behavior in between a native pre
molten and a molten globule. Analytical centrifugation (AUC) (PVY VPg) and 
SEC (LMV VPg) data seem to be in rather good agreement (Table 11.1). Within 
the limits of both approaches, the LMV VPg seems a little more compact than its 
PVY counterpart 

11.2.4 VPg Structure Analyzed by Circular Dichroism (CD) 
and Fluorescence Spectroscopy 

IDPs possess distinctive far-UV CD spectra with a characteristic deep minimum in 
the vicinity of 200 nm and a relatively low ellipticity at 215 and 222 nm resulting 
from the low content of ordered secondary structure (Sreerama et al., 1999). The 
CD spectra of the PVY VPg are identical for the monomeric and dimeric forms 
(Fig. 11.6a) and exhibit some weak positive maxima around 190 nm, negative 
ellipticity near 205 nm, and a shoulder at 220 nm. These spectral features have been 
assigned to a group of ~-sheet-rich proteins containing short segments of ~-strands 



EXPERIMENTAL PROBING OF INIRINSIC DISORDER IN POTYVIRAL VPgs 287 

0.6 

.; 0.4 

0.2 

2 4 6 

(a) 

log (MM) 
-o.2 

Dimer 
Monomer -o.4 - -- - --

-o.6 MG 
~ -"' ~ -o.8 -.. - -e. .. -.. 

<:I. -1 .. PMG 
Cl .. 
.2 .. 

-1.2 ... .. .... 
-1.4 .. .... NU .... 
-1.6 

3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2 5.4 

log (MM) 

(b) 

Figure 11.5 Hydrodynamic properties of the LMV VPg (SEC analysis). (a) A Superose-
12 HR 10130 column was calibrated with IgG (MM 160,000), BSA (MM 67,000), 
~-lactoglobulin (MM 35,000), cytochrome C (MM 12,400), vitamin B12 (MM 1355), 
and cytidine (MM 243). Recombinant VPg samples (0.3-0.5 mglmL) were loaded onto 
the column in nonreducing conditions. 1\lvo molecular species were reproducibly eluted 
with Kav of 0.24 and 0.27, corresponding to a molecular weight (MM) of 41,686 and 
63,095 Da, respectively. When the samples were reduced (10 mM DTI) and run under 
the same conditions, the 63-kDa species was no longer present. The hydrodynamic radii 
(Rs) were derived from these experimentally determined MM values according to Uver
sky (2002), assuming a behavior of globular proteins. (b) The apparent molecular density 
p of both species was calculated using the expression p = M/(4/3pR~). where M is 
the MM derived from amino acid composition and Rs the hydrodynamic radius. The log 
p values were reported to the log of these true MM on the x-axis. It is observed that 
both monomer and dimer species fall out of the domain of ordered globular proteins (N). 
The dimer form falls within the group of molten globules (MGs), while the less compact 
monomer falls in between molten and premolten globules (PMGs). Straight lines that 
define the different groups of conformational states were calculated from Uversky (2010). 
NU, native coil-like proteins. 



288 POTYVIRUSES VPgs ARE DISORDERED PROTEINS 

8000 

~ 6000 .... 
E 

.... .. 
~ 4000 •• 
"' .. 5 2000 • 

C) 
Cll 0 :!:!. 
~ -2000 
:;:> 

g. -4000 
Cii 
(0 --6000 
0 
::!: -8000 

180 190 200 210 220 230 240 250 260 

Wavelength (nm) 

(a) 
0 

~ 
E 

-2000-~ 
"' 5 
C) -4000-Cll • • • • • :!:!. • 
~ 

-6000-(J 
:;:> 

.5!:-
=ai 
(ij -8000-
0 
::!: 

-10,000 
I 

0 50 100 

Temperature (0 C) 

(b) 

Figure 11.6 CD of PVY VPg. (a) Far-UV CD spectra were recorded at room temperature 
for the monomeric (triangles) and dimeric (crosses) forms as well as for the monomer in 
20% 1FE (dots). (b) Temperature dependence of the molar ellipticity of VPg followed at 
222 nm. 

(so called ,BII proteins) (Sreerama and Woody, 2003). Very similar spectral features 
were observed for the LMV VPg (Hebrard et al., 2009). 2,2,2-Trifluoroethanol 
(TFE) is known to promote formation of a.-helical structures in proteins (Jasanoff 
and Fersht, 1994). The PVY VPg spectrum was not changed when recorded in the 
presence of 10% TFE but was significantly modified in the presence of 20% TFE 
(Fig. 11.6a, dots). This spectrum has a positive molar ellipticity peaking around 
200 nm and a negative band at 228 run, strikingly similar to spectra observed with 
,81-rich proteins (Sreerama and Woody, 2003). In contrast, the lMV VPg revealed 
a propensity for a.-helix folding at TFE concentrations as low as 5% (Hebrard 
et al., 2009). It appears that VPg undergoes a structural reorganization in TFE, 
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which is known to favor local interactions through increasing helical propensity. 
It is known that the dielectric constant of TFE is approximately one-third of that 
of water, so charge interactions should be more important in TFE. Intramolecular 
hydrogen bonds are likely to be strengthened by the addition of TFE in an aqueous 
solution (Thomas and Dill, 1993, and the references therein). 

When the molar ellipticity of PVY VPg was followed at 222 nm as a function of 
increasing temperature, no effect was observed (Fig. 11.6b). CD data for PYA VPg 
suggest 7-10% of CL-helix, 20-Tl% of ~-sheet, and 14-17% of tum, accompanied 
by about 50% of random coil (Rantalainen et al., 2008). As described earlier, T m 

for certain changes in the structure of PYA VPg is 42°C. However, in common with 
other unfolded proteins (Sanchez-Puig et al., 2005), no cooperative transition of the 
molar ellipticity due to increasing temperature was observed The tertiary structure 
of PYA VPg is disrupted at lower denaturant concentrations than the secondary 
structures, which is likely due to the formation of partially folded intermediates 
with pronounced secondary structures before complete denaturation. The shape of 
the unfolding curve does not support cooperative conformational transitions and is 
more indicative of significantly unstable overall structure of PYA VPg. 

The presence of 12 Tyr residues in the PYA VPg (but only three in PVY VPg) 
opened up the possibility to study in more detail the compactness and degree 
of this protein folding, using the :fluorescent spectroscopy analysis and applying 
the Stern-Volmer plot. Structural transitions of ordered proteins produce typical 
sigmoidal curve, whereas unfolding of molten globular forms is much less coopera
tive (Baily et al., 2001; Kumetsova et al., 2007). 1-Anilino-8-naphthalene sulfonate 
(ANS)-binding data obtained for PYA VPg imply a partially folded molecule that 
contains a hydrophobic core domain (Rantalainen et al., 2008). 

11.2.5 NMR Spectroscopy 

The degree of folding is re:fl.ected by the degree of dispersion of the proton signals 
observed by 1D-NMR. Recently, a new NMR experimental procedure, called BET
SOFAS!', has been proposed by Schanda et al. (2006), allowing the quantification of 
protein structural compactness through the ratio of average proton density ANOE of 
a reference and a saturated spectrum. While for compact, well-folded proteins, this 
ratio falls between 0.1 and 0.4, for totally unstructured proteins the ratio increases 
up to 0.8. HET-SOFAST experiments were applied to samples of PVY VPg in 
monomeric and dimeric states, at 10 and 30°C. The 1 H-NMR spectra of the VPg 
protein recorded under these different conditions were quite similar and showed a 
relatively poor dispersion of the amide protons in the 6- to 9-ppm region (Fig. 11.7 a) 
characteristic of a rather unfolded protein. However, several aliphatic peaks were 
observed at around 0 ppm, located away from the random coil frequency of the 
main peak at around 0.7 ppm. These peaks most likely arise from regularly folded 
regions. The ANOE parameters measured for the protein in the monomeric state were 
around 0.5, independently of the conditions. These values of ANOE are characteristic 
of partially unfolded or degraded proteins (Schanda et al., 2006). As the VPg 
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Figure 11.7 NMR spectroscopy of VPg in 10 mM phosphate buffer pH 7, containhlg 
150 mM NaCl and 5 mM DTI. (a) 1D 1 H-NMR of the dimer of VPg recorded at 30°C. 
(b,c) Overlay of the reference (continuous line) and saturated spectra (dotted line) of the 
1D HET-SOFAST experiment of the monomer of VPg recorded at 30°C without TFE 
(b) and in the presence of 10% TFE (c). 

samples were found not to be degraded after the NMR experiment (data not shown), 
these data strongly substantiate the unfolded character of PVY VPg protein. 

Both the NMR and CD spectra obtained in 10% TFE (Figs. 11.6a and 11.7b 
and 11.7c) did not indicate any significant change in PVY VPg structure on 
TFE addition. In contrast, CD spectra analysis performed in the presence of 20% 
TFE indicated a gross structural change (Fig. 11.6a). Therefore, we attempted 
to carry the NMR experiment at 20% TFE; however, a high TFE concentration 
resulted in VPg aggregation, which precluded analysis. It should be noted that 
NMR analysis requires approximately 10 times higher protein concentrations than 
CD analysis. VPg aggregates obtained in 20% TFE dissolved upon 3 min incu
bation at 100°C and reformed during cooling. This treatment could be repeated 
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several times, which again shows VPg insensitivity to denaturation. This unusual 
behavior can be explained by local interactions resulting, in the presence of TFE, 
in the acquisition of the secondary structure leading to VPg aggregation, while 
the weakening of local interactions with temperature increase induced protein 
resolubilization. 

11.2.6 Proteolytic Analysis 

Localization of disordered parts in dynamic structural environment of VPg is diffi
cult due to the heterogeneity of the oligomerization status and constant movement 
of the disordered regions. Proteolytic digestion is one way to analyze which parts of 
the protein are exposed and thus available for cleavage. Chymotrypsin and trypsin 
cleavage sites on PVY VPg were located between N-terminal amino acids 11-21 
and 41-61, regions that are predicted to be disordered (Grzela et al., 2008). In 
addition, a cut that is noncanonical for trypsin was observed at Gly119. On PVA 
VPg, the fastest cleaved sites were similarly located mostly on the N-terminus 
and, again noncanonically, at Asn115, leaving two more stable fragments after 
prolonged digestion. Asn115 in PVA VPg and Gly119 in PVY VPg both locate 
on the proposed central helix, which is shown to take part in interaction of LMV 
VPg with host eiF4E and viral HcPro (Roudet-Tavert et al., 2007). This region is 
poorly conserved, and it is conceivable that it takes part in host adaptation and 
specificity through a structural adaptation mechanism. This is supported by the fact 
that the amino acid residues 116 and 118 that vary between different isolates of 
PVA (Met/His on isolate B11 or Valll'yr in isolate M) are determinants of systemic 
infection within different plant species (Rajamliki and Valkonen, 2002; Rajaml!k:i 
and Valkonen, 1999). Localization of disordered regions in potyviral VPgs by pro
teolytic digestion is consistent with PONDRTM-predicted regions of disorder as well 
as the predicted localization of more stable regions (Section 11.5). 

11.3 INTERACTION OF PVA VPg WITH LIPIDS 

PVA VPg was shown to bind anionic lipid vesicles (Rantalainen et al., 2009). The 
regions that are accessible to proteolysis-loosely folded nucleotide binding/NLS 
site at the N-terminus (amino acids 38-50) and Asn115-are shielded after lipid 
attachment. The N-terminal region has a high local positive charge; in fact, the 
entire N-terminus has a positive charge that raises the isoelectric point of the PVA 
VPg to "-'8.9. It is very likely that the binding to anionic vesicles is driven by the 
electrostatic attraction between positively charged patches of VPg N-terminus and 
negatively charged vesicle surface. The fact that the first "-'25 N-terminal amino 
acids are still trypsin accessible after vesicle interaction demonstrates that the lipid
protected region starts from around Thr30. It shields the putative central helix but 
leaves C-terminus accessible for trypsin. This suggests a clear division of exposed 
domains resulting in different structural states, which are conceivably involved in 
different VPg functions. 
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When the effect ofTFE on VPg from PVY and LMV (genus Potyvirus), as well 
as on VPg of rice yellow mottle virus RYMV (genus Sobemovirus), was studied, 
a change in structure was observed, which was considered to indicate an increase 
in the a-helical content (Grrela et al., 2008; Hfurard et al., 2009). On the basis of 
changes observed in the far-UV region CD spectra, it appears that the interaction 
of potyviral VPg with anionic phospholipids is accompanied by similar structure 
stabilization. From the secondacy structure predictions for PV A VPg, about 20% 
higher a-helix content could be expected than one actually calculated from the 
far-UV CD spectra. It is thus conceivable that a-helical stabilization pathway is 

Figure 11.8 Electron miaoscopic images ofVPg and OOPS vesicles. (a) OOPS vesicles 
in the absence of VPg appear as symmetrical spheres with an average size of "'100 nm. 
(b) On incubation of OOPS vesicles with VPg for 1 h at room temperature, electron
dense spots were formed, with an approximately fivefold increase in size compared to 
vesicles without VPg, which resulted in disruption of vesicle surface. (c,d) With closer 
inspection, the electron-dense spots reveal pore-like features. Additionally, micelle-like 
smaller vesicle structures appeared outside the swollen vesicles after VPg addition. Inset: 
digital magnification of a region with swollen and disrupted lipid structure. Source : From 
PhD thesis of K. Rantalainen (http://um.fi/URN:ISBN:978-952-10-6014-4). 
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promoted by interaction with lipids. The mechanism of vesicle disruption seen by 
EM upon attachment of recombinant PYA YPg to synthetic vesicles (Fig. 11.8) 
could therefore be an CL-helix penetration-driven event, which is a typical mem
brane lytic pathological mechanism (Shai et al., 1999). EM images also showed that 
the vesicle binding of YPg results in a formation of electron-dense protein spots on 
the vesicle surface. Taking into account studies with membrane lytic peptides, this 
phenomenon could be explained by formation of protein channels that disturb the 
bilayer and enable the leakage of molecules from a membrane-enclosed compart
ment. In a biological context this would evidently lead to the lysis of the organelle. 
A specific class of viral proteins termed viroporins is known to expand the mem
brane, enabling the passage of ions and small molecules (Gonzalez et al., 2003). 
Interestingly, the YPg precursor in tomato ringspot virus (TRY) (genus Nepovirus), 
called NTB-VPg protein, is proposed to have viroporin-type activity. It binds to the 
membrane surface by two different regions, C-terminal transmembrane helix and 
N-terminal amphipathic helix. The C-terminal transmembrane helix is able to tra
verse the membranes both in vitro and in infected plants, which results in a luminal 
orientation of the YPg domain. It is suggested that oligomerization of the amphi
pathic helix promotes its translocation in the membrane and leads to pore formation 
(Zhang et al., 2005). Other examples of viral proteins with similar membrane pen
etration and lysis activities include HN-1 TAT, poliovirus 3AB protein, and the 
movement protein of barley yellow dwarf virus (genus lllteovirus) (Lama et al., 
1996; Herce et al., 2007). It should be noted that membrane interactions and modi
fications are important for critical virus infection cycle events. Positive-strand RNA 
viruses create an environment for active replication complexes using different host 
organelles as a lipid source (Miller and Krijnse-Locker, 2008). For potyviruses, this 
involves vesicle formation from the endoplasmic reticulum (ER) and vesicles tar
geted to the chloroplasts (Schaad et al., 1997; Wei and Wang 2008; Wei et al., 2010). 
Replication-associated proteins, including YPg, localize to the vesicles, but the vesi
cle formation is induced by short 6K2 protein Potyviral VPgs do not have a typical 
hydrophobic amino acid stretch that is capable of forming a transmembrane helix, 
but 6K2 does. It is conceivable that during viral life cycle, newly synthesized YPg 
enters vesicles while being in complex with 6K2 (in 6K2-Nla form) but is released 
by proteolysis in late phase of infection. Therefore, the lipid-associated binding and 
stabilization of YPg should help in the formation of peripheral membrane structures. 

11.4 LMV VPg DISORDER-TO-ORDER TRANSITION 
UPON eiF4E BINDING 

Upon interaction with protein partners, intrinsically disordered domains involved in 
the molecular recognition may undergo transitions toward more ordered structures 
(Dyson and Wright, 2002; Yacic et al., 2007; Oldfield et al., 2007). The only YPg 
structures available to date (Picornaviridae) were obtained either in the presence 
of a stabilizing agent (Schein, et al., 2006) or as a result of an association with 
the viral RNA-dependent RNA polymerase (RdRP), which could likely stabilize 
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the VPg folded state (Ferrer-Orta et al., 2006; Gruez et al., 2008). The folding 
propensity of the LMV VPg is underlined experimentally by helix formation 
induced at low TFE concentration. Secondary structure predictions indicate that 
helical folding may be adopted by the VPg central part. A fragment of this domain 
(residues 89-105) participates in interactions with the lettuce eiF4E and the viral 
HcPro (Michon et al., 2006; Roudet-Tavert et al., 2007). This domain is predicted 
to be disordered and could fold into a helix upon its interaction with eiF4E 
(Section 11.5). The interaction with VPg(89-105) is associated with perturbations in 
the environment of some tryptophan residues in eiF4E as shown by fluorescence 
emission spectra. The fluorescence decreases proportionally with the amount of 
eiF4E-VPg(89-105) complex formed (Fig. 11.9). One may expect that the complex 
formation between a natively folded protein such as eiF4E and a protein that 
undergoes disorder-to-order transitions on binding could be a two-step process 
(Oldfield et al., 2005; Cheng et al., 2007). The binding could be initiated by a 
''fly-casting" effect, whereby the disordered protein binds weakly to its target and 
folds as it approaches the cognate binding site (Shoemaker et al., 2000; Portman 
et al. 2000; Sugase et al., 2007). This might involve a fast association of eiF4E with 
VPg(s9-105) followed by a slow change in conformation from the first association 
complex [eiF4E-VPg(s9-105)l* to produce the stable eiF4E-VPg(s9-105) complex. 
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Figure 11.9 The interaction between a recombinant lettuce eiF4E and the LMV 
VPg(89-105) peptide was monitored using eiF4E fluorescence decay on addition of 
VPg(89-105)• as previously described (Michon et al., 2006; Roudet-Tavert et al., 2007). (a) 
Binding isotherm of VPg(s9-105) association with eiF4E. (b) Decrease of eiF4E fluores
cence proportional to complex formation (raw data). 
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In order to probe this mechanism, fast kinetic measurements of the association 
between translation initiation factor eiF4E and the central domain VPg(86-105) 
were performed. The reaction can be schematized as follows: 

K1 k2 
eiF4E + VPg(89 _105) +=±[eiF4E-VPg(89_105)] * -+eiF4E-VPg(89_105) (11.2) 

According to this scheme, the binding rates are related to the concentration of 
VPg(89-105) as follows: 

(11.3) 

with koos being the experimental first-order rate constant; kz, the forward rate con
stant for the second step; Kt, the association equilibrium constant for the first 
step; and [VPg(89-105)lta. the total concentration of VPg(89-105)· For an excess of 
VPg(89-105) with respect to eiF4E, the plot of 1/koos versus 1/[VPg(89-105)lta is a 
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Figure 11.10 Kinetic analysis of the two-step process of eiF4E-VPg(89-l05) complex 
formation. In a typical experiment, a solution of recombinant eiF4E (1 J.LM) was mixed 
with an equal volume of a 20- j.LM VPg(89-105) solution in 20 mM HEPES/NaOH pH 7.5, 
containing 200 mM NaCl, and 5 mM DTI at 20°C, using a stopped flow apparatus (dead 
time 5-10 ms). The final concentrations were 0.5 and 10 J.LM for eiF4E and VPg(89-l05) • 
respectively. A decrease in eiF4E fluorescence at 340 nm concomitant with the complex 
formation was observed. Raw data were fitted to a single exponential Fi = Fo(1- e-k!b.s) 
and the exponential coefficient kobs deduced. Fitting over a double exponential did not 
improve the fit. Several complex formations were monitored for varying VPg(89-105) 
concentrations, while keeping eiF4E concentration constant. (a) Plot of 1/kobs versus 
1/[VPg(89-l05)1 gives a straight line expected for a two-step mechanism (see text). (b) 
JYpical record of the transient kinetics of complex formation ( eiF4E 0.5 J.LM, VPg(89-105) 
10 J.LM). 
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straight line compatible with a two-step mechanism (Fig. 11.10). Similar data have 
been previously reported for the VPg from TEV (Khan et al., 2006, 2008; Miyoshi 
et al., 2006, 2008). 

11.5 IS INTRINSIC DISORDER A COMMON FEATURE OF VPg? 
AN IN SIUCO COMPARATIVE STUDY 

Experimental data described above demonstrate that VPgs of PVY, PVA, and LMV 
are IDPs. Rather than repeating the experimentations for other potyviral VPgs, 
intrinsic disorder (ID) was assessed using in silico tools. This approach was a 
good opportunity to test several complementary disorder predictors on viral ID 
molten globule-like proteins. Moreover, two other phytoviral VPgs from SeMV 
and RYMV, genus Sobemovirus, that are not related to potyviruses, have been 
previously reported to be IDP (Chapter 2, Satheshkumar et al., 2005; H6brard 
et al., 2009). Moreover, VPgs are not restricted to phytoviruses. For instance, the 
genus Calicivirus contains VPgs displaying intermediary lengths between those 
of potyviral and sobemoviral VPgs. In silico study of potyviral VPgs was then 
extended to sobemoviral and caliciviral VPgs to allow the comparison of disorder 
propensity at intra- and intergenera levels. 

A collection of 16 VPg sequences representative of various virus species was 
analyzed using eight predictive tools. The sequence composition was analyzed 
to detect deviation from the composition of average globular proteins taken 
from Tampa et al. (2002), according to the method by Karlin et al. (2003). IDP 
has been shown to have a biased amino acid composition with depletion of 
"order-promoting" residues r'N, C, F, I, Y, V, L, N) and an enrichment of "disorder
promoting" residues (A, R, G, Q, S, P, E, K) (Dunker et al., 2001). Version VLXT 
of PONDR is a neural network principally based on local amino acid composition, 
flexibility, and hydropathy (Romero et al., 2001; http://www.pondr.com). 
Foldlndex© is based on charge and hydropathy analyzed locally using a 
sliding window (Prilusky et al., 2005; http://bip.weizmann.ac.il/fl.dbin/findex). 
DISOPRED2 is also a neural network, but it incorporates information from 
multiple sequence alignments generated by PSI-BLAST C:Ward et al., 2004; http:// 
bioinf.cs.ucl.ac.ukldisopred). PONDR VSL2 has achieved higher accuracy and 
improved performance on short disordered regions, while maintaining high perfor
mance on long disordered regions (Obradovic et al., 2005; http://www.ist.temple. 
eduldisprot/predictorVSL2.php). IUPred uses a novel algorithm that evaluates 
the energy resulting from interresidue interactions (Dosztanyi et al., 2005; 
http://iupred.enzim.hu). PONDR VLXT and VSL2, as well as DISOPRED2, were 
all trained on data sets of disordered proteins, while Foldlndex and IUPred were 
not. Binary classifications of VPgs as ordered or disordered were performed using 
CDF and charge-hydropathy (CH) plot analyses. Cumulative distribution function 
(CDF) curves were generated for each data set using PONDR VLXT scores for 
each of the VPgs (Oldfield et al., 2005). CH plots were also analyzed using the 
method described by Uversky et al. (2000). 
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11.5.1 Prediction of Disordered Domains in Potyviral VPgs 

The ID distribution was analyzed over the full-length PVY polyprotein using 
Foldlndex. The results clearly show that most of the VPg lies within one of the main 
unfolded regions of the polyprotein (Fig.11 .12a). There are three other disorder "hot 
spots" in the potyviral polyprotein, which are PI, HcPro, and theN-terminal part 
of CP, shared by all potyviral polyproteins. The structural disorder propensity was 
evaluated for PVY, PVA, and LMV VPgs and three other potyviral VPgs, for which 
correlations between sequence and function are documented (Fig. ll.llb ). Amino 
acid composition analysis of the six potyviral VPgs reveals a significant deple
tion in several order-promoting residues, such as tryptophan, cysteine, and valine, 
and a significant enrichment in disorder-promoting residues, such as arginine, glu
tamic acid, and lysine (Fig. ll.lla). However, the content of other residues is not 
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Figure 11.11 ID predictions for six potyviral VPgs. (a) Average deviation in amino 
acid composition from the average values for globular proteins taken from Tompa et al. 
(2002) and modified after Karlin et al. (2003). Only the residues for which compositional 
bias is significant and conserved in the six potyviral VPgs are shown. (b) Location of 
predicted disordered regions with five predictor software (PONDR® VLXT, Foldlndex©, 
DISOPRED2, VSL2, and IUPred). The intensity of gray in rectangles representing VPgs 
depends on the number of methods predicting ID. Numbering indicates the VPg length. 
PVY, potato virus Y; PVA, potato virus A; LMV, lettuce mosaic virus; TEV, tobacco 
etch virus; TuMV, turnip mosaic virus; BYMV, bean yellow mosaic virus. 
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significantly biased, not in favor of ID (such as alanine and serine), or not shared 
by all potyviral VPgs (data not shown). 

The sequence identity between these VPgs is between 42% and 54%, which 
is high in comparison to other viral families. Most of the conserved regions are 
located within domains predicted to be ordered (H~brard et al., 2009). However, 
predicted disordered regions (PDRs) are detected in these six VPgs including those 
from PYA, PVY, and LMV, in which intrinsic disordered regions were experimen
tally detected (Figs. 1l.llb and 11.12b). Although the length of the PDR varies 
among potyvirus VPgs and some discrepancies are observed between predictors, 
consensus PDRs can be mapped (H~brard et al., 2009). The N- and C-terminal 
parts of all VPgs are predicted as disordered; however, prediction of disorder at 
the extremity of polypeptidic chains has to be considered cautiously. Indeed, disor
der is often found at theN- and, to some extent, at the C-terminus of highly ordered 
proteins. N-and C-termini are not necessarily involved in biological functions, and 
examples of crystallographic structures obtained after N- or C-terminus removal 
are abundant. Three additional PDRs can be identified in potyviral VPgs around 
residues 40-60, 100-120, and 150-170. To illustrate this diversity, PONDR VLXT 
scores were plotted together with a derived consensus sequence (Fig. 11.12b ). It 
is noteworthy that this central region of LMV VPg (89-105), which is involved 
in the binding of at least two different partners, the viral HcPro and the eiF4E 
host factor (Roudet-Tavert et al., 2007), is less conserved among potyviruses. 
Clearly, this region is permissive to mutations, which is interesting, as it also 
contains both major sites implicated in potyvirus virulence and binding domains 
for several functional factors (Charron et al., 2008). This suggests a tuning of the 
virus fitness to conditions imposed by the host biology, while keeping its vital 
specific network of interactions. Mutations in the disordered central part of potyvi
ral VPgs may have a lower destabilizing effect than in more structured regions, 
which could constitute a net advantage for the viral adaptive evolution (fokuriki 
et al., 2009). This observation is consistent with the hypothesis of protein plasticity 
whereby a single domain may modulate its surface overlap to accommodate various 
partners. 

11.5.2 Prediction of Disordered Domains in Sobemoviral VPgs 

The disorder propensity of six sobemoviral VPgs (/7 -residue long), including 
RYMV and SeMV for which ID has been reported, was evaluated. Amino acid com
position analysis does not reveal a significant depletion in most order-promoting 
residues, except cysteine and asparagine, and a significant enrichment in disorder
promoting residues, except glutamic acid (Fig. 11.13a). The content of tryptophan 
and glutamine rather indicates propensity to order. However, because of the large 
diversity between the sobemoviral VPg sequences (only 20% identity between 
SeMV and RYMV VPgs), two viral groups, based on hydrophobic cluster anal
ysis (HCA), secondary structure predictions (Hebrard et al., 2009), and phylo
genetic relationships (Hull and Fargette, 2005), were analyzed separately. One 
group contains the VPgs from RYMV/CoMVIRGMoV and the other the VPgs 
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Figure 11.12 Potyviral VPgs. (a) Foldlndex@ prediction for whole PVY polyprotein 
(upper panel) (NCBI database). VPg is located between amino acids 1844-2031. (b) 
Comparative mapping of potyviral VPg disordered domains as predicted by PONDR 
VLXT. 1be medium horizontal line, set at score 0.5, delimits ordered residues in the 
lower part from the disordered regions, in upper part. Some experimentally determined 
interacting domains (VPg-eiF4E and VPg-HcPro) are located along the sequence. Some
what different from the TuMV VPg-eiF4E interacting domain, interaction domains of the 
LMV, 1EV, and PVY VPgs with their partners are located in the central part of the 
protein, which is predicted as disordered Some putative phosphorylation sites are also 
marked. Following an alignment of the six VPg sequences, a mean score was calculated 
to build a consensus profile of PDR (m black). 1 Gr:rela et al (2008), 2 Uonard et al. 
(2000), 3 Roudet-Tavert, et al (2007), 4 Murphy et al. (1996), 5 Charron et aL (2008). 
(See insert for color representation of the figure.) 
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Figure 11.13 ID predictions for six sobemoviral VPgs. (a) Average deviation in amino 
acid composition from the average values for globular proteins taken from Tompa et al 
(2002) and modified after Karlin et al. (2003). Only the residues for which compositional 
bias is significant and conserved are marked (b) Average deviation in amino acid compo
sition of RYMV, Cof.MV, and RGMoV VPgs. (c) Location of predicted disordered regions 
with five predictor software (PONDR® VLXT, Foldlndex@, DISOPRFD2, VSL2, and 
IDPred). The intensity of gray in rectangles representing VPgs depends on the number of 
methods predicting ID. Numbering indicates the VPg length. RYMV, rice yeUow mottle 
virus; CoMV, cocksfoot mottle virus; RGMoV, ryegrass mottle virus; SeMV, Sesbania 
mottle virus; SBMV, southern bean mosaic virus; SCPMV, southern cowpea mosaic virus. 
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from SeMV/SBMV/SCPMV. In the RYMV subgroup, depletion in order-promoting 
isoleucine, valine, leucine, and asparagine and, to a lower extent, enrichment in 
disorder-promoting proline and lysine have been noted (Fig. 11.13b ). Regarding 
the PDR distribution within the sequence, the same groups of VPgs were con
firmed (Hebrard et aL, 2009) (Fig. 11.13c). The N- and C-terminal ends are 
predicted as PDRs in the RYMV group, whereas PDRs are generally shorter 
and the consensus is less obvious in the SeMV group. Located in the C-terminal 
region, residues 48 and 52 associated with RYMV virulence (Pinel-Galzi et al., 
2007) have been proposed to participate in the interaction between two antiparallel 
helices of the eiF(iso)4G central domain containing E309 and E321, two residues 
involved in rice resistance (H6brard et al., 2008). Despite discrepancies within the 
species and a low correlation between the results of the five predictors, a structural 
disorder propensity is visible in all sobemoviral VPgs. This includes the SeMV 
and RYMV VPgs, for which intrinsic disorder was experimentally demonstrated 
(Chapter 2). 

11.5.3 Prediction of Disordered Domains in Caliciviral VPgs 

The Caliciviridae comprises four genera of human and animal viruses. These viruses 
possess intermediate-size VPgs between sobemovirus and potyvirus VPgs (Sad
owy et al., 2001; Milner et al., 2001). Amino acid composition analysis of the 
VPg of a representative member of each genus reveals a significant depletion in 
cysteine and, to a lower extent, some other order-promoting residues, such as 
phenylalanine, isoleucine, valine, and leucine, and a significant enrichment in one 
disorder-promoting residue, arginine (Fig. 11.14a). The Norwalk virus (NV) VPg, 
the largest calicivirus VPg, is seen by most of the predictors as a completely disor
dered protein (Fig. 11.14b). The PDR distribution in three other calicivirus VPgs is 
conserved in spite of a low sequence identity ranging from 25% to 36%. In addition 
to several internal domains, the N- and C-termini are again predicted as disordered. 
'JYrosine residue involved in the uridylylation (position 20-30 depending on the 
virus) (Machin et aL, 2001) is not located in a PDR. 

11.5.4 a-Helix-Forming Molecular Recognition Feature (a-MoRF) 
Predictions 

On interaction with a partner, intrinsically disordered regions involved in molecular 
recognition may undergo a conformational transition toward an ordered structure 
(Garner et al., 1999; Wright and Dyson 1999; Dunker et al., 2001; Dyson and 
Wright 2002, 2005; Cheng et al., 2001; Oldfield, et al. 2008). A correlation was 
established between some signatures of the plot generated by the PONDR VLXT 
algorithm and the ability for a given short disordered region to operate a disorder
to-order transition on binding (Garner et al., 1999). On the basis of these specific 
features, a-molecular recognition feature (a-MoRF) predictor was developed (Gar
ner et al., 1999; Oldfield et al., 2005, 2008; Mohan et al., 2006; Cheng et al., 2007; 
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Figure 11.14 ID predictions for four caliciviral VPgs. (a) Average deviation in amino 
acid composition from the average values for globular proteins taken from Tompa et al 
(2002)and modified after Karlin et al (2003). Only the residues for which compositional 
bias is significant and consetved are shown. (b) Location of predicted disordered regions 
with five predictor software (PONDR® VLXT, Foldlndex@, DISOPRFD2, VSL2, and 
IUPred). The intensity of ~ay in rectangles representing VPgs depends on the number 
of methods predicting ID. Numbering indicates the VPg length. RIIDV, rabbit hemor
rhagic disease virus; VFSV, vesicular exanthema of swine virus; SV Man, Sapporo virus 
Manchester virus; NV, Norwalk virus. 

Vacic et al., '1/YJ7). Ot-MoRF prediction indicates the presence of a relatively short 
(20 residues), loosely structured helical region within a largely disordered sequence 
that is stabilized on a disorder-to-order transition induced by binding to a partner. 
It utilizes a stacked architecture where PONDR VLXT is used to identify short 
predictions of order within long predictions of disorder. Then a second level pre
dictor determines whether the order prediction is lilrely to be a binding site based 
on attnbutes of both the predicted ordered region and the predicted flanking disor
dered region. The Ot-MoRF predictor revealed 15 Ot-MoRFs in 12 of the 16 VPgs 
analyzed, with two Ot-MoRFs found at position 24-26 and 41-43 in all potyviral 
VPgs. Interestingly, there is no conserved Ot-MoRF in sobemoviral VPgs or cali
civiral VPgs. This may reflect the weak sequence conservation in these proteins. 
However, other types of MoRF, such as strands or loops, (which may be stabilized 
on phosphorylation (Zhang et al ., '1/YJ7; Stec et al . 1JYJ7) may be induced by sorre 
interactions (Mohan et al., 1JYJ6; Vacic et al., '1/YJ7). Three putative phosphorylation 
sires were predicted in the PDR of potyviral VPgs (Fig. 11.12b). 
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11.5.5 CDF and CD Plot Analyses 

Sequences of VPgs from the various viral genera were in addition analyzed using 
two binary predictors, the CH plot (Uversky et al., 2000; Oldfield et al., 2005) 
and the CDF analysis (Oldfield et al., 2005). The two predictors classify the whole 
protein as ordered or disordered as opposed to the other predictors used in this 
study, which estimate the propensity to disorder for each position in the amino 
acid sequence. This analysis showed that a large majority of potyviral VPgs are 
predicted to belong to the class of native molten globules (results not shown). This 
is in accordance with experimental results on PVY and LMV VPgs (Section 11.2). 
All caliciviral VPgs are also classified as native molten globules, as well as the 
sobemoviral RYMV VPg. However, half of the sobemoviral VPgs are found in the 
group of ordered proteins. Moreover, PYA VPgs is predicted as ordered, which 
shows the limits of utility of some predictors and the necessity of confronting 
predictions with the experimental data. 

11.6 CONCLUSIONS 

Potyvirus VPgs do not have any homologs among nonviral proteins, and their 
atomic structure is unknown. As described earlier, the attempts at obtaining VPg 
crystals have been unsuccessful, which can be attributed at least in part to the 
intrinsically disordered nature of the protein Taken together, the physicochemical 
data indicate that VPg has an elongated tertiary structure dominated by many dis
ordered regions. Potyviral VPgs seem to contain some regions that are more stable 
and others that are rather loosely folded and capable of adopting several structures. 
'JYpical for disordered proteins, the loosely folded regions of VPgs also to be less 
conserved. This creates a structural environment with exposed, loosely folded, and 
interaction-prone regions accompanied by more stable and more conserved regions. 
Such a :flexible nature of plant virus VPgs enables them to be involved in several 
different functions during the virus infection cycle since the less conserved regions 
predicted as disordered contain binding domains for several functional factors. This 
observation is consistent with the hypothesis of protein plasticity whereby a single 
domain is able to modulate its surface to accommodate various partners. Impor
tantly, intrinsic disorder in VPgs yields a powerful strategy in which mutations 
would have less destabilizing effect in ID than in more structured regions. This 
could constitute a net advantage for the viral adaptive evolution. 
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BYDV 
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CoMV 
HN 
HPV 
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NV 
PPV 
PSbMV 
PVA 
PVY 
RYMV 
RGMoV 
RHDV 
SBMV 
SCPMV 
SeMV 
SV Man 
TEV 
TRV 
TuMV 
TVMV 
VESV 

barley yellow dwarf virus 
bean yellow mosaic virus 
clover yellow vein virus 
cocksfoot mottle virus 
human immunodeficiency virus 
human papilloma virus 
lettuce mosaic virus 
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plum pox virus 
pea seed-borne mosaic virus 
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potato virus Y 
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vesicular exanthema of swine virus 
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12 
INTRINSIC DISORDER IN THE 
HUMAN PAPILLOMAVIRUS E7 
PROTEIN 

LuciA B. CHEMES, IGNACIO E. SANCHEZ, LEONARDO G. ALoNso, 
AND GONZALO DE PRAT-GA Y 

12.1 INTRODUCTION 

12.1.1 Structure and Replication of Papillomaviruses 

Papillomaviruses (PV s) are a group of small, nonenveloped, double-stranded DNA 
viruses, which infect the skin and mucous epithelia of reptiles, birds, and mammals, 
and have recently been classified as a separate virus family, the Papillomaviridae (de 
Villiers et al., 2004). To date, over 200 types have been identified, including more 
than 100 types that infect humans (Bernard et al., 2010). PVs have a narrow host 
range, and many virus types can infect a single host species. The virion particles 
are 50-55 nm in diameter and have T7 icosahedral symmetry (Baker et al., 1991; 
Wolf et al., 2010) (Fig. 12.1a). 

12.1.1.1 Genomic Organization All PVs have a similar genomic organization, 
consisting of an "-'8000-bp double-stranded circular genome, containing between 7 
and 10 open reading frames (ORFs) (Howley and Lowy, 2007) (Fig. 12.1b). The 
ORFs are classified as early (E) or late (L) based on their location in the genome. 
All genes are encoded in the same DNA strand and are transcribed unidirectionally. 
The position, size, and function of each ORF are generally well conserved across 
different PV types. A 1000-bp regulatory region, called long control region or 
LCR is located between the L1 and E6/E7 ORFs (Fig. 12.1b). This region contains 
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Figure 12.1 Papillomavirus structure and genome. (a) Structure of the papillomavirus 
capsid, based on a cryo-EM (electron microscopy) reconstruction of bovine papillomavirus 
particles. Source: Adapted from Wolf et al. (2010). (b) HPV16 genome organization 
showing the location of early (E) and late (L) open reading frames and of the long control 
region (LCR) containing the p97 promoter. ORFs are displayed in color: E6 and E7 in 
orange, El and E2 in light blue, E4 and E5 in dark blue, and L1 and L2 in green. (See 
insert for color representation of the figure .) 

the origin of replication and transcriptional control elements regulating viral gene 
expression (Howley and Lowy, 2007). The early ORFs code for nonstructural 
proteins: El and E2 are required for viral DNA replication. El can bind the 
origin of replication and has DNA helicase and ATPase activity; E2 acts as a viral 
transcription factor and cooperates with El in viral DNA replication. The E6 and 
E7 proteins mediate S-phase reentry and are required for plasmid maintenance, 
among other functions. The functions of E4 and E5 are less well defined; E4 reg
ulates several viral processes such as viral genome arq>lification, virus maturation, 
and release through changes in cellular structures such as keratin intermediate 
filaments, NOlO domains, and mitochondria, and E5 is required forceD growth and 
has transforming properties through mechanisms that include c-Src activation. The 
late genes code for the Ll and L2 structural proteins that make up the viral capsid. 

12.1.1.2 Viral Replka&n With a small genome and only one enzyrm, PVs 
strongly depend on the host cell replication machinery in order to amplifY their 
genome. The virus life cycle is intimately linked to the epithelium differentia
tion program. PV s infect basal, undifferentiated cells of skin and rmcous epithelia, 
where the genome is initially arq>lified and maintained at a low copy nwmer. Sub
sequent viral replication takes place in differentiating cells, which have withdrawn 
from the cell cycle. The E7 protein is essential for stirmlating S-phase reentry in 
differentiating keratinocytes, producing an uncoupling of proliferation and differ
entiation in these cells (Banerjee et al., 2006). This allows for the expression of the 
host DNA replication machinery, which is required for viral DNA arq>lification 
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(Chow and Broker, 2006). In the final stages of the virus life cycle, L1 and L2 
proteins are produced, and mature virions shed from the epithelial surface. 

12.1.1.3 DNA Transcription PV viral transcription is a complex process, given 
the presence of several promoters, multiple alternative splice sites, and tissue
specific differences in viral mRNA expression patterns (Zheng and Baker, 2006). 
This complexity expands the repertoire of viral proteins through the expression 
of protein fragments and proteins derived from the fusion of two or more ORFs. 
Regarding the E6 and E7 ORFs, there is evidence for the existence of several 
functional transcripts. In HPV16, the E6 and E7 proteins are transcribed from hi
or multicistronic E61E7transcripts synthesized from the P97 promoter (Fig. 12.1b). 
Several transcripts are produced for E6/E7 leading to the translation of two trun
cated forms of E6 (E6*I and E6*II) and of an E6/E7 fusion transcript containing the 
N-terminal region of E6 fused to the C-terminal region of E7 (Ordonez et al., 2004; 
Zheng and Baker, 2006). Transcription of the viral genome has a stringent cell
type specificity and is limited to keratinocytes and cervical cancer tissues (Thierry, 
2009). Transcription is positively regulated by cellular core and tissue-specific fac
tors such as Sp1, AP1, and NF1 among others (Apt et al., 1993; Thierry, 2009), and 
negatively regulated by the viral E2 protein, which can bind to the P97 promoter 
displacing Sp1 and TFIID, a mechanism that maintains low E6/E7 expression levels 
in HPV-infected cells (Tan et al., 1994b). 

The HPV DNA is frequently found integrated into the host genome of cer
vical cancer-derived cell lines (Baker et al., 1987; Shirasawa et al., 1987) and 
cervical cancer biopsies (Choo et al., 1987b), with a loss of the region cod
ing for the E2 (Choo et al., 1987a; Collins et al., 2009) or the E2/E1 (Shi
rasawa et al., 1987; Romanczuk and Howley, 1992; Cricca et al., 2009) pro
teins. Therefore, upon genome integration, transcription of the E6/E7 oncogenes 
is under positive cell-host factor control through the HMGIIY factor among oth
ers, which is thought to lead to the higher expression levels observed in cervical 
cancer cell lines (Stoler et al., 1992; Bouallaga et al., 2000; Thierry, 2009). It has 
also been observed that HPV genome integration is associated with an increase 
in E6/E7 mRNA stability (Jeon and Lambert, 1995), which would further increase 
E6/E7 expression levels. The involvement of cell-type-specific host cell factors in 
E6/E7 transcriptional control suggests that E6/E7 expression levels may be differ
entially regulated in vivo depending on the infection niche, the differentiation state, 
or the transformation state of the infected epithelial cells. 

12.1.2 Papillomaviruses and Human Cancer 

HPVs are the etiological agent for cervical cancer, the second most frequent cancer 
in women (zur Hausen, 1994 ). Although most HPV exposures are transient and are 
cleared spontaneously by the host, a small fraction of infections persist and, over the 
years, may lead to the development of cancer. Histological studies have shown that 
over 95% of cervical cancer tissue samples are HPV positive, and epidemiological 
studies indicate that infection with high-risk HPV types is associated with both a 
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higher persistence rate of infection and a higher risk of developing cervical cancer 
(Howley and Lowy, 2007; zur Hausen, 2009). Of the more than 35 HPV types 
found in the genital tract, a few (HPV 16, 18, 45, 31, and 33) account for over 
80% of the total cases of cervical cancer (Bosch et al., 2006). Infection by HPV is 
also linked, although to a lesser degree, to anogenital cancers such as cancer of the 
vulva, vagina, and penis; head and neck cancers; and nonmelanoma skin cancer 
(zur Hausen, 2009). The E6 and E7 proteins have been defined as the two main 
viral oncoproteins (Section 12.2). Functional and biochemical differences between 
high-risk and low-risk E6 and E7 proteins are thought to account, at least in part, 
for the different transforming potential of these HPV types (Munger et al., 1991; 
Moody and Laimins, 2010). 

12.1.3 Functions Shared by DNA Tumor VIruses 

The DNATV s comprise the PV s, the adenoviruses, and the polyomaviruses, which 
share a small double-stranded circular DNA genome. In the 1930s, the study of 
papillomas in wild rabbits led to the discovery of the first DNATV, cottontail 
rabbit PV (Shope and Hurst, 1933), and it was later shown that adenoviruses 
were able to cause tumors in hamsters and that the SV 40 polyomavirus caused 
tumors in primates (Eddy et al., 1962; Trentin et al., 1962). The DNATVs have 
been highly studied and have served as fundamental tools to elucidate basic 
molecular mechanisms such as DNA transcription and replication and to uncover 
some of the major cellular pathways perturbed in human cancer (Howley and 
Livingston, 2009). DNATVs provided the first identification of tumor suppressors 
such as p53 and retinoblastoma (Rb) (Javier and Butel, 2008). DNATVs code 
for multifunctional oncoproteins capable of inducing cell proliferation and 
immortalization (Howley et al., 1991). The transforming properties of the 
adenovirus ElA (AdElA), simian virus 40 large T antigen (SV40 LT) and human 
papillomavirus E7 (HPV E7) oncoproteins are related to their ability to bind to 
and inactivate Rb (DeCaprio et al., 1988; Whyte et al., 1988; Dyson et al., 1989), 
while the AdElb, SV40-LT, and HPV E6 proteins are able to interfere with the 
function of p53 (Sarnow et al., 1982; Werness et al., 1990). 

12.2 THE PAPILLOMAVIRUS E7 ONCOPROTEIN 

In the 1980s, reverse genetics studies in rodent cells revealed that the main trans
forming activity of high risk HPV is localized to the early region of the genome, 
which codes for the E6 and E7 ORFs (Bedell et al., 1987) (Fig. 12.lb). Expression 
of high-risk HPV E6 and E7 proteins leads to immortalization of primary human 
keratinocytes in vitro (Munger et al., 1989), and to the development of cervical 
tumors in estrogen-treated transgenic mice (Arbeit et al., 1996). In both models, 
HPV E7 shows stronger transformation potential when compared to E6. In addi
tion, the E6 and E7 genes are highly transcribed in cervical cancer tissues and 
cervical cancer-derived cell lines such as CaSki and HeLa (Smotkin and Wettstein, 
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1986; Bouallaga et al., 2000), which led to the classification of E6 and E7 as the 
main oncoproteins of HPV. It has been shown that E7 is required both for the 
induction and maintenance of the transformed phenotype in human cells (Good
win and DiMaio, 2000). The transforming activil;y of E7 may be potentiated as a 
consequence of its overexpression upon HPV genome integration (Section 12.1.1). 

12.2.1 E7 Domaim and Structure 

E7 is a small acidic Zn2+ -binding protein, corqrising "'100 amino acids. On 
the basis of structural and biophysical evidence, HPV16 E7 is corqx>sed of two 
domains: an N-terminal domain (E7N) spanning residues 1-40 and a C-terminal 
domain (E7C) spanning residues 40-98 (Fig. 12.2a). The E7N domain has been 
classified as an intrinsically disordered domain (IDD) (Section 12.5), while the 
E7C domain has a globular conformation (Liu et al., 2006; Ohlenschlager et al., 
2006) (Fig. 12.7b). Three conserved regions have been identified in E7 and have 
been named CR1, CR2, and CR3 for "conserved regions" 1-3. CR1 and CR2 
are located within E7N, while CR3 is located within E7C (Fig. 12.2a). The three 
conserved regions are required for E7 transforming activity (Phelps et al., 1988; 
Brokaw et al., 1994). CR1 is also required for E7 and Rb degradation and mediates 

(a) ____ ~~ ~~ ~-~E?!"! ______ G_Iabu.;..;.;.llr.;;_;;c-tennl...;.;.._nal...;;..;dol;.;.....maln;;.....;(~E7C..;.:..) __ 

"CA1" 

(b) 4 15 
BPV16 87 D'rft'Y8-YIILDL 
Ad5 BlA BPPI'LII8LYDLDV ........ 

CR1-Helbl 

21 38 
BPV16 87 DLYCDQLIID8UDD8-ID 
Ad5 BlA DL'fCIIUGPPl'IIIIDBDDGII 
SV40 L'l' JILFCSDM-PUDDIIA'l'-AD 
IIUPy L'l' BLN:IIDM-PUPG8-'l'l"l'K . . . . . 

LaCxE a<JW"EST 

"CA3" 

Figure 12.2 The human papillomavirus E7 protein. (a) HPV16 E7 sequence and 
domains. The E7N and E7C domains are marlced above the sequence. CR1-3, conserved 
homology regions 1, 2, and 3; LxCxE, Rb-binding motif; CKIT-PEST, Casein kinase IT 
and PEST region; NFS, nuclear export signal; Ub, ubiquitynation site. The main targets of 
the E7N domain and their interaction sites are displayed below the sequence. V10let box, 
E2F-like helix motif; green circle, serine-phosphorylation site. (b) Sequence conservation 
among DNA1V s in the CR1 (left panel) and CR2 (right panel) regions. Numbers above 
the sequences denote the HPV16 E7 amino acid numbering. Asterisks denote conserved 
positions. HPV16 E7, human papillomavirus type 16 E7 protein; Ad5 E1A, adenovirus 
type 5 E1A protein; SV40 LT, Simian virus 40 large T antigen; WuPy LT, human Wu 
polyomavirus large T antigen. (See insert for color representation of the figure.) 
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binding to several cellular proteins (Section 12.2.2 and Fig. 12.2a). CR2 contains 
both the conserved LxCxE motif and the CKIT-PEST region. The LxCxE motif 
mediates high-affinity binding to Rb, while the CKIT-PEST region is a conserved 
acidic region containing one or two consensus (SifxxDIE) sites for casein kinase 
II (CKIT) recognition. The CR3 region corresponds to the globular C-terminal 
domain and mediates Zn2+ binding and dimerization. CRl is conserved in PV 
E7 proteins and in adenovirus ElA proteins (Dyson et al., 1992), while CR2 is 
conserved in all three prototypical DNATV proteins (AdElA, SV40-LT, and HPV 
E7) as well as in polyomavirus large T antigens (Dyson et al., 1990; Chellappan 
et al., 1992; Feng et al., 2008) (Fig. 12.2b). Additionally, the LxCxE motif is also 
found in several other viral proteins (Section 12.7.4). 

12.2.1.1 Functional Role of CKII Phosphorylation In HPV16 and HPV18 E7 
proteins, two serine residues (marked with a circle in the sequence of Fig. 12.2a) 
are phosphorylated both in vitro and in vivo by CKIT (Barbosa et al., 1990). Phos
phorylation is required for E7 transforming activity (Firzlaff et al., 1991) and for 
induction of S-phase reentry in infected keratinocytes (Banerjee et al., 2006; Gen
ovese et al., 2008) and has been recently found to modulate Rb-binding affinity 
(Chemes et al., 2010) (Section 12.6.3). Phosphorylation of the conserved CKIT sites 
also regulates transforming properties and Rb-binding affinity of AdElA (Whalen 
et al., 1996), and nuclear-cytoplasmic shuttling of SV40-LT (Rihs et al., 1991), 
indicating that phosphorylation plays a functional role in all DNATV proteins. 

12.2.1.2 E7 Degradation E7 is a short-lived protein, with a fast turnover in 
cells (Smotk:in and Wettstein, 1987; Selvey et al., 1994) and whose proteasomal 
degradation involves ubiquitination at the N-terminus (Reinstein et al., 2000) 
(Fig. 12.2a). Additionally, the acidic region contained within CR2 of HPV16 
E7 scores as a PEST protein-degradation motif (Rechsteiner and Rogers, 1996). 
PEST motifs have been shown to regulate turnover of short-lived cellular proteins 
(Lin et al., 1996) and of viral proteins such as the bovine papillomavirus (BPV) 
E2 protein (Penrose et al., 2004; Garcia-Alai et al., 2006). As will be further 
discussed in Section 12.5.3, biophysical evidence suggests that, in addition to the 
already described proteasomal degradation pathways, the PEST motif of E7 may 
also be involved in the regulation of E7 turnover. 

12.2.2 E7 Targets 

E7 has been reported to associate with over 100 cellular targets, a very large 
number taking into account the small size of this protein. These targets play diverse 
functional roles, and the significance of many if not most E7 interactions is currently 
unknown. For a recent review, see Moody and Laimins (2010). The primary, and 
best-characterized cellular target of the E7 protein is the Rb tumor suppressor. 
The Rb, pl07, and pl30 proteins comprise the "pocket protein" family, which has 
important roles in cell cycle regulation. Mutant E7 proteins incapable of binding 
Rb, pl07, and pl30 loose their transforming properties in cell culture (Phelps et al., 
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1992) and the ability to induce S-phase reentry in differentiating keratinocytes in 
raft models (Banerjee et al., 2006). The E7-Rb interaction leads to disruption 
of Rb-E2F complexes, and in addition, high-risk HPV E7 proteins induce Rb 
degradation, thereby stimulating cell cycle progression (Boyer et al., 1996). The 
LxCxE motif of E7 constitutes the high-affinity Rb-binding site (Fig. 12.2a), but at 
least two other regions of E7 (one in CRl and another in E7C) have been shown 
to contribute to Rb binding with lower affinity (Patrick et al., 1994; Chemes et al., 
2010; ) (Fig. 12.2a). 

E7 has several Rb-independent functions, mediated through interactions with 
a wide array of cellular proteins that function as cell cycle regulators (p21 CIPl, 

p27KIP1 ), transcriptional regulators (APl, MPP2, TBP, and TAF-110), and chro
matin structure modifiers (pCAF, Mi2,8) (Moody and Laimins, 2010; Pim and 
Banks, 2010). E7 has also been found to interact with the PV E2 protein (Gammoh 
et al., 2006; Smal et al., 2009). Except for very few targets such as Rb, p21CIP1, 

and HPV E2 (Lee et al., 1998; Singh et al., 2005; Ohlenschlager et al., 2006; Smal 
et al., 2009; Chemes et al., 2010), the affinities and specific binding sites of most 
E7 interactions are not known. The high number of interactions described for E7 
suggests that this protein is able to interact in a networklike manner, similar to 
related viral oncoproteins such as AdElA (Ferrari et al., 2008). A high number of 
E7 targets bind to sites located in the intrinsically disordered E7N domain including 
the CRl region, the LxCxE motif, and the CKII-PEST region (Fig. 12.2a). Owing 
to its small size, one can hardly imagine such a wide range of interactions with 
many structurally unrelated proteins as being "specific." The promiscuity of these 
interactions must necessarily be related to distinctive structural and conformational 
properties, which are discussed throughout this chapter. 

12.3 HPV16 E7: CONFORMATIONAL EQUILIBRIA AND STRUCTURE 

The first reports of recombinant expression and purification of HPV16 E7 showed, 
through affinity pull-down assays, that the protein could bind underphosphory
lated Rb and dissociate the Rb-E2F complex, and the far-ultraviolet (UV) circular 
dichroism (CD) spectrum of E7 indicated some a-helix content (Imai et al., 1991; 
Pahel et al., 1993). The first indications that E7 might contain nonglobular regions 
came from early studies of translation products and from the identification of the 
HPV16 E7 polypeptide in model cancer-derived cell lines. In these studies, it 
was found that E7 migrated as an "-'20-kDa polypeptide in a reducing (sodium 
dodecyl sulfate) (SDS)-polyacrylamide gel electrophoresis (PAGE), even though 
its expected molecular weight is 11 kDa (Smotkin and Wettstein, 1987). 

12.3.1 Hydrodynamic Properties 

The above reported anomalous electrophoretic behavior of E7 is mirrored by an 
equally anomalous hydrodynamic behavior under native conditions in solution 
because E7 has an elution profile corresponding to that of a 44-kDa globular 
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protein in size exclusion chromatography (SEC). Techniques such as rmltiangle 
light scattering, which provide a measure of the molecular weight that is indepen
dent of the hydrodynamic radius, yield a molecular weight of 22 kDa matching 
that expected for an E7 dimer (Alonso et al., 2002). Sedimentation equilibrium 
experiments show that HPV16 E7 displays a monomer-dimer equilibrium with 
a dissociation constant in the order of 1 ~M (Clements et al., 2000). Finally, 
dynamic light scattering of E7 shows a hydrodynamic diameter of about 6.8 run, 
tw.ice the diameter expected for a globular dimer of the same molecular weight as 
E7 (Smal et al., 2009). These experiments indicate that E7 can associate to form a 
nonglobular, extended, and rather weak dimer in solution, wh.ich has hydrodynamic 
properties comparable to those of a 44-kDa globular protein (Fig. 12.3). 

12.3.2 Secondary and Tertiary Structure 

The first evidence of the con:plex structural organization of the E7 protein came 
from the analysis of its CD spectrum. The far-UV CD spectrum of E7 shows a 
minirmm at 205 nm, with a negative band at 220 nm and a maxirmm at 190 nm 
(Fig. 12.5a). The band at 220 nm is indicative of a-helix content, and the mini
rmm at 205 nm can be interpreted as a mixture of a-helix (208 nm) and disordered 
(200 nm) structure. Evidences such as the presence of a strongly bound and con
stitutive Zn2+ atom per monomer, a high secondary structure content, the ability to 
dillleliu, the observation of a cooperative chemical unfolding transition, and the 
ability to bind ANS (1-anilino-8-naphtalene-sulfonate) (Fig. 12.3) clearly indicate 
the presence of tertiary structure. Nevertheless, the CD spectrum is in agreement 
with the low dispersion of chemical shifts observed in 1 H nuclear magnetic reso
nance (NMR) spectra, indicating the presence of disordered structure (Alonso et al., 

'pH tl Globular elmer 

EOTA ~= ~-
T orrfi. - ~-

1d• ... 0.3 MGch.CI 

~--

Monomer 

~ 
tl2MGch.CI 

~ 
8.5MGch.CI 

Unloldlcl-

Figure 12.3 Conformational transitions of the HPV16 E7 protein. 1be hydrodynamic 
diameters are 6.8 DID for the extended dimer and 50 DID for the soluble oligomers (see 
text for details). Zn2+, zinc ion; ANS, 1-anilinonaphthalene-8-sulfonic acid; Gdm. a, 
guanidinium chloride; DTT, dithiothreitol, EDTA: ethylenediamine tetraacetate, (-): neg
ative charges. Double arrows, reversible processes; single arrows, irreversible processes. 
Source : Adapted from (Alonso et al, 2002). 
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2002). Furthermore, E7 has an extremely high thermal stability and a low overall 
cooperativity of unfolding. These biophysical properties, together with the high 
net charge/hydrophobicity ratio, include E7 in the list of intrinsically disordered 
proteins (IDPs) (Alonso et al., 2002; Uversky et al., 2006). Given the lack of struc
tural information, E7 was initially proposed to have a conformation whose nature 
was intermediate between globular protein and IDP, or alternatively, to be formed 
by two domains, each presenting one of these structural properties (Alonso et al., 
2002). 

12.3.3 Three-Dimensional Structures 

Structural information of E7 became available almost 20 years after the first descrip
tion of E7 as a viral oncogene (Phelps et al., 1988), and 15 years after the first report 
on the purification of recombinant E7 protein (Imai et al., 1991), which pointed 
out the unusual behavior of this protein in solution. Structures of the isolated C
terminal domain from two HPV E7 proteins (types 1A and 45) have recently been 
determined by X-ray crystallography (Liu et al., 2006) and NMR (Ohlenschlager 
et al., 2006), respectively. Both structures reveal a fold consisting of monomers 
with a ,81,82a1,83a2 topology (Fig. 12.7 c-d). In each monomer, one Zn2+ atom 
is coordinated by four cysteine residues. Two monomers associate to form a sym
metric and :flattened dimer with a 1820-A2 interface made up of residues that also 
participate in each monomer's inner core, thus creating a contiguous hydrophobic 
core (Fig. 12.7c). The structure of HPV45 E7 was solved by NMR using the iso
lated E7 C-terminal domain (Ohlenschlager et al., 2006). This study reported that 
the NMR spectrum of full-length HPV45 E7 showed additional signals in a very 
narrow chemical shift range when compared to the spectrum of the isolated C
terminal domain and that signals arising from the C terminus remained unchanged 
(Ohlenschlager et al., 2006). This low chemical shift dispersion was indicative of a 
disordered and :flexible conformation of the N-terminal domain, in accordance with 
previously described results for HPV16 E7 (Alonso et al., 2002). The coincidence 
in the signals arising from the C-terminal domain in both constructs indicated that 
the isolated C-terminal domain could fold independently to a structure very sim
ilar to the one adopted in the context of the full-length protein (Ohlenschlager 
et al., 2006). The fact that theN-terminal domain could neither be crystallized nor 
assigned by NMR is a further indication that this region of E7 is responsible for 
its anomalous hydrodynamic properties (Alonso et al., 2002). 

12.3.4 Conformational Equilibria 

12.3.4.1 Structural Transitions of the E7 Dimer Under mild denaturing con
ditions or upon variation of the solution conditions, the extended conformation of 
HPV16 E7 is altered. In 0.3M guanidinium chloride (Gdm.Cl), E7 remains as a 
dimer as indicated by light scattering measurements and shows a reversible increase 
in canonical CL-helix secondary structure content and a decrease in its hydrodynamic 
radius, indicating a shift to a more globular conformation (Fig. 12.3). This form 
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of E7 has an increased ANS-binding capacity, indicative of exposure of hydropho
bic surfaces to the solvent (Alonso et al., 2002). This structural rearrangement is 
thought to involve interactions between the E7N and E7C domains. Moreover, E7 
undergoes a reversible pH-dependent conformational transition from pH 7.0 to 5.0, 
which involves the exposure of those hydrophobic surfaces to the solvent, and an 
increase in its CL-helical content (Fig. 12.3). At pH 2.5, the far-UV CD spectrum also 
shows an increase in CL-helical content (Alonso et al., 2002). The effect of pH on 
E7 conformation is probably caused by the protonation of the numerous acidic side 
chains present within E7, which breaks the charge repulsion that holds an extended 
conformation, allowing for the formation of CL-helix structure. Experimental evi
dence from Gdm.Cl unfolding and refolding experiments (Alonso et al., 2002) and 
from equilibrium sedimentation (Clements et al., 2000) support the existence of 
monomeric and tetrameric forms of E7, adding to the conformational plasticity of 
this protein (Fig. 12.3). 

12.3.4.2 Oligomerization Early biochemical and more recent structural data 
indicate that the zinc atom bound by the C-terminal domain of each monomer 
is essential for the folding of this domain (Mcintyre et al., 1993; Ohlenschlager 
et al., 2006). When Zn2+ is removed by a chelating agent, HPV16 E7 readily self
assembles into spherical particles with an average molecular weight of 790 kDa 
and a diameter of 50 nm (Alonso et al., 2004) (Fig. 12.3). The E7 oligomers, named 
E7SOs (for E7 Spherical Oligomers) are soluble and conformationally homoge
neous. CD analysis reveals that E7SOs formation is likely to involve a coil to 
~-sheet transition in E7, and E7SOs bind congo red and thio:flavin T, indicating the 
presence of amyloidlike, repetitive ~-sheet structure (Klunk et al., 1999; LeVine, 
1999). However, the E7 oligomers are highly soluble and thermo-stable and show 
no traces of insoluble fibrillar material. The features of oligomerization reveal a 
limited and ordered process, clearly distinct from amorphous aggregation. Several 
lines of evidence indicate that the E7C domain mediates E7 oligomerization. First, 
zn2+ removal from E7C is a requirement for E7SOs formation. Second, the iso
lated E7N domain does not oligomerize upon EDTA (ethylenediamine tetraacetate) 
addition. Third, E7SOs assembly is accompanied by the burial of side chain 93 
located in the E7 C-terminal domain, as revealed by the I93W E7 mutant(Alonso 
et al., 2004). Taken together, these results provide strong evidence that oligomer
ization requires the C-terminal domain of E7, although no structural information 
could be obtained to date on E7SOs. Last, E7SOs undergo spontaneous oxidation 
by forming a network of disulfide bridges and do not dissociate or unfold upon 
Gdm.Cl addition, indicating that this structure is highly stable and irreversible 
(Alonso et al., 2004 ). 

12.4 CONFORMATIONAL DIVERSITY OF THE E7 PROTEIN IN VIVO 

Studies of E7SOs showed that this species displayed in vitro chaperone-holdase 
activity for model substrate proteins (Section 12.6.1) (Alonso et al., 2006). Given 
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the ability of E7 to form oligomers with amyloid characteristics and chaperone
holdase activity, we set out to investigate the possible existence and localization 
of such conformers in vivo in established prototypic and transiently transfected 
human cell lines. Conformation-specific ant.tbod.ies located endogenous oligormr.ic 
E7 species in the cytosol of CaSki, TCl, and E7 -transfected U-20S cell lines, 
showing a strong co localization with amyloid structures (Dantur et al., 2009). These 
cytosolic oligomers appear as the most abundant species in all cell systems tested, 
and were found to be in equilibrium with dirmr.ic-monomeric forms that locali7ed 
to the nucleus (Fig. 12.4). Nuclear E7levels are replenished dynamically from the 
cytosolic pool and do not result from protein synthesis. 

Therefore, similar to what is observed in vitro, in vivo studies demonstrate a 
variety of E7 conformers that exist in cells and which could be related to the 
transforming activity of E7 (Fig. 12.4 ). Long-term events related to derepression 
of E7 expression, for example upon HPV genorm integration, would cause accu
mulation of oligomeric E7 species, a possibility further supported by the detection 
of E7 oligomers in the cytosol of cancerous cells from tissue biopsies (Dantur 

Cytosol 

E7 

E7 homo-oligomer E7 hetero-oligomer 

Figure 12.4 Distribution of E7 conformers in ceUs. Scheme depicting the localization 
of E7 conformers within mammalian cells. Grey shapes represent cellular E7 targets, 
which can be bound by E7 oligomers and degraded by the 26S proteasome (mdicated 
as 26S). Both E7 (pentagon) and Rb (diamond) can be degraded in the nucleus. Source: 
Reproduced from Dantur et aL (2009), Copyright © [2009], copyright owner as specified 
in the journal 
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et al., 2009). E6 and E7 share a common origin of their ''treble-cleft" fold with 
other viral and cellular RING domain proteins (de Souza et al., 2009) (Section 
12.7.1). RING domains mediate oligomerization in other proteins such as the Are
navirus Z protein (Kentsis et al., 2002b) and cellular PML protein (Kentsis et al., 
2002a). Interestingly, the supramolecular assemblies formed by these proteins both 
in vitro and in vivo have morphologies similar to those of the E7 oligomers (Kentsis 
et al., 2002a). 

12.5 E7N IS A BONA FIDE IDD 

The intrinsically disordered nature of full-length HPV16 E7 (Alonso et al., 2002) 
and the compact tertiary structure of the E7 C-terminal domain (Liu et al., 2006) 
suggested that theN-terminal domain of E7 was the domain responsible for the 
extended and nonglobular properties of the full-length protein. As mentioned, E7N 
contains conserved regions CR1 and CR2, which present high sequence conserva
tion among different PV types (Section 12.7.2). Even though CR1 and CR2 are 
frequently referred to as domains, because of their small size it is more accu
rate to refer to them as linear motifs (Gould et al., 2010). These include the 
conserved motif located within CR1 and the LxCxE Rb-binding motif and the 
acidic CKIT-PEST region containing the CKII phosphorylation site located within 
CR2 (Fig. 12.2a). Despite the highly modular characteristics of the E7 protein, 
it remained unclear whether E7N qualified as an independent structural domain, 
which led us to investigate the biophysical properties of the isolated E7N fragment. 

12.5.1 Noncanonical Secondary Structure within E7N 

The far-UV CD spectrum of the N-terminal40 amino acids of HPV16 E7 at neutral 
pH is characteristic of a disordered polypeptide, being devoid of any evidence of 
persistent canonical secondary structure and presenting a minimum at 198 nm 
(Fig. 12.5a). Subtraction of the E7N spectrum from that of the full-length protein 
yields a spectrum characteristic of a-helical conformation, with two minima at 208 
and 222 run, which is in accordance with the CD spectrum of the isolated E7C 
domain (Fig. 12.5a). This result suggests that E7N contains the disordered regions 
of E7 and that if there are any interactions between domains, they do not have a 
major effect on structure. The hydrodynamic radius of E7N is much larger than 
that expected for a random-coil peptide of the same number of residues. This has 
been assessed by SEC and pulse field gradient NMR, where E7N yielded a Stokes 
radius of 20.9 A (SEC) and 21.16 A (NMR) (Garcia-Alai et al., 2007), a result 
which confirms its extended nature (Fig. 12.5b ). 

A close examination of the CD spectrum of E7N at neutral pH shows a positive 
band at 218 nm and a negative band at 228 nm, which disappear at low pH 
(Fig. 12.5c ). This behavior is characteristic of polyproline type II <Pm conformation 
and was previously investigated in poly glutamic and poly lysine model peptides 
(Tiffany and Krimm, 1968). In E7N, the pH-induced conformational transition can 
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Figure 12.5 The E7N IDD. (a) Cucular dichroism (CD) spectrum of full-length E7 (full 
black line), E7N (broken green line), E7C (broken and dotted red line), and E7-E7N 
difference spectrum (dotted black line). (b) Schematic diagram of the extended E7 dimer 
depicting conserved regions (CR1 and CR2) and motifs (LxCxE, CKII, PEST). Monomers 
are shown in red and yellow, respectively; gray spheres, Zn2+ atom; Nt, N-terminus; Ct, 
C-terminus. The structure of the E7C domain is from PDB ID: 2F8B. (c) E7N PIT structure. 
CD spectrum of E7N at neutral pH (full green line) and acidic pH (broken and dotted 
red line), and CD spectrum of phosphorylated E7N (broken black line). (d) Effect ofTFE 
on E7N conformation. CD spectrum of E7N at 0% v/v TFE (full green line) and 65% 
v/v TFE (broken black line) at pH 4.0. (e) Effect of SDS on E7N conformation. CD 
spectrum of E7N in the absence of SDS (full green line) and in the presence of SDS at 
submicellar (1 mM) (broken black line) and supramicellar (10 mM) (broken and dotted 
red line) concentrations. Source: Adapted from Garcia-Alai et al. ('1007). (See insert for 
color representation of the figure.) 

be explained by the protonation of the negatively chmged residues present within 
the CKII-PEST region, which disrupts PIT structure. This spectroscopic signature 
of PIT conformation has also been confirmed by correlation to NMR measurements 
(Garcia-Alai et al., 2006). PIT structure is stabilized at low terq>erature (Shi et al., 
2002), an effect which is also observed in E7N. The loss of extended PIT structure 
is also evidenced by a decrease in the hydrodynamic radius of E7N at pH 4.0 . The 
conformational change observed in E7N at low pH can also involve an increase in 
a-helix content caused by neutralization of repulsive negative charges that stabilize 
an extended conformation, as observed in the full-length E7 protein (Section 12.3.4) 
(Alonso et al., 2002) (Flg. 12.3). 

E7N also exhibits a-helical propensity. Preexisting or residual a-helical 
populations of E7N can be calculated from triftuoroethanol (TFE) stabilization 
experiments (Jasanoff and Fersht, 1994), which show that the a-helical population 
at 60% v/v [fFE] ftuctuates from 14% at pH 7.5 to 29% at pH 4.0. This is an 
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indication that charge neutralization at low pH disrupts PIT structure, allowing for 
a higher content of a.-helix evidenced upon TFE addition. The residues involved 
in helix formation appear to be the same at high and low pH, as suggested by the 
fact that the stability (AGH2°) and them-value for a.-helix formation are the same 
(Garcia-Alai et al., 2007). These results also suggest that the residues involved in 
PIT structure are not involved in the nucleation of the a.-helix. 

Addition of detergents such as SDS can stabilize both a.-helix and ~-sheet struc
tures depending on its concentration and the nature of the peptides (Wu et al., 
1981; Zhong and Johnson, 1992). A behavior similar to that observed at low pH is 
observed by addition of the anionic detergent SDS to E7N. Whereas no a.-helical 
structure is induced at pH 7.5 at concentrations above the critical micellar con
centration (CMC) as expected for this detergent, a drastic increase in a.-helix is 
observed at pH 4.0 above CMC values (Fig. 12.5d) and a transition to ~-sheet 
structure is observed at submicellar concentrations (Fig. 12.5e). The fact that the 
formation of both a.-helix and ~-sheet structures takes place at pH 4.0 but not at 
pH 7.5 is an indication that when PII structure is disrupted, E7N can undergo dif
ferent structural transitions. This structural plasticity of E7N is remarkably similar 
to that observed in the IDP a.-synuclein, which exhibits both a.-helix and ~-sheet 
transitions depending on the chemical environment (Woods et al., 2007). 

Detailed residue-by-residue NMR analysis of E7N remains an essential but 
technically challenging task (Daughdrill et al., 2005). Nevertheless, spectroscopic 
analyses clearly reveal the presence of regions presenting PIT, a.-helix, and ~
sheet structures in equilibrium with disordered (coil) regions. Furthermore, E7N 
has the ability to fine-tune these different conformations depending on the chem
ical environment (Garcia-Alai et al., 2007). In a.-synuclein, a.-helix and ~-sheet 
conformational transitions correlate with specific target protein-binding activities 
(Ferreon et al., 2009a), acting as a molecular switch. Similarly to a.-synuclein, the 
conformational plasticity of E7N and its acidic nature provide plausible molecular 
explanations for the broad protein-binding specificity of the E7 protein, allowing 
for differential target protein binding of E7N conformers and for nonspecific elec
trostatic interactions with targets presenting positively charged interaction surfaces. 

12.5.2 E7N and Oligomerization 

It was shown that E7N is exposed to the solvent in the E7SOs, while the oligomer
ization interface is buried from the solvent (Alonso et al., 2006) (Fig. 12.3). The 
varied functionality that E7 can exert on diverse cellular proteins involves direct 
protein-protein interactions, which in most cases require the E7N domain (Section 
12.2.2). This suggests that the E7SOs species retain the ability to interact with 
many E7 targets, which has been shown to be the case for the E7SOs-Rb inter
action (Alonso et al., 2006). Whereas the full-length E7 protein forms stable and 
soluble oligomers on Zn2+ removal (Section 12.3.4), the oligomers formed by the 
isolated E7C domain progress readily to insoluble aggregates (Smal, 2010). There
fore, besides providing with a molecular scaffold for protein-protein interactions, 
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the E7N IDD provides a hydrophilic module that maintains protein solubility of the 
E7SOs. 

12.5.3 Polyproline II Structure in E7N and its Modulation 
by Phosphorylation 

HPV16 E7 is phosphorylated at serine residues S31 and S32, which are located 
within the CKIT-PEST region of E7 (Fig. 12.2a). As discussed in Section 12.5.1, 
this region presents dynamic combinations of coil, PIT, a-helix, and ~-sheet struc
tures and confers E7N with its extended and intrinsically disordered conformation. 
Phosphorylation of both the E7N domain (Garcia-Alai et al., 2007) and the E1t6-40 
(CR2) fragment (Chemes et al., 2010) causes an increase in PII content (Fig. 12.5c). 
A similar type of PII structure was observed in a disordered hinge region of the 
BPV E2 protein that contains a CKIT-PEST degradation motif. CKII phosphory
lation within this region disrupts PIT structure and leads to unstable polypeptides 
susceptible to intracellular degradation, indicating that phosphorylation causes a 
loss in local thermodynamic stability (Penrose et al., 2004; Garcia-Alai et al., 
2006). As native proteins need to be at least partly unfolded for proteolytic degra
dation, local, or global thermodynamic stabilization opposes degradation (Johnston 
et al., 1995; Lee et al., 2001). Given that PIT structures are predominant in the 
unfolded state or in exposed regions of proteins (fompa and Csermely, 2004), 
the marginal stability of these regions ensures a fast and effective way to control 
intracellular protein levels, and thus, protein activity through the regulation of PIT 
content (Garcia-Alai et al., 2006). 

The E7N domain plays a role in E7 turnover, because ubiquitination of the N 
terminus is required for proteasome-mediated degradation (Reinstein et al., 2000). 
The structural features of the E7N IDD resemble those of degradation initiation 
sites (Prakash et al., 2004). Therefore, similar to what is observed in BPV E2, 
E7 phosphorylation may act as a conformational switch, regulating E7 protein 
stability and turnover. Furthermore, E7 conformers with different susceptibility to 
phosphorylation may have different turnover rates, as may be the case for E7SOs, 
which cannot be phosphorylated in vitro by CKIT (Alonso et al., 2004). The fact 
that E7SOs are not phosphorylated implies that the site is not exposed enough or 
cannot be recognized by the modifying enzyme. This result is surprising given 
that the E7N domain faces the solvent in the E7SOs, potentially exposing both 
the CKIT phosphorylation and PEST sites (Alonso et al., 2004) (Fig. 12.3), and 
indicates an accessibility hindrance of yet unknown nature. Nevertheless, the in vitro 
phosphorylated dimeric full-length E7 can form E7SOs (Alonso et al., 2004), in 
line with evidence suggesting that oligomerization is mediated by the E7C domain 
(Section 12.3.4). 

12.6 INTERACTION MECHANISMS OF HPV16 E7 

The only enzymatic activity coded for in the HPV genome is the helicase activity 
of the E1 protein, which participates together with E2 in origin recognition and 
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subsequent unwinding for replication initiation. So far, There is no other chemi
cal activity described for HPV proteins, and E7 is no exception. As mentioned 
in Section 14.2.2, E7 is a scaffold protein whose action is mediated through 
its interaction with numerous cellular proteins. Of the many interaction targets 
descnbed for E7 (Section 14.2.2), only a few mechanisms have been analyzed 
in detail in solution using purified corq>onents, and a single structure has been 
published, that of the HPV16 E7 nine-residue peptide containing the LxCxE motif 
(DLYCYEQI.N) bound to the RbAB domain (Lee et al., 1998). The few interac
tions analyzed involve binding sites located within the E7N IDD (Section 14.2.2 
and Flg. 12.2a). 

12.6.1 HPV16 E7 Chaperone-Holdase Activity 

In vitro studies of the E7SOs species showed that it is able to prevent incor
rect folding and aggregation of two model chaperone substrates, citrate synthase 
(CS) and luciferase, and that this activity takes place at substoichlometric concen
trations (Alonso et al., 2006) (Fig. 12.6a). E7SOs are able to bind these model 
polypeptides after partial thermal denaturation or in the late stages of renatura
tion, holding them in a folding-corq>etent conformational state with significant 
secondary and tertiary structure. E7SOs do not require ATP for this activity, and 
are unable to bind the fully folded native proteins (Alonso et al., 2006), which 
defines E7SOs as a chaperone holtlose . The E7 dimer does not present chaperone 
activity. 
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Figure 12.6 HPV16 E7 protein-protein interactions. (a) E7S0s-induced inhibition of 
citrate synthase (CS) thennal aggregation followed by light scattering. The E7S0s:CS 
molar ratio is expressed considering the concentration of monomeric species. CS concen
tration was 150 nM Source: Adapted from Alonso et al. (2006) (b) Size distribution of 
HPV E7 -E2 complexes measured by dynamic light scattering. The size distribution was 
measured at different relative E7:E2C concentrations, at 2 ~M E2C. The mean size of 
the particle population is shown in each graph. Source: Adapted from Smal et al. (2009) 
(c) Increase in RbAB binding affinity caused by phosphorylation of the E7 CKll-PEST 
region. A stoichiometric complex of 25 nM RbAB and FITC-E7t6-3t was competed 
with unphosphorylated CR2 peptide (E7t6-40, filled circles) or with phosphorylated CR2 
peptide (E7t6-4oPP, open circles). Source: Adapted from Chemes et aL (2010). 
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The chaperone activity of E7SOs may play a role in Rb degradation. Consistent 
with this possibility, the oligomeric E7 chaperone binds strongly to full-length 
native Rb. This is not unexpected, given the fact that the high-affinity LxCxE 
Rb-binding motif is located in E7N IDD and that this domain is exposed to the 
solvent in E7SOs, being accessible for protein-protein interactions (Alonso et al., 
2006) (Fig. 12.3). The rv70 molecules of E7 that form E7SOs(Alonso et al., 2004) 
would present a high concentration of accessible Rb-binding motifs, providing 
with a high-avidity molecular assembly that could sequester Rb from the Rb-E2F 
complexes or target the tumor suppressor for proteasomal degradation (Fig. 12.4 ). 
Interestingly, the E7N IDD is able to compete with E7SOs for Rb binding but does 
not interfere with E7SOs chaperone-holdase activity (Alonso et al., 2006). 

The polyomavirus SV40-LT protein requires both the LxCxE motif and its J 
domain for displacement of the Rb-E2F complex and for proteasomal targeting 
of Rb (Sullivan et al., 2000). An interaction between the SV40-LT J domain and 
the hsc70 cellular chaperone is required for this activity. Therefore, for both viral 
proteins, a chaperone activity (coded directly by E7 and coded in a separate protein 
in the case of SV40-LT) seems to be required for Rb degradation. In line with 
this evidence, the AdElA protein, which has no known associations to chaperone 
activities, is able to bind Rb and displace E2F but does not cause Rb degradation. 

12.6.2 Interaction of E7 with the E2 Master Regulator 

As mentioned in Section 12.1, the HPV E2 protein controls gene transcription 
and viral genome replication activity, essential for the virus life cycle (Hamid 
et al., 2009; Thierry, 2009). E2 acts as a loading factor for the viral El helicase 
at the HPV origin of replication. E2 can also repress transcription of the E6/E7 
ORFs (Section 12.1.1). The gene-silencing effect of E2 depends on interaction 
with bromodomain 4 (Brd4) and other cellular proteins. The E2 proteins are about 
400-amino acid polypeptides consisting of an N-terminal transactivation domain 
(about 200 amino acids) and a C-terminal DNA-binding and dimerization domain 
(E2C, about 85 amino acids), separated by a nonconserved "hinge" domain E2C 
domains from all strains analyzed so far share a particular folding topology, the 
dimeric ~-barrel (Hegde, 2002). 

Integration of the viral DNA genome into the host cell genome plays a role in 
HPV -mediated carcinogenesis, and there is a correlation between the progress of 
the cancerous lesion and DNA integration (Kalantari et al., 1998). The E2 ORF 
is disrupted when integration takes place (Section 12.1.1), and the consequent loss 
of E2-mediated repression of E6 and E7 transcription increases E6 and E7 expres
sion levels with the consequent increase in proliferation and genetic instability 
(Section 12.1.1 ). Interaction between E2 and E7 has been reported in vivo, where 
E2 was capable of inhibiting E7-ras cooperation in cell transformation and had a 
direct effect on E7 stability and localization (Gammoh et al., 2006, 2009). 

Interaction of the HPV16 E7 protein with the DNA-binding domain of the 
HPV16 E2 protein leads to different soluble (12, 40, and 115 nm diameters, respec
tively) and insoluble complexes depending on the relative concentration of each 
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protein in solution (Smal et al., 2009) (Fig. 12.6b). The interaction is strongly 
dependent on ionic strength, which suggested that the acidic region within E7N 
was involved. Indeed, the N-terminal domain of E7 interacts with E2C with a 
Ko of 0.1 j.LM, and the stretch of residues 25-40 of E7, encompassing both the 
PEST motif and the two phosphorylation sites (S31 and S32), was mapped as the 
primary binding site (Fig. 12.2a) (Smal et al., 2009). Displacement of the solu
ble E7-E2C complex by an E2 site DNA duplex and site-directed mutagenesis 
indicated that the protein-protein interface involves the DNA-binding helix of E2 
(Smal et al., 2009). These results suggest a finely tuned mechanism for regulating 
the relative availability of the E2 and E7 proteins. Through this mechanism, E7 
could block its own repression through interaction with the E2 repressor, an inter
action that involves the E7N IDD. This implies that the imbalance in the relative 
protein levels that would result from the loss of E2 on integration of the viral 
genome to the host cell would potentiate the increase of both E7 and E6 onco
proteins. In addition, E7 could sequester E2 in oligomeric species in the cytosol 
before integration, thus increasing E7 expression levels in cells bearing episomal 
viral DNA. 

12.6.3 Interaction of E7 with the Retinoblastoma Thmor Suppressor 

As described in Section 12.1, Rb was the first target of HPV E7 to be uncov
ered. Despite early semiquantitative analysis of this interaction (Jones et al., 1990; 
Munger et al., 1991; Dong et al., 2001), structural information is limited to the 
structure of the RbAB domain bound to a nine-residue peptide containing the Rb
binding motif (DLYCYEQLN) of HPV16 E7 (Lee et al., 1998). The structure shows 
that the peptide adopts an extended conformation, which is stabilized by hydrogen 
bonds involving both backbone and side chain residues and by hydrophobic inter
actions involving the L22, C24, E26, and L28 side chains of the peptide (Lee et al., 
1998). Both the acidic nature of the E7 peptide and the presence of a lysine patch 
surrounding the binding pocket suggest that this interaction is further stabilized by 
electrostatic interactions (Dick and Dyson, 2002). 

A detailed thermodynamic study on the E7-RbAB interaction was performed 
using a set of fragments spanning the E7N IDD, the E7C domain, and the full
length E7 protein, which allowed the dissection of all E7 regions involved in RbAB 
binding and of their energy of interaction (Chemes et al., 2010). E7 can bind RbAB 
as a monomer with a 1:1 stoichiometry, and 90% of the total binding energy is 
provided by the LxCxE motif (Fig. 12.2a), with this motif also being the main 
determinant of binding for the HPVll and HPV18 E7 proteins. The free energy 
of binding for full-length E7 is 1.0 kcall mol higher than that of the E7N domain, 
indicating the presence of an additional binding determinant located in the E7 C
terminal domain. This dual-binding mode of the E7 monomer is conserved among 
prototypic high risk and low risk E7 proteins (Chemes et al., 2010). 

Several regions within the E7N IDD participate in the RbAB interaction. A low
affinity (Ko = 20 !LM) site was described in the E7 CR1 region (Fig. 12.2a), and 
this isolated region was shown to present high CL-helix propensity in vitro (Chemes 
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et al., 2010). The CRl site of AdElA also binds to RbAB with similar micro
molar affinity (Ko = 1 11M), and the structure of the complex reveals that the 
binding surface involves the E2F binding site of RbAB. Furthermore, the AdElA 
CRl-binding motif presents an a-helix conformation (Liu and Marmorstein, 2007). 
These results highlight the structural and functional similarity between the E7 and 
AdElA proteins (Ferreon et al., 2009b). Despite the fact that the CRl site does 
not contribute to binding of the E7 monomer (Chemes et al., 2010), because of 
the short distance separating the CRl and LxCxE motifs, reports on E7 -RbAB 
complexes with 2: 1 stoichiometry (Clements et al., 2000) support the possibility 
that the CRl region participates in binding of the E7 dimer to Rb. Serine phospho
rylation at the conserved CKII sites adjacent to the LxCxE motif increases RbAB 
binding affinity (Fig. 12.6c) (Chemes et al., 2010). As phosphorylation increases 
the PIT content of the isolated E7 CR2 region (Section 12.5.3), it is possible that 
this posttranslational modification favors an extended conformation that facilitates 
the E7 -RbAB interaction (Chemes et al., 2010). Structural studies of the SV40-
LT/RbAB complex show high-temperature factors for the residues of the CKII
PEST region, suggesting that it remains :flexible on complex formation (Kim et al., 
2001 ). This suggests the possibility that phosphorylation induces a structural change 
which brings the CKII-PEST region into contact with the RbAb surface (Kim 
et al., 2001). 

The properties of the E7-RbAB interaction highlight the structural modularity 
of E7 and of its interaction with target proteins, bringing together the IDP nature 
of the E7N domain and its function. The E7N IDD contains several tightly packed 
short motifs (CRl, LxCxE, and CKII-PEST) that present structural plasticity and 
participate in RbAB binding (Garcia-Alai et al., 2007; Chemes et al., 2010), similar 
to what is observed in the AdElA protein (Ferreon et al., 2009b) (Section 12.7 .3) 
and in other IDP proteins such as a-synuclein (Ferreon et al., 2009a). The wide 
range of affinities found for the E7 -RbAB interaction and the similarity to the 
affinities reported for cellular Rb targets (Chemes et al., 2010) suggest that although 
E7 is optimized for high-affinity binding to Rb through the LxCxE motif, the effect 
of E7 on the host cell protein-protein interaction network will include Rb as well 
as many of the large number of interaction targets reported (Moody and Laimins, 
2010) and will depend strongly on E7 expression levels. 

12.7 EVOLUTION OF THE E7 PAPILLOMAVIRUS PROTEIN 

12.7.1 Origin and Diversification of the E6 and E7 PapiUomavirus Genes 

A plausible genomic history of PV s can be reconstructed from several lines of 
evidence (Garcia-Vallve et al., 2005). It was proposed that the common ancestor 
of the present PV s had a genome that coded for just the early replication proteins 
El and E2 and the late structural proteins L1 and L2 (Garcia-Vallve et al., 2005). 
The incorporation of an early transforming gene to the PV genome was a crucial 
event. Not being an essential part of the replication machinery of the virus, the new 
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gene was able to evolve new functions quickly and play an adaptive role in the 
infection of new hosts and tissues (Garcia-Vallve et al., 2005). This led to drastic 
changes in sequence and structure during PV evolution. Before the diversification 
of PV s, the primordial transforming gene underwent duplication, leading to what 
would become the extant E6 and E7 ORFs (Cole and Danos, 1987; de Souza et al., 
2009). The common origin of E6 and E7 is reflected in both sequence and structure 
similarities (Cole and Danos, 1987; de Souza et al., 2009), which also indicate that 
their ancestor was probably a host ''treble-clef fold" domain with two zinc-binding 
sites, each composed of two CxxC motifs (de Souza et al., 2009). Early on, the E6 
protein lost one of the zinc-binding sites and acquired two extra helices (de Souza 
et al., 2009). After the divergence between avian/reptilian and mammalian PVs, 
the E6 gene itself underwent an internal duplication event and attained its present, 
longer form (Van Doorslaer et al., 2009). 

E7 genetics is best discussed in terms of the E7N and E7C domains (Fig. 12.2a). 
During PV evolution, E7C gained the ability to dimerize and lost one of the zinc
binding sites and theN-terminal strand (de Souza et al., 2009). E7N shows a high 
degree of conservation across most PVs, but in reptilian (Herbst et al., 2009), 
avian (Terai et al., 2002), and some artiodactyl (Tomita et al., 2007) PVs, E7N is 
substituted by a domain with no sequence similarity to canonical E7N sequences. 
This genetic information supports the view, derived from the nearly independent 
conformations of E7N and E7C, that they are two separate, bona fide domains. 
The presence of diversifying evolutionary pressures in the PV transforming genes 
also manifests itself in the fast rate of evolution of E6 and E7 compared to the 
core PV genes (Garcia-Vallve et al., 2005) and the disappearance of either the 
E7 (Van Bressem et al., 2007) or the E6 (Chen et al., 2007; Tomita et al., 2007; 
Van Doorslaer et al., 2009) ORFs in some lineages. Once the E6 and E7 genes 
of a PV type have adapted to a given evolutionary niche, most codons are under 
strong purifying selection to retain the acquired traits. This leads to low sequence 
variability and less evidence for intratype adaptive selection compared to intertype 
adaptive selection (Chen et al., 2005; Chen et al., 2009). 

12.7.2 Sequence Conservation in the E7 Papillomavirus Protein 

Function of the PV E7 transforming protein is tightly coupled to its fine structural 
properties, most prominently for the intrinsically disordered E7N domain. We now 
review the interplay between the structure and function of E7 and its evolution. 

12.7.2.1 Sequence Conservation in E7C Figure 12.7a and 12.7b displays 
sequence conservation in the E7N and E7C domains in the form of sequence 
logos. The two domains show similar degrees of sequence conservation across 
PV s, but as a consequence of evolutionary pressures of different nature. The E7C 
domain shows a conservation pattern that is readily explained by its main functions 
of zinc binding and dimerization (Fig. 12.7b) (Liu et al., 2006; Ohlenschlager 
et al., 2006). Most highly conserved positions constitute the core of the dimeric 
globular structure. Six conserved amino acids (displayed in blue) form the core 
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Figure 12.7 Sequence conservation of the Papillomavirus E7N and E7C domains. 
(a) Sequence logo of the E7N domain obtained from the alignment of t84 PV E7 
sequences. CRt-helix, CRt helix motif; LxCxE, LxCxE motif; CKII-PEST, CKli-PEST 
motif. (b) Sequence logo of the E7C domain obtained from the alignment of t96 PV E7 
sequences. (c) Front view of the E7C domain; (d) side view of the E7C domain (PDB 
ID: 2F8B). Conserved residues are colored and shown in stick representation. Blue, con
served residues from each monomer's hydrophobic core; cyan, conserved residues from 
the dimer interface; red, conserved cysteine residues involved in zn2+ coordination, zn2+ 
atoms, and neighboring proline; green, conserved residues involved in protein-protein 
interactions. In both sequence logos, positions in the alignment with more than 25% gaps 
were removed. (See insert for color representation of the figure.) 

of each monomer, while six different conserved amino acids (displayed in cyan) 
are mainly responsible for stabilizing the dimerization interface. The four cysteine 
residues responsible for zinc binding (displayed in red) are nearly invariable, 
and a neighboring proline (displayed in red) important for the structural integrity 
of this functional site is also highly conserved. Four other sequence positions 
on the surface of the domain (displayed in green) also show high conservation. 
Of these, positions 3, 28, and 31 in the sequence logo (Fig. 12.7b) may be 
involved in binding of the host target proteins Rb and p21CIP1 (Liu et al., 2006; 
Ohlenschlager et al., 2006), while the role of position 17 is currently unknown. 
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12.7.2.2 Sequence Conservation in E7N E7N is an IDD without a stable glob
ular structure. It harbors several tightly packed linear motifs, such as the LxCxE 
motif, the CKII phosphorylation site, the acidic stretch, a helix-forming sequence 
located in CR1, and a ubiquitynation site at the N-terminus, resulting in a high 
functional density (Figs. 12.2a and 12.7a). A reason behind this compact arrange
ment may be the need to keep the viral genome small. The sequence and spatial 
proximity of motifs could also allow them to operate in a coordinated manner as 
in AND or OR molecular switches, thus increasing the E7 functional repertoire. 
E7N shows a high degree of conservation along its whole length, without any long 
stretches of low conservation (Fig. 12.7a). This is unusual for an IDD and can be 
explained only in part by the known motifs. The conserved residues lying between 
the known motifs may be motifs of yet unassigned function. Another possibility 
is that they provide a physical connection between the known motifs, thus allow
ing the propagation of conformational changes to distant functional sites. This is 
compatible with the observed coupling between the helix -coil transition in CR1 
and the PIT-coil transition in CR2 (Garcia-Alai et al., 20C17) (Section 12.5). A 
third hypothesis, not mutually exclusive with the other two, is that conservation of 
these additional residues is necessary to fine-tune the details of the extended E7N 
structure, which is highly dynamic but by no means random (Garcia-Alai et al., 
2007). In any case, the continuity of conservation throughout the whole E7N further 
confirms that it is a bona fide domain and not a mere joining of two independent 
regions, CR1 and CR2 (Garcia-Alai et al., 2007). 

12.7 .3 Role of Intrinsic Disorder in the Evolution of the E7 Protein 

Intrinsically disordered regions have distinct evolutionary properties. Their 
sequence is not under the pressure to retain a specific tertiary structure and may 
change at a faster rate than the sequence of a globular domain. The IDD of E7 
harbors several short functional motifs related to the transforming properties and 
oncogenic potential of PVs, such as the E2F-lik:e helix, the LxCxE motif, the 
CKII phosphorylation site, and the acidic stretch. Most of these motifs consist 
of less than five function-determining residues and can thus appear or disappear 
altogether with only a few point mutations, a process facilitated by a :flexible 
structural context Accordingly, we observe a diversity of motif arrangements 
within canonical E7N domains in the PV family (Bernard et al., 2010). The 
LxCxE motif is missing in the whole Nupapillomavirus and Zetapapillomavirus 
genera (Hirt et al., 1991; Ghim et al., 2004). The CKII site is absent from the 
whole Mupapillomavirus and Iotapapillomavirus genera and in several PV types, 
from the Betapapillomavirus, Kappapapillomavirus, Lambdapapillomavirus, and 
Xipapillomavirus genera (Danos et al., 1982; Tan et al., 1994a; Christensen et al., 
2000; Rector et al., 2007; Hatama et al., 2008; Chouhy et al., 2010). The acidic 
stretch is present in all known canonical E7N domains, although the amount of 
acidic residues is variable. Both the CKII site and the LxCxE motifs are lacking 
in several PV types from the Alpha and Gamma genera (Ekstrom et al., 2010; 
Kohler et al., 2010). 
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Remarkably, the changes in the E7N functional motifs do not follow the phy
logenetic relationships between PV types (Bernard et al., 2010), indicating that 
these changes have occurred independently, several times in the recent past. This 
is direct evidence that structural disorder has facilitated adaptive evolution of short 
functional motifs, thereby modulating the diverse functional repertoire of the PV 
E7 protein (Chemes et al., 2010). Remarkably, structural disorder also allows for 
relocation of a short functional motif within the PV proteome. The Rhesus PV 
E6 protein does not contain a functional PDZ-binding motif, but the E7 protein 
from the same virus does contain one (fomaic et al., 2009). In a similar manner, 
the phosphorylation/PEST sequence is not present in the E7 protein from BPV 
type 1 (Narechania et al., 2004), but it seems to have migrated to the E2 protein 
(Garcia-Alai et al., 2006). Last, it is worth mentioning that a recent study found an 
increased amount of disorder in E7 proteins from oncogenic genital HPVs, com
pared with their nononcogenic counterparts (Uversky et al., 2006). This indicates 
that the increased functional adaptability imparted by structural disorder may also 
have physiological consequences that go beyond the life cycle of the virus. 

12.7.4 Sequence Similarity to Other Viral Proteins 

The PV E7 transforming protein shares features with several transforming proteins 
from other human viruses. It has long been recognized that the canonical PV E7N 
domain and the adenovirus E1A protein share two disordered regions of significant 
sequence similarity, CR1 and CR2 (Dyson et al., 1992). The CR2 region is also 
present in the large T antigen from simian as well as human polyomaviruses (Dyson 
et al., 1990; Chellappan et al., 1992; Feng et al., 2008) (Section 12.2.1) (Fig. 12.2b). 
In later years, functional examples of the LxCxE Rb-binding motif have been 
characterized in proteins from other human viruses, such as rubella virus (Forng 
and Atreya, 1999), cytomegalovirus (Kalejta et al., 2003), human T-cellleukemia 
virus (Kehn et al., 2005), hepatitis C virus (Munakata et al., 2005), and molluscum 
contagiosum virus (Mohr et al., 2008). CKII-PEST motifs in noncanonical E7N 
domains from reptilian and avian PV s have also been reported (ferai et al., 2002; 
Herbst et al., 2009). The similarities among viruses also extend to the globular 
treble-cleft fold domain present in E6 and E7. A treble-cleft fold domain is present 
in the Arenavirus protein Z (Kentsis et al., 2002b). It is interesting to note that the 
treble-cleft fold domains from PV E6, E7 and Arenavirus protein Z share the ability 
to form large oligomeric assemblies, an ability which is also present in certain host 
domains derived from the treble-cleft fold (Section 12.4). 

The origin of these similarities between viral transforming proteins is still not 
understood. Some similarities may be because of convergent evolution. This is 
a plausible explanation in the case of short functional motifs within disordered 
domains. For example, the CR2 region containing the LxCxE and CKII-PEST 
motifs may be a mimic of similar regions found in about a quarter cellular targets of 
the Rb protein (Chemes, 2010). Alternatively, some regions of sequence similarity 
may have a common ancestor, that is, be homologous. Such regions may have 
been transferred through recombination between PV genomes of different types 
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(Narechania et al., 2005; Hu et al., 2009) and between PV and polyomavirus 
genomes (Woolford et al., 2007; Bennett et al., 2008). 

12.8 CONCLUDING REMARKS 

The HPV E7 oncoprotein is a prototypic viral oncoprotein that shares sequence and 
functional similarities with oncoproteins from other DNATVs. It was through the 
investigation of E7 and other DNATV proteins that the function of the Rb protein as 
an essential cell cycle regulator was first uncovered. The E7-Rb interaction stim
ulates cell cycle progression, but it cannot explain by itself the oncogenic nature 
of the E7 protein, given that it takes place in all HPV -infected cells. Cancer devel
opment is a rare and exceptional event, which probably requires the participation 
many other target-protein interactions. 

We argue that the multitarget nature of E7 has an impact on the cell transforma
tion process because of its intrinsically disordered nature, which endows E7 with 
the ability to adopt a number of different conformations by combining multiple 
equilibria that depend on the chemical environment. This property resides in the 
E7 N-terminal module, which we can identify as a bona fide domain, irrespective 
of the fact that it does not bear a compact tertiary fold. 

The modular nature of E7 provides with two domains that can contact protein 
partners, including the dimer interface, which is exposed on dissociation. A vast 
number of important interacting sites are located at the E7N domain, while others 
reside in the E7C domain, as identified by in-cell or pull-down methods. However, 
the interaction with cellular binding partners appears to depend on a combination 
of contact sites that contribute differentially to the binding free energy. 

E7N is a plastic domain, which can accommodate a large number of interac
tion partners including an enzyme such as CKIT. Features such as the presence 
of several linear motifs within an intrinsically disordered region, the presence of 
additional interaction sites in the compact C-terminal domain, and the highly acidic 
and therefore ionic nature of E7 form the structural and molecular basis for the 
large number of interacting partners described. Thus, E7 qualifies as a scaffold or 
hub protein, similar to its main target Rb. 

So far, the only high-affinity and high-specificity E7 target analyzed in detail is 
the Rb protein. Because of its high affinity, the E7 -Rb interaction is expected to 
take place at low E7 levels typical of early stages of infection. As E7 levels build up 
on viral life cycle progression, oligomerization in the cytosol and the establishment 
of low-affinity interactions through the E7N domain may become significant. This 
would generate a network of interactions that far from being productive to cell 
physiology could interfere and eventually lead to transformation through many of 
the different routes that have been described. 

The marked statistical presence of IDP in cell signaling and cancer-related pro
tein interaction networks (Uversky et al., 2009), which are highly related to each 
other, argues for the requirement of multiple low-specificity interactions mediated 
by these domains. The active participation of E7 in HPV biology, its small size, 
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the large number of viral sequences that allow bioinformatics approaches, and 
finally, the availability of a large number of genetic and cell biology tools make 
E7 an excellent model for investigating the molecular basis for the role of IDPs in 
biological processes. 
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13 
THE SEMLIKI FOREST VIRUS 
CAPSID PROTEASE IS DISORDERED 
AND YET DISPLAYS CATALYTIC 
ACTIVITY 

MANUEL MORILLAS, HElKE EBERL, FREDERIC H.-T. ALLAIN' 
Rum GLOCKSHUBER, AND EVA KUENNEMANN 

13.1 INTRODUCTION 

Togaviruses are enveloped plus-strand RNA viruses with an icosahedral nucleocap
sid and a spherical virion morphology. The Togaviridae family is composed of two 
genera: Alphavirus and Rubivirus. The Alphavirus genus consists of more than 40 
recognized members, while the rubella virus is the only member of the Rubivirus 
genus (Matthews, 1979; Porterfield, 1986). Genome organization and nucleotide 
homology make the difference between the two genera. Alphaviruses are about 
11.7 kb in length, while rubella virus is 2 kb shorter (Dominguez et al., 1990; 
Strauss et al., 1984). Alphaviruses are transmitted in vertebrates and insects, while 
rubella virus is restricted to humans. The Semliki Forest virus (SFV), for instance, 
infects birds and rodents via mosquito bites, causing rash and arthritis. 

The genome of SFV is a nonsegmented single-stranded plus-strand RNA, 13 kb 
in length. It has an open reading frame (ORF) in the 5' region that encodes non
structural viral proteins and a second ORF in the 3' region that encodes structural 
proteins (Fig. 13.1). The genome carries a methylated nucleotide cap at the 51-

terminus cap and a polydeanylated tail at the 31-terminus, resembling an mRNA. 
Alphavirus-infected cells produce three species of RNAs: genomic plus-strand 
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I ns P1 nsP2 • nsP3 nsP4 
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Nonstructural viral polyprotein 

Read-through f1 
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PE2 6k PE1 
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Figure 13.1 Replication and processing of the genome of an alpbavirus. Alphaviruses 
have ( + )ss RNA, and the replication and translation occurs in two cycles. First cycle 
(step 1 and 2) produces nonstructural polyproteins required for RNA replication and 
transcription. The second cycle (step 3 and 4) produces a (-)ss RNA, subgenomic mRNA, 
and the viral structural protein. Source: Adapted from Kuhn (2006). 

RNA, complementary minus-strand RNA, and subgenomic mRNA (Fig. 13.2). 
Translation of the ( + )ss RNA occurs in two cycles. The first cycle produces a 
polyprotein encoded in the 5' region of the genome forming four nonstructural 
proteins responsible for gene replication and expression (Fig. 13.1, steps 1 and 2). 
The second cycle of translation produces a negative sense fragment that acts as the 
template for further synthesis of the positive-sense RNA and the viral polyprotein 
(Fig. 13.1, steps 3-5; Kuhn, 2006). The polyprotein translated in this second cycle 
carries four structural proteins: the capsid protein C, enveloped glycoproteins E1 
and E2, and leader peptide proteins E3 and 6K (Raju and Huang, 1991). 

The capsid protein constitutes the N-terminal segment of the polyprotein 
(residues 1-267) and is released from the viral polyprotein by autoproteolysis 
(Fig. 13.3) The new viral polyprotein devoid of the capsid protein now bears 
a signal sequence for translocation across the ER where it is glycosylated and 
translocated to the cell membrane. Proteins E1, E2, and 6K are transmembrane 
proteins (Sefton, 1977; de Curtis and Simons, 1988; Garoff et al., 1990; Presley 
et al., 1991). 

Viral proliferation is followed by interaction of the capsid protein associated with 
the ribosome and viral RNA, thus triggering viral capsid formation. Interaction of 
the capsid and the glycoproteins E1 and E2 promotes viral budding (Miller and 
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Plus-strand genome 

Nonstructural region Structural region 

5' CAP ~L __ _j__ __ _[__ _ ___l_ ___ _._ _____ ,_.~ poly A 3' 
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Minus-strand RNA 

plus-strand RNA Subgenomic mRNA _________ .,. _________ .,. 

3' L--------~~~~L..J s' 

Minus-strand RNA 

Figure 13.2 Structure of the alphavirus genome regulation of RNA synthesis. 
Alphaviruses produce three species of RNAs: genomic plus-strand RNA, complemen
tary minus-strand RNA, and subgenomic mRNA. The synthesis of these three species 
is tightly regulated by specific nonstructural viral proteins. Synthesis is asymmetric with 
minus-strand synthesis to about 5% of the level of plus-strand genome RNA. RNA repli
cation begins with the synthesis of minus-strand synthesis (top panel). As minus-strand 
synthesis continues, nonstructural proteins continue to be translated and concentrations of 
the protease precursors increase. A change in the composition of the replication complex 
shifts to plus-strand synthesis and production of subgenomic mRNA. 

• • • • 
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(processed by cellular enzymes) 
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Figure 13.3 Processing and structure of the viral polyprotein. The viral polyprotein 
is processed by intramolecular and intermolecular proteolysis. The SFV capsid protein 
autocleaves the peptide bond between the residues Trp267 and Ser268 cotranslationally. 
The new polyprotein is processed by cellular proteases. The mature capsid protein is 
composed of an unfolded N-terminal segment and the protease C-terminal segment that 
remains inactive. The residues of the catalytic triad are indicated 
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Brown, 1992; Roman and Garoff, 1986; von Bonsdorff and Harrison, 1978). The 
matme envelope virion is 70 om in diameter with a molecular mass of 52,000 kDa 
and a density of 1.22 glee. The matme virion is corqx>sed of an outer host-derived 
lipid layer and repeating units of the E1 and E2 transmermrane glycoproteins, 
and an inner capsid formed by 240 copies of the capsid protein arranged in T = 4 
icosahedral lattice encapsulating the single molecule of the genomic RNA (Harrison 
et al ., 1971; von Bonsdodl and Harrison, 1975, 1978; Harrison et al ., 1992; Fuller 
et al ., 1995; Fig. 13.4). 

The capsid protein consists of an unstructmed region (residues 1-118) and a 
folded domain with serine protease activity (residues 119-267). The capsid pro
tein displays several functions in the life cycle of SFV: (i) cotranslational folding 
of the C-terminal protease domain catalyzes the cleavage of the Trp267 -Ser268 
bond, thus generating the matme capsid protein (SFVP) (Melancon and Garoff, 
1987; Skoging and Liljestrom, 1998; Nicola et al., 1999); (li) viral capsid assem
bly is initiated by an interaction between the positively charged N-terminal segment 
of the SFVP, the nbosome, and the negatively charged viral RNA (Weiss et al ., 
1989; Geigenmuller-Gnirke et al., 1993; Forsell et al ., 1995; Owen and Kuhn, 
1996); (ill) interaction between the viral capsid and the glycoproteins E1 and E2 
promotes viral budding (von Bonsdodl and Harrison, 1978; Roman and Garoff, 
1986; Miller and Brown, 1992); the interaction between SFVP and the transmem
brane glycoprotein is needed for effective capsid assermly and viral release (Zhao 
et al ., 1994; Lee et al ., 1996; Owen and Kuhn, 1997); and (iv) SFVP interacts 
with ribosomes in the host cell to trigger the release of the genomic RNA in the 

(a) 

s 

M 

c 

R 

(b) 

Figure 13.4 Structure of alphavirus determined using cryo-EM. (a,b) The trimeric 
petal-shaped spikes and the imler capsid core are visible. S , spikes; M, membrane; C, 
capsid; R, RNA. Source: Adapted from http://www.emblde/Extemallnfo/fulleriEMBL_ 
Vnus_Structure.html. (See insert for color representation of the figure.) 
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cell cytoplasm (Singh and Helenius, 1992). These activities are shared among other 
homologous capsid proteins (63-92% sequence homology) of the genus Alphavirus 
(Strauss and Strauss, 1994). The capsid protein of the Sindbis virus, togavirin (B.C. 
3.4.21.90), identifies the serine protease activity displayed in all alphavirus capsid 
proteins. 

We have concentrated our studies on the C-terminal protease domain of SFVP 
(residues 119-267). Its structure and folding properties are well characterized 
(Choi et al., 1996, 1997; Sanchez et al., 2004), but to the best of our knowledge 
nobody has attempted to reactivate the protease for biotechnological purposes. The 
mature SFVP and its C-terminal protease domain in its mature form are inac
tive. The protein performs a single proteolytic reaction in the viral polyprotein, 
and then its serine protease activity remains inactive. The three-dimensional struc
ture of SFVP shows two ~-barrel domains (residues 119-182 and 183-267) and 
a catalytic serine protease triad at the domain interface (His145, Asp167, and 
Ser219) (Fig. 13.5a). This fold is similar to the structure of chymotrypsin (Choi 
et al., 1997). In the mature capsid protein, :NB2 of His145 and QY of Ser219 form 
hydrogen bonds with the free carboxylate of the C-terminal Trp267, thus inhibit
ing further proteolytic activity. Thus, SFVP performs a single enzymatic reaction 
before it is assembled in the viral capsid shell. It is worth remarking the 100% 
conservancy of Trp267 among the Alphavirus genus members and its relevance 
in the viral cycle (Boege et al., 1981; Kinney et al., 1986; Chang and Trent, 
1987; Faragher et al., 1988; Hahn et al., 1988; Levinson et al., 1990; Shirako 
et al., 1991; Rumenapf et al., 1995). Trp267 is buried in a hydrophobic pocket, 
and single mutations of Trp267 have shown poor viral infectivity (Skoging and 
Liljestrom, 1998) (Fig. 13.5b). 

We have investigated if reactivation of SFVP is possible by deletion of the 
autoinhibitory C-terminal Trp267. Our objective is to obtain a novel enzyme derived 
from SFVP to test if the new enzyme is highly specific for tryptophan substrates, 
which can be of significant biotechnological relevance. In the following sections, 
we describe the catalytic and structural properties of the C-terminal truncated vari
ants of SFVP and their relationships with other natively unfolded proteins. We 
have obtained six variants of SFVP to test their catalytic and structural properties 
(Table 13.1). 

13.2 ENZYMATIC ACTIVITY AND STEADY-STATE KINETICS 
OF THE SFV C-TERMINAL TRUNCATED VARIANTS 

We have tested the catalytic properties of the SFVP variants with esters and amide 
compounds of aromatic and nonaromatic amino acids. The four C-terminal SFVP 
deletion variants E266 (-1 aa), E265 (-2 aa), S264 (-3 aa), and T260 (-7 aa) 
and the variant W267 A catalyze the hydrolysis of ester derivatives of aromatic 
amino acids. The hydrolysis of N -acetyl-tryptophan-4-nitrophenyl ester (Ac-Trp
ONp) and N-tert-butoxycarbonyl-tyrosine-4-nitrophenyl ester (Boc-'!Yr-ONp) is 
accelerated 5 x 1if-fold in the presence of nanomolar amounts of the SFVP C
terminal deletion variants. Increasing amounts of the wild-type (wt) protein SFVP 
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(a) 

(b) 

Figure 13.5 Three-dimensional X-ray structure of wild-type SFVP. (a) Ribbon repre
sentation of the X-ray structure of wild-type SFVP (residues 119-267). 1be residues 
that form the catalytic triad (S219, H145, and D167) are in the center of the figure. 
1be three tryptophan residues are located in the C-tenninal ~barrel domain. The free 
carboxylic group of Trp267 makes hydrogen bonds (dotted lines) with :W2 of His145 
(distance 2.75 A) and O"ofSer219 (distance 2.85 A). (b) Hydrophobic pocket where the 
C-tenninal Trp267 is buried in the structure of wild-type SFVP. The pocket formed is by 
the hydrophobic groups of the labeled residues, the polypeptide chain of a ~-sheet strand 
(residues Gly236-Ala238, bottom of the figure), and the polypeptide chain of residues 
Ala213-Lys215 (top of the figure). 
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TABLE 13.1 List of Protein Constmcm of SFVP Used in the Study 

Name of Protein Construct C-Thrminal Sequence of SFVP Proteins 

SFVP (wt)" 
SFVP (-1 aa) 
SFVP (-2 aa) 
SFVP (-3 aa) 
SFVP (-7 aa) 

x-259-T260-P261-E262-G263-S264-E265-E266-W267 
x-259-T260-P261-E262-G263-S264-E265-E266 
x-259-T260-P261-E262-G263-S264-E265 
x-259-T260-P261-E262-G263-S264 
x-259-T260 

SFVP ( -3 aa) S219G x-259-T260-P261-E262-G263-S264 

"The wild-type SFVP has a catalytic triad with sequenceD ... -H ... S that is maintained in all 
constructs with the exception of SFVP (-3 aa) S219G. 

or the variant SFVP Ser219Ala ( -3 aa) do not have any effect on catalysis of these 
compounds (Fig. 13.6). 

The steady-state kinetic constants kart, KM, and kcat./ KM were calculated from 
the saturation curves of the enzyme with increasing concentration of substrate 
(Table 13.2). We measured a value for kcat.! KM of 5 x 1cP/sJM for the variant 
with the substrate Ac-Trp-ONp close to some of the highest values of kc-.1 KM ~ 
2 x 106/sJM reported for serine proteases (Lottenberg et al., 1981; Odake et al., 
1991; Powers and Kam, 1995). The variant SFVP (-7 aa) showed a threefold 
decrease in kc-. and kc-.1 KM relative to the variant SFVP (-1 aa). KM remained 
equal in all C-terminal deleted variants within the experimental error. 

We measured a 10-fold decrease in kart/ KM and a 20-fold decrease in kcat. with 
the substrate Boc-Tyr-ONp relative to the substrate Ac-Trp-ONp (Table 13.2). We 

TABLE 13.2 Steady-State Kinetic Parameters of C-Terminal Deleted Variants of 
SFVP 

Protein 

Constructs 

SFVP (-1 aa) 
SFVP (-2 aa) 
SFVP (-3 aa) 
SFVP (-7 aa) 
SFVP (wt) 
SFVP (-3 aa) 

S219G 
Saneous Rate. 

No Enzyme. 

Ac-'llp-ONp 

5 X lOS 15 ± 0.8 
1.7 X lOS 14.9 
2 X lOS 12± 0.6 
1.6 X lOS 5.9 ± 0.4 
n.d. 
n.d. 

3.7 x 10-4/s 

Substrates 

30±6 
89± 14 
60±8 
36±7 

6 X lo4 
3 X lo4 
1.0 X lo4 
n.d. 
n.d. 

Boc-'JYr-ONp 

0.76 ± 0.01 13 ± 0.8 
0.70 ± 0.04 24 ± 4 
0.54 ± 0.05 52± 9 

1.5 x 10-5/s 

Protein samples (10-90 nM) were added to solutions containing the substrate in 10 mM MOPS
NaOH pH 7.0 at 25°C. The enzymatic activity of SFVP W267G is identi.cal to SFVP (-1 aa), and 
the catalytic parameters of SFVP ( -2 aa) withp-nitropheny1 acetate are koat = 0.0012 ± 0.0002 s-1 
and KM = 213 ± 66.3 jiM under identi.cal experimental conditions. 
Abbreviation: n.d. = not detennined. 
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Figure 13.6 Enzymatic activity of SFVP C-terminal deletion variants. (a,b) Examples 
of full-progress curves of SFVP (-3 aa) with Ac-Trp-ONp (a) and Boc-JYr-ONp (b). 
(a) Substrate= 110 J.LM and enzyme= 5.7 J.LM. (b) Substrate= 158 J.LM and enzyme= 
5 J.LM. Reactions measured in 10 mM MOPS-NaOH pH 7.0, T = 25°C. SFVP wild type 
and SFVP S219A ( -3 aa) cannot catalyze the hydrolysis of either Ac-llp-ONp or Boc
'JYr-ONp. ( c,d) Effect of increasing the substrate concentration on the enzymatic hydrolysis 
of Ac-Trp-ONp (c) and Boc-JYr-ONp (d). The initial velocity of the reaction (micromolar 
product s-1)/(micromolar enzyme) is displayed against substrate concentration. Enzyme 
concentration= 10-90 nM. Reactions were measured in 10 mM MOPS-NaOH pH 7.0, 
T = 25°C . .l, SFVP ( -1 aa); l', SFVP ( -2 aa); o, SFVP ( -3 aa); and+. SFVP ( -7 aa). 
(e) pH -dependence of the enzymatic activity of SFVP C-terminal deletion (-3 aa) variant 
with Ac-Trp-ONp and Boc-JYr-ONp. The initial velocities of full progress curves were 
measured at 2.5 J.LM substrate concentration and 60-120 nM enzyme concentration. The 
enzymatic activity of SFVP( -3 aa) exhibits a pK1 = 6.97 ± 0.09 and 6.98 ± 0.09 with 
Ac-Trp-ONp (•) and Boc-JYr-ONp (.l), respectively. 

also observed a small acceleration in the hydrolysis of the ester p-nitrophenyl 
acetate in the presence of the SFVP C-terminal deletion variants. The value of 
kcat! KM is only 5.7/s/M. This represents a 10,000-fold difference in enzymatic 
efficiency relative to specific substrates. We did not detect any enzymatic catalysis 
with other esters of aromatic acids such as N -acetyl-leucine p-nitrophenyl ester and 
N -acetyl-glycine p-nitrophenyl ester. These results suggest substrate specificity for 
tryptophan over tyrosine and basically nonspecificity over any other amino acid. 
These results agree with in vivo mutagenesis studies on Trp267 (Skoging and 
Liljestrom, 1998) and the intramolecular protease activity that we observed in vivo 
for SFVP fusion proteins. A model protein (p53) was fused C-terminal to residue 
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267 of either wt SFVP (W267) or SFVP W267Y and expressed in the cytoplasm 
of Escherichia coli. We observed that 100% of the model fusion proteins were 
cleaved off the SFVP if the residue at position 267 was tryptophan (wt). However, 
only 40-50% of the model fusion proteins was cleaved off if the residue at position 
267 was tyrosine (data not shown). 

The enzymatic activity exhibited a pH dependence with a pKJ of 6.97, a value 
similar to the ionization of histidine in proteins as it was expected from an active 
catalytic triad We can conclude that deletion of the C-terminaltryptophan is suffi
cientto reactivate the hydrolytic activity of SFVP. We can also conclude that Ser219 
is an essential nucleophilic residue in the reactivated variants. These data suggest 
that the catalytic triad (His145, Asp167, and Ser219) (Choi et al., 1996, 1997) is 
responsible for enzymatic catalysis of the C-terminaltruncated SFVP variants. 

Tryptophan 267 is fully conserved among capsid proteins of alphaviruses, and 
its side chain is located in a buried hydrophobic pocket surrounded by hydrophobic 
and noncharged residues (Boege et al., 1981; Chang and Trent, 1987; Shirako et al., 
1991; Choi et al., 1997). We, however, could not detect any enzymatic activity with 
esters of small aliphatic groups and other amino acids, indicating that SFV variants 
are enzymatically active only with tryptophan substrates and less efficiently with 
tyrosine substrates. This came as no surprise since previous studies showed the 
pivotal role of Trp267 in viral assembly and viral viability (Skoging and Liljestrom, 
1998). Skoging and Liljestr~m showed that mutation of Trp267 by phenylalanine, 
alanine, or arginine decreased the count of virus proliferation to five orders of 
magnitude. These Trp267 mutations were shown to be responsible for an increase 
in capsid aggregation and a reduction in autoprotease activity and nucleocapsid 
formation. Our enzymatic results with C-terminal truncated variants of SFVP 
support the essential role of Trp267 in the efficient catalytic activity of the capsid 
protein and hence in processing of the capsid assembly and viral proliferation. 

13.3 PRE-STEADY-STATE KINETICS OF THE SFV C-TERMINAL 
TRUNCATED VARIANTS 

We have studied the mechanism of action of SFV C-terminal truncated variants 
by determining individual rate constants. Hydrolases and proteases are well known 
to accelerate catalysis by stabilization of a tetrahedral intermediate and formation 
of an acyl enzyme in the enzymatic reaction (Polgar, 1989; Taylor, 1993; Roa 
et al., 1996; Morillas et al., 1999; Turk, 1999). We have strong evidence that the 
same catalytic triad responsible for catalysis on SFVP wt is also responsible for 
the catalysis observed with esters of aromatic amino acids. We followed in the 
enzymatic reaction of SFVP C-terminal deletion variants with Boc-Tyr-ONp and 
Ac-Trp-ONp. The enzymatic hydrolysis of the two substrates progresses in two 
distinctive phases (Fig. 13.7). The amplitude of the first phase is proportional to 
the enzyme concentration, and the rate of the reaction increases with increasing 
concentrations of substrate. The second phase corresponds to the steady state of 
the enzymatic reaction that was used to calculate the steady-state parameters. 
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Figure 13.7 Burst kinetics of SFVP C-terminal deletion variants and pre-steady-state 
analysis. (a) Stopped-:flow measurements of the enzymatic hydrolysis of SFVP (-2 aa) 
with Boc-Tyr-ONp at two enzyme concentrations. Two phases were detected at the begin
ning of the enzymatic reaction. The amplitude of the first phase increased with increasing 
enzyme concentrations. The slope of the second phase increased with enzyme concentra
tion. Concentration of substrate= 150 IJ.M. (b) Effect of substrate concentration on the 
enzymatic hydrolysis of SFVP ( -2 aa). The rate of the first phase and the slope of the 
second phase increased with substrate concentration. (c) The rate of the burst phase is plot
ted against substrate concentration. The rate of the burst phase saturates with substrate 
concentrations. (d) Effect of (substrate)-1 on the slope/amplitude (AlB) of the kinetic 
traces (o). The abscissa intercept was used to obtain individual rate constants. Effect of 
(substrate)-1 on the inverse of square root of the burst amplitude 1/..;B(<>). The abscissa 
intercept was used to calculate the total amount of active sites. 

We interpret the biphasic release of the product as the transient accumulation 
of an acyl intermediate (EA) with a rate k2, followed by its steady-state hydrolysis 
to free enzyme with a rate k3 (Polgar, 1989; Taylor, 1993; Morillas et al., 1999; 
Turk, 1999). See the following model. 
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TABLE 13.3 Rate Constants and Parameters Obtained from Burst Kinetics 

Rate Constants and Parameters 

k2 k3 KMacyl kcat [EA]a 

Boc-Tyr-ONp 4.4± 0.6 s-1 1.6 ± 0.5 s-1 22± 9~tM 0.76± 0.05 95% 
Ac-Trp-ONpl' 21 ± 5.2 s-1 6.3 ±3.5 s-1 44±32~tM 14 ± 0.8 94% 

aconcentration of active enzyme molecules. 
blbe stopped-flow data with Ac-Trp-ONp are more scattered because of the higher spontaneous 
hydrolysis of this ester. 

The saturation value of k2 + k3 as a function of substrate concentration is con
sistent with k2::::: k3, kcat is not rate limited, and KM ~ KMacy1• Individual rate 
constants of SFV variants and the concentration of active sites are shown in 
Table 13.3. The concentration of active sites relative to the enzyme concentra
tion indicates that 95% of the enzyme molecules are active and have one active 
site per molecule, supporting this enzymatic model. 

The value of k2 is slightly bigger than the value of k3 in SFV variants, k2/ k3 = 
2. 8 and 3.3 with Boc-'JYr-ONp and Ac-Trp-ONp respectively. The values of k2/ k3 
are bigger in other proteases and hydrolases with ester substrates (Mao et al., 1992; 
Roa et al., 1996; Morillas et al., 1999); for instance, k2/ k3 > 600 in chymotrypsin 
(Mao et al., 1992). The close values of k2 and k3 in SFV variants indicate that the 
acyl enzyme intermediate accumulates to 55% of the total enzyme concentration 
during the pre-steady-state, but it accumulates to nearly 100% of the total enzyme 
concentration in chymotrypsin. 

Given the lower thermodynamic stability of the SFV variants (Section 13.5), we 
tested if the small ratio of k2 : k3 may be the consequence of high energy barriers 
from a rate-dependent protein-folding reaction. We have studied the effect of tem
perature on the enzymatic reaction of the C-terminal truncated variants of SFVP 
and determined individual rate constants and steady-state constants with the sub
strate Boc-'JYr-ONp.The initial velocity of the enzymatic reaction was determined 
between 5 and 42°C. The Arrhenius plots show a deviation from linearity above 
25°C. Similar deviation of linearity in the Arrhenius plots has been observed in 
other proteases and hydrolases above 22 and 2SO C, which has been interpreted 
either as evidence of enzyme isomerization or change in the rate limiting step of 
the enzymatic reaction (Rajender et al., 1970; Adams and Swart, 1977; Wang et al., 
1981; Nohara et al., 1989; Martinet al., 1990; Morillas et al., 1999; Truhlar and 
Kohen, 2001). To simplify our analysis, we have focused our thermodynamic stud
ies at temperatures between 5 and 25°C. The activation energies for the individual 
rate constants k2 and k3 and the steady-state rate constant kcat vary between 30 and 
37 kJ/mol, and this corresponds to a decrease in the activation energy of 23 kJ/mol 
relative to the uncatalyzed reaction (Fig. 13.8 and Table 13.4). The values for the 
activation energy of SFVP variants fall within the values of activation energies 
measured with other enzymes (14-49 kJ/mol (Sanyal and Maren, 1981; Valley and 
Fi1zpatrick, 2004; Yu and Li, 2006) and 13.4 ± 1 kJ/mol (Morillas et al., 1999) for 



358 Tim SEMLIKI FOREST VIR US CAPSID PROlEASE IS DISORDERED 

1.5 

-1.5 '------'-----''-----'------'------'------' 
3.3 3.35 3.4 3.45 3.5 3.55 3.6 

1 000/T (K-1) 

Figure 13.8 Arrhenius plots for the kinetic parameters of SFVP ( -3 aa). Arrhenius 
plots for the kinetic parameters of SFVP (-3 aa). The natural logarithms of the kinetic 
parameters \1(0), k2(o), k3(•), k2 + k3(D), and slope of \1/burstamplitu.de (+) are plotted 
against the inverse of temperature. Enzymatic reactions under steady-state conditions 
contained 100 ILM of the substrate Boc-'JYr-ONp and 190 nM of S FVP (-3 aa) in 10 mM 
MOPS-NaOH pH 7.0. Enzymatic reactions under pre-steady-state conditions contained 
100 !J.-M of the substrate Boc-JYr-ONp and 3.7 !J.-M of SFVP (-3 aa). 

TABLE 13.4 Activation Energies from Rate Constants and Parameters 

Kinetic Parameter 

kcat (steady state) 
k2 
k3 
k2 +k3 
Slope ( \1)/burst amplitude 

Ew;:t (kJ/mol) 

30.9± 5.9 
33.3 
30.1 
32.5± 6.2 
37.5 ± 6.3 

Activation energies for steady-state and individual rate constants of the C-terminaltrun
cated variant of SFVP ( -3 aa) at 25"C. 

k2 of penicillin G acylase). However, higher activation energy values have been 
reported for other enzymatic reactions; for instance, the activation energies for the 
chymotrypsin- and trypsin-catalyzed reactions vary between 46-53 kJ/mol (Snoke 
and Neurath, 1950; Baggott and Klapper, 1976) and 59-93 kJ/mol (Blazyk et al., 
1981; Toth et al., 2006), respectively, depending on the reaction. Experimental 
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values for the activation energy of protein-folding reactions also vary with differ
ent proteins (16-155 kJ/mol) (Oliveberg et al., 1995; Su et al., 1996; Zerovnik 
et al., 1998, 1999; Perl et al., 2002; Verheyden et al., 2004) because it involves a 
big change on, U, whose associated free energy is temperature dependent (Scalley 
and Baker, 19CJ7; Perl et al., 2002), and it also depends on the value of the diffusion 
coefficient (Naganathan et al., 2007). We conclude that the activation energy for 
the enzymatic reaction of the C-terminal truncated variants of SFVP falls within 
the observed values for protein-folding reactions, and we cannot exclude confor
mational changes with small energy barriers (Oliveberg et al., 1995; Perl et al., 
2002). 

13.4 SUBSTRATE SEARCH AND INHIBITION STUDIES 

We have not detected any enzymatic activity of SFV variants with the compounds 
N -acetyl-tryptophan p-nitroanilide, N -glutaryl-phenylalanine p-nitroanilide, 6-
nitro-3-phenylacetamide benzoic acid, Suc-Ala-Ala-Ala-Pro-Phe-p-nitroanilide, 
and N -acetyl-glutamate-glutamate-tryptophan p-nitroanilide (Ac-EEW-pNa), a 
compound that mimics the last three residues deleted in the variant. Reasons for 
the lack of activity may reside in the low stability of the SFV variants (Section 
13.5). It is well known that the transition-state energy barrier for amide compounds 
is about 11-19 kcaVmol higher than for esters compounds (Chong et al., 2003). 
Chong et al., showed that an engineered catalytic antibody could hydrolyze ester 
substrates, but it could not surmount the energy barrier and catalyze the hydrolysis 
of amide compounds. We interpret that we could not detect enzymatic activity of 
SFV variants with amide compounds for similar reasons, and the novelty resides 
in the efficient catalysis of an inactive protease with ester substrates that was 
restricted to a single intramolecular turnover. 

Known covalent inhibitors of serine proteases such as phenylmethylsulfonyl 
:fluoride and choromethylketones such as N -benzyloxycarbonyl-leucine-tyrosine
chloromethylketone and N -benzyloxycarbonyl-phenylalanine-chloromethylketone 
did not inhibit the C-terminal variants of SFVP, even though they are well-known 
inhibitors of serine proteases (Sidorowicz et al., 1980; Eguchi and Kuriyama, 1985; 
Jung et al., 1995; Johnson and Moore, 2000, 2002). The inhibition constant of SFV 
variants with free tryptophan (KI = 5-7 mM) is a very high value to consider free 
tryptophan as an inhibitor (Ohno et al., 1976; Sato et al., 1977). N -acetyl-glutamate
glutamate-tryptophan p-nitroanilide that mimics the last three residues deleted in 
the variant did not show any inhibition to the catalysis of ester substrates. The 
enzymology studies do not provide a definitive answer to the lack of inhibition 
by these compounds, but structural studies of natively unfolded proteins help to 
interpret these data (Section 13.5). 

We conclude that SFV variants cannot stabilize the high energy required for 
buildup, stabilization, and decomposition of an amide transition-state intermediate, 
and this may be explained by the particular 3D structure of the SFV variants (see 
next section). 
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13.5 STRUCTURAL STUDIES OF THE C-TERMINAL TRUNCATED 
SFV CAPSID PROTEINS 

We have shown in the preceding sections that SFV variants are specific 
Michaelis-Menten enzymes for esters of aromatic amino acids. We have reached 
our original objective to reactivate the enzymatic activity of SFVP. In this section, 
we explain the structural changes and conformational stability observed in the 
enzymatically active SFV variants. 

The first indication that structural differences might occur between SFV variants 
and SFVP wt was observed during the expression and purification stages of the 
recombinant SFV variant SFVP wt is fully expressed and purified as a soluble 
protein from the cytoplasm of E. coli. SFV variants are expressed (more than 95% 
of the expressed protein) in the insoluble fraction of R coli . Attempts to recover 
the soluble fraction failed, and we attempted to refold the SFV variants from the 
insoluble fraction The methodology to purify and recover the SFVP variants has 
been described in detailed elsewhere (Morillas et al., 2008). 

The structure and biophysical properties of the SFVP C-terminal deletion 
variants were studied using spectroscopic methods and equilibrium sedimentation 
experiments. We determined the mass of the protein, independent of its shape in 
solution, by equilibrium sedimentation experiments. These experiments performed 
at different protein concentrations showed that the C-terminal deletion variants 
are monomeric, thus eliminating the possibility of protein oligomerization in our 
studies (Fig. 13.9a and Table 13.5). 

The 1D 1H NMR spectrum of the wt SFVP shows a chemical shift dispersion 
expected for a well-folded protein with a chemical shift range from 11 to -0.5 
ppm. However, the C-terminal truncated variant SFVP (-2 aa) shows broader and 
less dispersed spectra indicative of a natively unfolded protein (Fig. 9b,c). The 
spectra were recorded at pH 6.0 to reduce the amide exchange with water, and 
similar results were obtained at pH 7 .0, where the C-terminal deletion variants 
are more active. We attempted to repeat the same 1D 1 H NMR experiments in 
the presence of the substrates Boc-Tyr-ONp and Ac-Trp-ONp and detect protein 
conformations, but the high enzyme concentration needed for these experiments 
(0-2 mM, 3.2 mg/mL) hydrolyzes the substrate very fast before any measurement 
may be recorded Owing to the high absorbance and fluorescence of the substrates, 
we could not follow protein conformational changes in a stopped flow. 

In an attempt to explain how nonnative polypeptides could efficiently hydrolyze 
esters of aromatic acids, we performed 2D total correlation spectroscopy (TOCSY) 
experiments on SFVP (-2 aa) in the absence and presence of the poor substrate 
p-nitrophenyl acetate. The value of kcat.! KM with this compound is only 5.7/s/M. 
This represents a 10,000-fold difference in enzymatic efficiency relative to the spe
cific substrates Boc-Tyr-ONp and Ac-Trp-ONp. The reaction is so slow that we 
could measure over a 24-h period the enzymatic hydrolysis of the ester. Addition
ally, we could not observe burst kinetics with the compound p-nitrophenyl acetate 
compatible with either k3 > k2 or KMacyl > KM. We measured the enzymatic reac
tion of SFVP (-2 aa) withp-nitrophenyl acetate by 2D TOCSY NMR. We chose 
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Figure 13.9 Equilibrium sedimentation analysis and 1D 1H spectra of wild-type and 
C-tenninal truncated variant of SFVP. (a) Equilibrium sedimentation analysis of SI'VP 
was performed in a Beckman Optima XL-I analytical ultracentrifuge at pH 7.0 and 20°C. 
Experiments were run at 27,000 and 35,000 rpm in an An-50 TI Beckman rotor. SFVP 
(wild type) at 27,000 rpm (<>) and 35,000 rpm (ll). SI'VP ( -2 aa) at 27,000 rpm (0) and 
35,000 rpm (+). SFVP (-3 aa) at 27,000 rpm o and 35,000 rpm (x). The data shown 
here were obtained at a protein concentration of 40 ~M Continuous lines represent fits 
according to a single~omponent system analysis, and the residuals of this analysis are 
shown in the bottom panel. Identical results were obtained at a protein concentration of 
10 ~M (b,c) One~imensional 1H spectra of the free SI'VP wild type (b) and free SFVP 
( -2 aa) (c). Protein solutions of 029 mM for SFVP wild type and 0.2 mM for SFVP 
( -2 aa) were prepared in 50 mM acetate(D2)-HCI pH 6.0, T = 2SOC. 

conditions such that the reaction developed with a t112 ~ 4 h. The 2D TOCSY 
spectrum of SFVP ( -2 aa) in the absence of substrate shows a disordered protein 
structure corqr.tred with the 20 spectrum of the well-folded SFVP wt (Fig. 13.10). 
Successive spectra recorded every 2 h showed that although the reaction is efficient 
as indicated by disappearance of the cross-peaks from the substrate and appear
ance of cross-peak of the product (Fig. 13.10c-e, circled), we did not observe any 
chemical shift changes in the protein signals (Fig. 13.Hk-e), suggesting that the 
protein remains mostly unfolded, although the reaction proceeds. 
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TABLE 13.5 Equilibrium Sedimentation Analysis of SFVP wt and Calculated 
Mam 

Protein Mr. Equilibrium Sedimentation Analysis 

SFVP wt 
SFVP (-2 aa) 
SFVP (-3 aa) 

6.0 

~ 
6.5 

g 7.0 
:I: 

~ 7.5 
• 

8.0 

8.0 7.5 7.0 

'H (ppm) 

(a) 

6.5 

8.5 8.0 7.5 7.0 6.5 6.0 

6.0 

~ 6.5 
a. 
e 1.0 
J: 
~~ 7.5 

• 8.0 

8.5 
8.5 8.0 7.5 7.0 6.5 6.0 

'H (ppm) 

(c) 

6.0 

6.0 

6.5 

7.0 

7.5 

8.0 

8.5 

6.0 

6.5 

7.0 

7.5 

8.0 

8.5 

15844 ± 109 Da 
16586± 510 Da 

16996 ± 1380 Da 

6.0 

~ 
6.5 

g 7.0 
:I: 

~ 7.5 
• 

8.0 

8.0 7.5 7.0 6.5 

'H (ppm) 

(b) 

8.5 8.0 7.5 7.0 6.5 6.0 

6.0 6.0 

~ 6.5 6.5 
a. 
e 1.0 7.0 
J: 
~~ 7.5 7.5 

• 8.0 8.0 

8.5 8.5 
8.5 8.0 7.5 7.0 6.5 6.0 

'H (ppm) 

(d) 

6.0 

6.5 

7.0 

7.5 

8.1> 

8.5 
6.0 

6.0 

~ 6.5 
a. 
e 1.0 
:I: 
~~ 7.5 

• 8.0 

8.5 

Mr. Calculated Mass 

16209 Da 
15894 Da 
15765 Da 

w w 0 

N),~w, 
4-Ntrophenyt l 

acetate 

~-o N), - 0~11, 
Acetate 

4 -Ntrophenolate 

8.5 8.0 7.5 7.0 6.5 6.0 

6.0 

6.5 

7.0 

7.5 

8.0 

8.5 
8.5 8.0 7.5 7.0 6.5 6.0 

'H (ppm) 

(e) 

Figure 13.10 1\vo-dimensional TOCSY NMR experiments of SFVP proteins. (a) SFVP 
wild type [protein]= 0 .29 mM (b) SFVP (-2 aa) in the absence of substrate [protein]= 
0.2 mM (c-e) 0.2 mM SFVP (-2 aa) +0.2 mM p-nitrophenyl acetate. The spectra were 
recorded between 0 and 2 h (c), 11 and 13 h (d), and 19 and 21 h (e ) after the start of the 
reaction. The chemical structure of the substrate 4-nitrophenyl acetate and the products 
4-nitropeoolate and acetate are shown. The 2D TOCSY spectra shown in (c-e) also show 
correlations between the H2,H6 and H3,H5 aromatic protons within the substrate (dotted 
line) and the product (solid line). Buffer= 50 mM acetate(D2)-HCI pH 6.0, T = 25°C. 

The far-UV and near-UV CD spectra of the C-terminal deletion variants also 
differ significantly from those of the wt SFVP spectra. The spectra of the C-terminal 
deletion variants show lack of tertiary structure and incolq)lete secondary structure 
(Fig. 13.11a). The far-UV CD spectra of the SFV variants show a minirwm of 
around 200 om observed in unfolded polypeptides (Uversky et al ., 1999), and a 
positive band at 230 om that disappears under mild denaturing conditions (Fig. 
13.11b). The near-UV CD spectra of the SFV variants under native conditions 
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Figure 13.11 Spectroscopic characterization and urea-induced unfolding and refolding 
of wild-type and C-tenninal tnmcated variants of SFVP transition by CD. (a) Far-UV 
CD spectra of SFVP tmder native and denaturing conditions. Spectra of protein samples 
(22-50 !J..M) of SFVP wild-type, SFVP variants (-1 aa), SFVP (-2 aa), and SFVP (-3 
aa) tmder native conditions are labeled The spectra of all the variants and wild-type SFVP 
are identicaltmder denaturing conditions, and only one is shown. Native conditions= 10 
mM MOPS-NaOH pH 7.0. Denaturing conditions= 6M urea, 10 mM MOPS-NaOH pH 
7.0. The spectra recorded in 0.2-mm path length quartz cuvettes. (b) Near-UV CD spectra 
of SFVP tmder native and denaturing conditions. Protein samples of 110 !J..M SFVP (wild 
type and C-terminal deletion variants) were used to measure these spectra in 10-mm path 
length quartz cuvettes. The spectra of SFVP wild type, SFVP variants (-2 aa), and SFVP 
(-3 aa) tmder native conditions are labeled. The spectra of all the SFVP variants and 
wild-type SFVP are identicaltmder denaturing conditions, and only one is shown. Native 
conditions= 10 mM MOPS-NaOH pH 7.0. Denaturing conditions= 6M urea, 10 mM 
MOPS-NaOH pH 7.0. (c) Esterase activity tmder mild denaturing conditions and urea
induced unfolding and refolding of the C-terminal deletion SFVP variants monitored by 
CD. Protein samples were incubated in urea for 16 h before monitoring the enzymatic 
activity with 100 !J..M Ac-'frp-ONp or recording the protein CD signal at)..= 230 nm. 
The initial velocity (l1) of the enzymatic reaction of SFVP ( -3 aa) (black squares) was 
recorded and normalized to the initial velocity in the absence of urea. The urea-induced 
unfolding reaction of SFVP C-terminal deletion variants measured by CD at ).. = 230 
nm is reversible but does not show a clear pretransition region, and the signal decreases 
from the native state at 0 M urea to the unfolded state at 2.5 M urea. The urea-induced 
unfolding reaction of SFVP wild type measured by CD at)..= 227 nm is, however, a 
reversible and cooperative transition between two states, and the results were fitted to the 
two-state model (the dotted line is the fitted curve). CD signal of SFVP ( -3 aa, o), SFVP 
(-2 aa, .6.), SFVP (-1 aa, D). 

are similar to the spectrum of the unfolded protein under denaturing conditions. 
This suggests a loss in long-range interactions responsible for the tertiary structure 
and indicates that the aromatic residues are flexible and can rotate freely . These 
results show that the SFV variants have lost most of the tertiary structure that 
was present in the wt and retain residual secondary structure typical of natively 
unfolded proteins. 
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Figure 13.11 (Continued) 

The structural studies of the SFV variants were completed with intrinsic protein 
fluorescence measurements (Fig. 13.12). The wt SFVP contains three conserved 
tryptophan residues (frp195, Trp251, and Trp267) located in the C-terminal j:l
barrel domain, but the C-terminal deletion variants contain only two tryptophan 
residues (frp195 and Trp251). The fluorescence spectrum of wt SFVP shows a 
Amax of 333 nm under native conditions, indicative of an apolar environment, 
and is consistent with the X-ray crystallographic data showing each one of the 
three tryptophan residues buried in the protein interior (Fig. 13.5b). We observed 
different fluorescence intensities of SFV variants under native conditions, but this 
may be related to the different local environment, Amax, quantum yield, and the 
tryptophan residues in each variant (Verheyden et al., 2003). All SFV variants 
have identical fluorescence spectra under denaturing conditions, and the intensity 
is two-third of the fluorescence intensity of the SFVP wt under identical denaturing 
conditions. There is, however, a big difference in the fluorescence Amax of the SFV 
variants relative to the SFVP WT. The Amax of SFV variants is shifted toward 
higher wavelengths indicative of more exposure to the solvent The LlAmax is 3 nm 
for SFVP (-1 aa), 6 nm for SFVP (-2 aa), 8 nm for SFVP (-3 aa), and 9 nm 
for SFVP (-7 aa) (Fig. 13.12a). This suggests that the tryptophan residues of the 
C-terminal truncated SFV variants are more exposed to the solvent under native 
conditions than the wt indicating a lack of long-range interaction responsible for 
the tertiary structure. 

Binding of the dye 1-anilinonaphthalene-8-sulfonate (ANS) to the protein (Fig. 
13.12c) also indicates exposure of the C-terminal deletion variants to the solvent. 
The fluorescence spectrum of ANS shows a Amax blueshift of 30 nm and a 4 20% 
increase in fluorescence intensity on binding to the SFVP truncated variants, but 
only a 6-nm blueshift and a 20% fold increase in fluorescence intensity in the 
presence of wt SFVP. These results confirm the presence of hydrophobic patches 
accessible to the solvent in the C-terminal deletion variants. 

We have followed intrinsic protein fluorescence and far-UV CD protein sig
nal under native and denaturing conditions to study the thermodynamic stability 
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Figure 13.12 Spectroscopic characterization and urea-induced Wlfolding and refolding 
of wild-type and C-terminal trWlcated variants of SFVP transition by intrinsic protein flu
orescence. (a) Intrinsic protein fluorescence spectra of SFVP C-terminal deletion variants 
and wild-type SFVP. SFVP wt (., D), SFVP ( -1 aa) ( l., ~), SFVP (-2 aa) ( +, <)), and 
SFVP ( -3 aa) (e, o). Aex.c = 295 run. Closed symbols: native conditions in 10 mM MOPS
NaOH pH 7.0. Protein concentration = 2 ~J.-M. Open symbols: denaturing conditions in 6M 
urea, 10 mM MOPS-NaOH pH 7.0. (b) Urea-induced unfolding-refolding transitions mea
sured by intrinsic protein fluorescence. The S FVP wild type shows a reversible cooperative 
transition that was normalized according to a two-state model. The unfolding-refolding 
reaction of all the SFVP C-terminal deletion variants shows a linear dependence with 
urea. Protein samples (1-3 11-M) were incubated at different concentrations of urea for 
16 h, and the fluorescence signal at 360 run was recorded SFVP wild type normalized 
values (•, D). SFVP (-3 aa) (e, o) values at 360 run, Aex.c = 295 run. Closed sym
bols, unfolding reaction. Open symbols, refolding reaction. (c) Fluorescence spectra of 
1-anilinonaphthalene-8-sulfonate (ANS) in free solution and boWld to SFVP wild type 
and C-terminal tr\IDcated variants. A solution containing 34 11-M ANS and 2 11-M SFVP 
was preincubated for 10 min in 10 mM MOPS-NaOH pH 7.0. The fluorescence spectra 
of the free dye and the dye bound to the protein sample are shown. Aex.c = 360 run. 
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Figure 13.12 (Continued) 

of SFV variants. We have previously shown that wt SFVP unfolds and refolds 
in a cooperative and reversible manner with a I:!G of 30 kJ/mol (Sanchez et al., 
2004 ); however, very different results are obtained with the C-terminal truncated 
variants compatible with natively unfolded proteins (Anil et al., 2006; Khaymina 
et al., 2007; Neira et al., 2010). The fluorescence signal of the C-terminal deletion 
variants changes linearly with urea concentration between the native state and the 
unfolded state, and there is no indication of a cooperative transition (Fig. 13.12b). 
The CD signal in the urea-induced unfolding reaction decreases between 0 and 2.5 
M urea in the C-terminal deletion variants measured; it does not show a pretransi
tion baseline and remains constant at higher concentrations of the denaturant (Fig. 
13.1lc). Moreover, the decrease in enzymatic activity of the C-terminal deletion 
variants under mild denaturing conditions does not coincide with the change in 
CD signal. The enzymatic activity at 0.5 M urea is 50% of its value under native 
conditions, and there is no enzymatic hydrolysis at concentrations higher than 1 
M urea. These results show evidence of very small energy barriers between the 
native and denatured states, which are expected in natively unfolded proteins and 
undetectable with the current experimental techniques. 

Overall, we interpret the efficient catalysis of the C-terminal truncated variants 
as a rapid equilibrium of natively unfolded polypeptides and the active native 
state (Fink, 2005; Receveur-Brechot et al., 2006). The equilibrium is displaced 
to the ensemble of natively unfolded proteins in the absence of substrate and 
shifted toward the native state in the presence of the substrate. By making favorable 
interactions with the hydrophobic pocket, the substrate might stabilize the native 
structure by fitting in the aromatic moiety in the empty hydrophobic pocket where 
the side chain of tryptophan 267 is buried in the wt. This model explains that 
nearly 100% of the enzyme molecules are active but that covalent inhibitors of 
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serine proteases do not inhibit SFVP since they cannot bind to the ensemble of 
natively unfolded proteins or the enzyme-substrate complex. 

In this model, folding to the active state precedes catalysis, and since protein 
folding is generally slower than substrate binding, we would expect protein folding 
to rate limiting catalysis by high energy barriers. We have calculated the activation 
energies of the individual rate constants. and we conclude that the activation energy 
for the enzymatic reaction of the C-terminal truncated variants of SFVP falls within 
the observed values for protein-folding reactions (Sanyal and Maren, 1981; Morillas 
et al., 1999; Valley and Fitzpatrick, 2004; Yu and Li, 2006). These data do not allow 
us to state that protein folding limits the enzymatic reaction of SFVP C-terminal 
truncated variants, but we propose that if in a protein conformational change occurs 
along with enzymatic catalysis, this may have a small activation energy (at least not 
bigger than the observed activation energy of the enzymatic reaction), otherwise 
we would have observed bigger slopes in the Arrhenius plots. 

Examples of natively unfolded viral proteins are found in this book, but to the 
best of our knowledge, only two active enzymes with nonnative structural charac
teristics have been reported (MacBeath et al., 1998; Li and Jing, 2000; Vamvaca 
et al., 2004 ). Genetic selection and structure-based design were used to obtain a 
monomeric active form of the dimeric enzyme chorismate mutase (MacBeath et al., 
1998). The active monomer enzyme is, however, a molten globule polypeptide. A 
transition-state analog bound to the active site produced a conformational change in 
the structure of the enzyme. This conformational change shows an increase in pro
tein stability and tertiary structure (MacBeath et al., 1998; Vamvaca et al., 2004). 
Another example of natively unfolded enzyme is the double mutant of staphylo
coccal nuclease. In this case, binding of the substrate resulted in a reorganization 
of the enzyme required for efficient catalysis (Li and J ing, 2000). 

In summary, we show that we can obtain polypeptides derived from the SFV 
capsid protein with high enzymatic activity toward esters of aromatic amino acids. 
Although we have not observed a peptidase activity, the esterase activity is, to 
the best of our knowledge, the highest enzymatic activity achieved by a natively 
unfolded enzyme and opens new perspectives in biotechnology and biochemistry. 
We predict that other capsid proteins of the Alphavirus genus can be converted to 
active Michaelis-Menten enzymes by deletion of the highly conserved C-terminal 
tryptophan 
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14 
CORE-LATIONS BETWEEN 
INTRINSIC DISORDER AND 
MULTIFACETED ACTIVITIES 
IN HEPATITIS C VIRUS 
AND RELATED VIRUSES 

RoLAND IVANYI-NAGY, EvE-ISABELLE PECHEUR, AND 
JEAN-LUC DARLIX 

14.1 THE FLAVIVIRIDAE FAMILY OF RNA VIRUSES 

Members of the Flaviviridae family are RNA viruses with no DNA intermediate 
during the viral replication cycle. They have in common a nonsegmented, linear, 
single-stranded RNA genome of positive polarity, between 9.6 and 12.3 kb in 
length. Virus particles are enveloped and spherical, about 40-60 nm in diameter. 
All three genera of Flaviviridae-Hepacivirus, Flavivirus, and Pestivirus-contain 
pathogens of great medical and/or economic significance (Lindenbach et al., 2007). 

The sole members of Hepacivirus are hepatitis C virus (HCV) and the closely 
related GB virus B (GBV-B), causing liver disease in humans and New World mon
keys, respectively. Chronic HCV infection, with an estimated worldwide prevalence 
of 2-3%, entails substantial morbidity and mortality (Lavanchy, 2009). Long-term 
sequelae of infection, including liver cirrhosis and hepatocellular carcinoma, as well 
as various metabolic diseases, constitute a major healthcare and economic burden. 
At present, no protective vaccine is available against HCV, and standard treatment, 
consisting of a combination of pegylated interferon-a and ribavirin, is plagued 
by relatively poor efficacy and tolerability (Shimakami et al., 2009). However, 
a large number of small molecule antiviral compounds targeting viral enzymatic 
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activities are currently under clinical evaluation, with the promise of a specifically 
targeted antiviral therapy for hepatitis C (STAT -C) in the near future (Pereira and 
Jacobson, 2009). Flaviviruses comprise a large number of arthropod-borne human 
pathogens, including the West Nile virus (WNV), yellow fever virus (YFV), dengue 
viruses (DENV 1-4), and tick-borne encephalitis virus (TBEV). Owing to a com
plex interplay of factors, including climate change, increased international travel 
and urbanization, and reduced vector control coupled with the spread of vector 
resistance, numerous mosquito-borne viruses previously endemic only to tropi
cal or subtropical regions are emerging or re-emerging in industrialized countries 
(Roehrig et al., 2002; Gould and Solomon, 2008; CDC, 2010). The members of 
the third genus, Pestivirus, are animal pathogens infecting economically important 
livestock (e.g., bovine viral diarrhea virus (BVDV) of cattle and classical swine 
fever virus (CSFV) of pigs) and wild ungulates. 

Viruses in the Flaviviridae family infect a wide range of host organisms, tar
get a variety of cells and tissues, and establish various types of infection patterns 
(acute vs chronic, from lethal to subclinical infections). Despite this variability, 
they share a similar genome organization, virion morphology, and basic replica
tion strategy (Fig. 14.1; for recent reviews and references for the following section, 
refer to Bartenschlager et al. (2004), Lindenbach et al. (2007), and Moradpour et al. 
(2007)). The replication cycle starts with the attachment of viral particles to the 
host cell membrane through the recognition of specific receptors by the envelope 
protein(s). This step is followed by internalization of the receptor-virus complex 
via clathrin-dependent endocytosis. Owing to acidification in the endosome lumen, 
viral envelope proteins undergo structural rearrangements enabling viral membrane 
fusion. Subsequently, the nucleocapsid is released in the cytosol, and the genomic 
RNA is uncoated. Cap-dependent (:flaviviruses) or cap-independent/IRES (internal 
ribosome entry site)-driven (hepaci- and pestiviruses) RNA translation results in 
the synthesis of a viral polyprotein precursor, which is co- and posttranslationally 
processed by cellular and viral proteases to yield the viral structural and nonstruc
tural proteins. Similar to all positive-strand RNA viruses, the accumulating protein 
products remodel internal host cell membranes to serve as a scaffold for the viral 
replication complex. Altered endoplasmic reticulum (ER) membranes, termed mem
branous web for the HCV replication complex, possibly together with a subverted 
autophagy machinery, provide a protected environment for RNA replication that 
proceeds by a semiconservative and asymmetric manner through a negative-strand 
intermediate (replicative form (RF); Fig. 14.1). Virions are thought to form by 
budding into the ER and are released through the cellular secretory pathway. In 
the case of :flaviviruses, immature and mature virions are released, together with 
slowly sedimenting haemagglutinins (SHAs) devoid of nucleocapsid. In contrast, 
only fully mature virions seem to be released in case of HCV. 

14.2 THE CORE PROTEIN OF HEPATITIS C VIRUS 

HCV core protein is released from the viral polyprotein precursor by two con
secutive processing reactions carried out by ER-associated proteases. Cleavage by 
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Figure 14.1 Schematic representation of the replicative cycle shared by viruses in the 
Flaviviridae family. For explanation, please refer to Section 14.1 of the main text. RF 
corresponds to the double-stranded replicative form of genomic RNA, while RI is the 
replicative intermediate generated during plus-strand RNA synthesis. 

signal peptidase (SP) first releases a 191-residue form of core anchored to the 
ER membrane by its signal peptide (Hijikata et al., 1991; Santolini et al., 1994; 
Yasui et al., 1998), followed by a second maturation event at or near residue 
177 (Okamoto et al., 2008) by the intramembrane-cleaving signal peptide pep
tidase (SPP), a presenilin-type aspartic protease (Lemberg and Martoglio, 2002; 
McLauchlan et al., 2002). 

Mature HCV core protein consists of two functional domains (named D1 and 
D2), characterized by distinct amino acid contents and hydrophobicity profiles 
(Hope and McLauchlan, 2000; Boulant et al., 2005; Fig. 14.2). The N-terminal 
domain D1 (located approximately between residues 1 and 117) contains three 
highly basic amino acid clusters (BD1-BD3, Fig. 14.2). These basic regions medi
ate RNA binding (Santolini et al., 1994), promote RNA structural rearrangements 
(Cristofari et al., 2004; Ivanyi-Nagy et al., 2006), and contain all the information 
necessary for nucleocapsid-like particle (NLP) formation in the presence of RNA 
(Kunkel et al., 2001; Majeau et al., 2004; Section 2.4). Besides RNA binding, the 
majority of mapped protein interaction sites are also localized to theN-terminal 
region (McLauchlan, 2000), indicating that D1 is a major organizer of the HCV 
infection network (Section 2.5). The C-terminal D2 domain, of hydrophobic char
acter, serves as a membrane-binding module, mediating core protein attachment to 
ER membranes and, later in the replicative cycle, its recruitment to the putative 
assembly platform for viral particle formation, the surface of cellular lipid droplets 
(LDs) (Hope and McLauchlan, 2000; Miyanari et al., 2007; Shavinskaya et al., 
2007; Section 2.2). 
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Core proteins are released from the viral polyprotein precursor as a result of processing by 
viral and cellular proteases (SP; SPP; W 0 , N-tenninal autoprotease; NS2B-NS3, nonstruc
tural protein 2B-3). The mature hepacivirus (HCV) and ftavivirus (WNV) oore proteins 
oontain RNA- and lipid-binding regions (shown in gray and white segments, respectively) 
in distinct arrangements, while the domain organization of pestivirus (BVDV) oore pro
teins is currently unknown. Below the protein domains, predicted disorder is illustrated by 
a oolor-scale where dark gray/black segments oorrespond to disordered regions and light 
gray/white segments to ordered domains. Computer prediction of disordered regions was 
carried out using the DisProt VL3-H predictor (Obradovic et al, 2003). The position of 
basic amino acids is illustrated by black notches on top of the domain outlines. In HCV, 
they are clustered in three highly basic regions (BD1-BD3). As a general characteristic 
of Flaviviridae core proteins, RNA-binding regions are highly flexible and are emiched 
in basic residues. 

14.2.1 HCV Core Protein as an Intrinsically Disordered 
Protein-Blopby.slcal Characterlzatlon 

The biophysical features of the N-terminal D1 domain of HCV core and its 
shorter segments have been extensively characterized by a variety of Jrethods, 
demonstrating the lack of any stable secondary or tightly folded tertiary structure 
(reviewed in Ivanyi-Nagy and Darlix (2010)). D1 is hypersensitive to proteolytic 
digestion by either trypsin or chymotrypsin (Kunkel and Watowich, 2002; 
Duvignaud et al., 2009) and shows aberrant electrophoretic mobility on SDS gels 
(Duvignaud et al., 2009), features characteristic of intrinsically disordered proteins 
(IDPs) (Receveur-Brechot et al., 2006). In agreermnt with this, far-UV CD spectra 
of the N-terminal 124 (C124), 117 (C117), or 82 (C82) amino acids of core 
suggest a random coil-like conformation, with a pronounced ellipticity minirmm 
in the spectrum observed at "-'200 nm (Kunkel and Watowich, 2004; Boulant 
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Figure 14.3 Far-UV CD spectra of HCV core protein. In the absence of detergents, both 
the D1 domain (core 2-117) and the full-length protein (core 2-169) are disordered, as 
indicated by the single ellipticity minimum at "-'200 nm. In the presence of detergents, 
core protein adopts a partially a-helical conformation (core 2-169 + 0.1% DM). Source: 
Adapted from Ivanyi-Nagy et al. (2008). 

et al., 2005; Ivanyi-Nagy et al., 2008; Duvignaud et al., 2009) (Fig. 14.3). NMR 
spectroscopy and chemical shift indexing further support the highly disordered 
nature of C82 (Duvignaud et al., 2009). 

The structure of the D2 domain and how its presence influences the folding 
of the Dl region are still a matter of controversy. Secondary structures rich in~
sheets (Kunkel and Watowich, 2004), a-helices (Boulant et al., 2005), and a mostly 
unstructured conformation (lvanyi-Nagy et al., 2008) have all been suggested for 
the full-length core protein (C179 or C169) based on far-UV CD spectroscopy. 
One confounding factor in these measurements is the formation of heterogeneous, 
stable homo-oligomeric aggregates of core protein (Kunkel and Watowich, 2004; 
Boulant et al., 2005). Indeed, equilibrium sedimentation analyses show that C179 
forms large complexes with an average molecular mass of 500 kDa (""24-26 sub
units) (Kunkel and Watowich, 2004), while C169 sediments mostly between 600 
and 700 kDa ("-'30-35 subunits) (Boulant et al., 2005). Efficient solubilization of 
full-length core protein is dependent on the presence of mild detergents, such as 
DM (n-dodecyl ~-n-maltoside), during its purification and subsequent handling, 
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suggesting that the proper folding (and function) of core protein necessitates mem
brane association (Boulant et al., 2005; Section 2.2; Fig. 14.3). Differences in the 
core protein constructs, their solubilization, the formation of unspecific aggregates, 
and varied buffer compositions used in these studies might all contribute to the 
contradictory CD results; thus, further research is required to clarify the structure 
of the full-length core protein. 

Nevertheless, based on the available experimental data, a general model can 
be suggested, where an originally unstructured core protein undergoes a series of 
induced folding events upon its successive interactions with cellular membranes 
(Section 2.2), the viral RNA (Section 2.3), the viral envelope glycoprotein&, and 
a variety of cellular proteins (Section 2.5). These individual interactions result 
only in partial structure formation (Boulant et al., 2005; Carmona and Molina, 
2010), leading to the formation of ''fuzzy complexes" (Tampa and Fuxreiter, 2008), 
where parts of core protein remain highly :flexible and exposed, prone to bind
ing further par1ners. The combination of dynamically changing structured and 
unstructured segments might permit the formation of a staggering number of 
various protein-protein, protein-RNA, and protein-lipid complexes, allowing a 
tight temporal and spatial regulation of the viral replicative cycle and host cell 
metabolism. 

14.2.2 Membrane Binding by HCV Core 

From its synthesis on the ER membrane to viral budding in concert with LOs, the 
HCV core protein is continuously associated with various intracellular membrane 
structures. Indeed, core protein trafficking, virion morphogenesis, and changes in 
the host cell lipid metabolism (ultimately leading to pathogenesis) are intimately 
interrelated (see Section 2.4 and recent reviews by McLauchlan (2009) and Piver 
et al. (2010)). Lipid association of core is mediated by its C-terminal 02 domain 
through the formation of two putative amphipathic a-helices between amino acids 
119-136 and 148-164 interacting in plane with the LD phospholipid monolayer 
and connected by a :flexible hydrophobic linker (Hope and McLauchlan, 2000; 
Boulant et al., 2006). However, conformational changes upon lipid binding most 
probably extend beyond the 02 region and lead to partial a-helical folding also 
in 01 (Boulant et al., 2005). Indeed, far-UV CD spectra of full-length core show 
an ""50% helical content for the protein in the presence of mild detergents mim
icking a membrane environment (Boulant et al., 2005; Fig. 14.3). In agreement 
with an important role for lipid-induced folding, core protein mutants incapable 
of membrane association, which probably stay intrinsically disordered, are rapidly 
degraded by the proteasome (Boulant et al., 2006). 

Core protein folding and membrane association might be further influenced by 
palmitoylation, a posttranslational modification that enhances surface hydropho
bicity and membrane affinity of modified proteins (Greaves et al., 2009). Palmi
toylation of core at cysteine 172 was found to be essential for infectious virion 
production (Majeau et al., 2009), although this finding may not hold true for all 
HCV sequences (Kopp et al., 2010). 
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14.2.3 HCV Core as an RNA-Binding and Chaperoning Protein 

14.2.3.1 The "RNA Structural Code" of HCV Highly error-prone replication, 
caused by the lack of proof-reading activity in viral RNA-dependent RNA poly
merases (RdRPs), puts RNA viruses under a constant selection pressure to keep 
their genome size small. Indeed, with close to one mutation/genome/replication 
cycle (Drake and Holland, 1999), longer RNA viruses are threatened by "error 
catastrophe", a point where mutational load reaches a threshold level, eventually 
leading to population extinction (Eigen, 1971; Biebricher and Eigen, 2005). An 
opposing selection pressure, demanding high variability and coding capacity, oper
ates at the same time, endowing viruses with the flexibility to infect and replicate 
in host target cells and resist elimination by the host immune system or antiviral 
treatments. 

Increased coding and regulatory capacity in the compact genome of HCV is 
achieved by two strategies: encoding protein products in multiple reading frames 
(Branch et al., 2005) and by the presence in the genome of a number of cis-acting 
RNA elements (CREs), RNA structures regulating various aspects of the viral 
life cycle. CREs in RNA viruses can either correspond to relatively stable RNA 
structures involved in viral or cellular protein binding (e.g., the signal for VPg 
uridylylation in poliovirus (Steil and Barton, 2009) or the encapsidation signal in 
hepatitis B virus (Kramvis and Kew, 1998)) or function as metastable structures, 
with two (or more) conformations possessing similar thermodynamic stability, thus 
providing a new layer of regulatory potential by switching between the alternative 
structures (e.g., RNA sequences regulating fl.avivirus genome cyclization (Villordo 
and Gamarnik, 2009) or retroviral RNA dimerization (Darlix et al., 1995)). In most 
cases, structural rearrangements are facilitated by RNA chaperone proteins, which 
destabilize RNA structures and thus help overcome the kinetic barrier hindering the 
interconversion of stable, alternative conformations (Herschlag, 1995). As a well
characterized example, the small nucleocapsid protein (NCp7) of HN-1, which is 
generated by the viral protease-mediated cleavage of the Gag structural polypro
tein, is endowed with nucleic-acid-binding and chaperoning properties. Binding of 
the nucleocapsid protein to viral RNA and DNA molecules has important con
sequences. First, it drives the structural rearrangement of viral nucleic acids into 
their most stable conformation in an energy landscape (Tompa and Csermely, 2004; 
Ivanyi-Nagy et al., 2005). Second, when two essential viral nucleic acid sequences 
with complementary regions, such as the TAR RNA-cTAR DNA sequences, are 
within the nucleocapsid-nucleic-acid complex, nucleocapsid drives their annealing 
allowing proviral DNA synthesis to continue (Cristofari and Darlix, 2002; Levin 
et al., 2005; Godet et al., 2006). 

Similar to retroviruses, complex RNA-RNA interactions, RNA structural rear
rangements, and protein binding to distinct RNA structures regulate various aspects 
of the HCV replicative cycle, from translation of viral proteins throughout the repli
cation of the genomic RNA to (probably) encapsidation. The extent, structure, and 
regulation of this RNA structural code is as yet poorly explored, but recent advances 
have identified numerous CREs and long-range RNA-RNA interactions, providing 
the first glimpses to a highly sophisticated regulatory system. 
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14.2.3.1.1 RNA Structures in the Untranslated Regions of the HCV Genome The 
single, long open reading frame (ORF) of HCV coding for the viral structural and 
nonstructural proteins is flanked by highly structured and well-conserved untrans
lated regions (U1Rs). The 5' UTR folds into a complex secondary and tertiary 
structure (Kieft et al., 2002; Lukavsky et al., 2003), consisting of four stem loops 
(SLI-SLN) and a pseudoknot (Fig. 14.4). This region contains overlapping signals 
for RNA replication and translation (fsukiyama-Kohara et al., 1992; Friebe et al., 
2001). While SLI and SLIT are essential for replication (Friebe et al., 2001), the 
region between SLIT and SLN, together with the 5' proximal part of the core-coding 
region, forms an IRES, mediating cap-independent translation for the synthesis of 
the viral polyprotein (fsukiyama-Kohara et al., 1992; Fraser and Doudna, 2007). 
The 43S ribosomal complex binds directly to the IRES, without the requirement for 
the canonical translation initiation factors (Pestova et al., 1998). Direct positioning 
of the ribosomal P site to the AUG initiation codon leads to efficient ribosome 
recruitment without prior scanning of the 5' highly structured UTR (Spahn et al., 
2001; Otto and Puglisi, 2004). 

The 3' UTR has a tripartite organization, consisting of a rv40 nt long variable 
region, a poly(U/UC) tract, and a terminal highly conserved RNA structure of 
98 nt, termed X RNA (Tanaka et al., 1995, 1996; Kolykhalov et al., 1996; Yamada 

IRES 

5'UTR 

SL87 
SL248 

GORS ) 

Prolein-coding region 3'UTR 

Figure 14.4 RNA structures and long-range interactions in the HCV genome. Schematic 
representation of RNA secondary structures in the 5' UTR (SLI-SLIV), core-coding 
region (SL47-SL443), NS5B-coding region (SL8827-5BSL3.3), and 3' UTR (SL3-SL1) 
of the HCV genomic RNA. Two alternative confonnations, consisting of two or three stem
loop structures, are drawn for the 3' UTR. In addition, the 3' UTR might also dimerize 
through the X RNA region. Putative long-range RNA-RNA interactions are illustrated by 
dashed lines connecting the interaction sites (squares). High affinity core-protein-binding 
sites are indicated by shaded gray ovals. 
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et al., 1996). Both the linker pyrimidine-rich region and the X RNA sequences have 
been shown to be essential for HCV replication in cell culture and in chimpanzees 
(Yanagi et al., 1999; Kolykhalov et al., 2000; Friebe and Bartenschlager, 2002; 
Friebe et al., 2005; Yi and Lemon, 2003a,b). Although the mechanistic details 
of (-) strand RNA synthesis are poorly understood, it is believed that specific 
interaction of the RdRp NS5B with a promoter sequence in the X RNA region 
is involved in the initiation process (Cheng et al., 1999; Oh et al., 2000; Kim 
et al., 2002). Following a number of initially conflicting results (Fang and Moyer, 
2000; Friebe and Bartenschlager, 2002; Kong and Sarnow, 2002; Imbert et al., 
2003; Yi and Lemon, 2003a), an increasing consensus is pointing to a role for the 
31 UTR-and specifically the terminal SLl structure-in stimulating the IRES
driven translation of the HCV genome (Ito et al., 1998; Ito and Lai, 1999; Michel 
et al., 2001; McCaffrey et al., 2002; Song et al., 2006; Lourenco et al., 2008; 
Weinlich et al., 2009; Bung et al., 2010). Enzymatic and chemical probings of 
the X RNA structure suggest the existence of a stable, long, terminal hairpin loop 
(SLl, Fig. 14.4) preceded by a region that may exist in multiple conformations, 
adopting either a single stem-loop or a double stem-loop structure (SL2 and SL3 or 
SL2/3 in Fig. 14.4) (Blight and Rice, 1997; Ito and Lai, 1997; Smith et al., 2002; 
Dutkiewicz and Ciesiolka, 2005; Ivanyi-Nagy et al., 2006). 

14.2.3.1.2 RNA Structures in the Protein-Coding Region of the HCV Genome 
In addition to the canonical RNA signals located in the UTRs, a number of con
served RNA structures have been identified in the core- and NS5B-encoding regions 
by a combination of bioinformatic analyses and structural probing (Smith and 
Simmonds, 1997; Tuplin et al., 2002, 2004). Of the four stem-loop structures, 
SL47, SL87, SL248, and SL443 (Fig. 14.4), located in the core-coding sequence, 
disruption of base pairing in SL47 and SL87 proved to be detrimental for HCV 
replication, probably owing to a reduced translation efficiency in their absence 
(McMullan et al., 2007; Vassilaki et al., 2008). In addition, the integrity of the 
5BSL3.2 structure in the NS5B-coding region correlated with replication efficiency 
(You et al., 2004; Friebe et al., 2005; Diviney et al., 2008), while substitutions in 
SL8926 led to milder defects, resulting in reduced colony formation in a subge
nomic replicon model system (Lee et al., 2004 ). 

The mechanism by which these RNA structures regulate various aspects of the 
HCV replicative cycle is incompletely understood. Recruitment of viral or cellular 
proteins necessary for translation and/or replication might be one function associ
ated with stable CREs. On the other hand, a number of long-range RNA-RNA 
interactions have been suggested to take place during HCV replication. Base pair
ing between SL87 in the core-coding region and an unpaired region in the 5' 
UTR (between SLI and SLII, Fig. 14.4) might be involved in translation regulation 
(Honda et al., 1999; Kim et al., 2003; Beguiristain et al., 2005; Diaz-Toledano et al., 
2009). Interestingly, the same UTR region serves as the binding site for microRNA-
122, a cellular cofactor required for infectious HCV production (Jopling et al., 2005, 
2008; Jangra et al., 2010), suggesting that RNA structural rearrangements upon 
miRNA binding might be involved in the regulation of HCV translation and/or 
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replication (McMullan et al., 20C17; Diaz-Toledano et al., 2009). The 5BSL3.2 
CRE, situated in the NS5B-coding region, serves as another metastable structural 
element, potentially orchestrating a complex regulatory system by base pairing with 
the lid loop of the HCV IRES (Romero-Lopez and Berzal-Herranz, 2009), with 
an unstructured segment in the NS5B region (Diviney et al., 2008), or with the 
SL2 stem loop in the 3' UTR (Priebe et al., 2005; You and Rice, 2008) (Fig. 14.4). 

Besides these relatively stable RNA elements, the HCV genome is characterized 
by the presence of extensive base pairing throughout the polyprotein coding region 
(Simmonds et al., 2004). The existence of this genome-scale ordered RNA structure 
(GORS) is supported by large-scale thermodynamic predictions, by the relative 
inaccessibility of HCV genomic RNA to hybridization with antisense probes, and 
by the compact spheroid shape of the RNA molecule when visualized by atomic 
force microscopy (Simmonds et al., 2004; Davis et al., 2008). In contrast to the 
stable RNA structural elements involved in translation and genome replication, 
GORS was proposed to be highly dynamic, being based on transient, low stability 
interactions and thus easily accommodating the unwinding and exposure of desired 
regions during the viral replicative cycle (Simmonds et al., 2004). The significance 
of GORS in HCV remains elusive. A possible function in viral persistence, by 
contributing to the evasion of the intracellular defense mechanisms triggered by 
double-stranded RNA molecules, awaits experimental verification (Simmonds et al., 
2004; Davis et al., 2008). 

14.2.3.2 RNA Binding and Chaperoning by HCV Core Protein As a viral 
nucleocapsid protein, HCV core binds to, protects, and encapsidates the viral 
genomic RNA during virion morphogenesis. At present, the RNA signal(s) respon
sible for the specific packaging of the positive-strand genomic RNA are unknown. 
Indeed, the core protein is able to bind in vitro to a variety of RNA, single-stranded 
DNA, and double-stranded DNA substrates (Santolini et al., 1994; Cristofari et al., 
2004), with a marked preference for G-C-rich sequences (Tanaka et al., 2000). 
Owing to the importance of the RNA structures present in the viral UTRs, most 
studies to date concentrated on the interaction of core protein with these regions. 
Core protein binding to the 51 UTR, with variable specificity against competitor 
RNAs, was monitored in vitro by Northwestern blot analysis (Hwang et al., 1995), 
gel mobility shift assays (Fan et al., 1999; Wang et al., 2000; Li et al., 2003), and 
surface plasmon resonance (SPR) (Tanaka et al., 2000); and ex vivo by immuno
precipitation of RNA-core complexes (Shimoike et al., 1999). Binding to short 
oligonucleotides corresponding to segments of the HCV IRES identified loop lid, 
SLI, and a single-stranded region between SLI and SLIT as the highest affinity 
binding sites for HCV core (Tanaka et al., 2000) (Fig. 14.4). In addition, core also 
binds with high affinity to the X RNA region of the 3' UTR in vitro (Cristofari 
et al., 2004; Ivanyi-Nagy et al., 2006; Shetty et al., 2010). In agreement with these 
studies, a reporter gene assay system (Yu et al., 2009) identified SLIIIb and SLI
IId in the 5' UTR and SL2 in the 3' UTR as specific interaction sites for core 
(Fig. 14.4). It is important to emphasize that, in most cases, study designs focused 
on the UTRs, precluding the identification of high affinity sites in the polyprotein 
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coding region, including (probably) the elusive encapsidation signal of the HCV 
genomic RNA. 

Core protein binding to RNA not only leads to genome encapsidation but also 
facilitates structural rearrangements in the target structure (Cristofari et al., 2004; 
Ivanyi-Nagy et al., 2006, 2008; Sharma et al., 2010; Shetty et al., 2010). During 
their folding process, RNA molecules are prone to adopt (meta)stable, but non
functional, conformations and can easily become trapped in these local minima of 
the free-energy landscape (Herschlag, 1995; Pan et al., 1997). Alternatively, two 
(or more) metastable conformations of the same RNA region, separated by a high 
kinetic barrier, might serve as a molecular switch regulating various aspects of cel
lular or viral RNA function. Protein cofactors that help RNA molecules reach their 
most stable conformation, by either resolving kinetically trapped RNA structures 
or facilitating structural switches, are termed RNA chaperones (Herschlag et al., 
1994; Herschlag, 1995; reviewed in Cristofari and Darlix (2002) and Schroeder 
et al. (2004)). RNA chaperone proteins bind nucleic acids with a broad sequence 
specificity and assist in their folding without A1P consumption (Cristofari and 
Darlix, 2002). They are ubiquitous in living organisms, orchestrating cellular RNA 
metabolism from translation through RNA transport and localization to RNA degra
dation (Cristofari and Darlix, 2002). RNA viruses from diverse families also take 
advantage of the versatility provided by RNA chaperones in translating their "RNA 
structural code" into functional, adaptive replication strategies (reviewed in Ivanyi
Nagy et al. (2005) and Zuniga et al. (2009)). The best characterized example is the 
small nucleocapsid protein of human immunodeficiency virus type 1 (HIV-1) and 
of related retroviruses and retrotransposons, which facilitates a number of essential 
RNA-RNA interaction reactions during viral replication, including the annealing of 
the primer tRNA onto the primer-binding site, strand-transfer reactions during the 
reverse transcription reaction, and dimerization of retroviral RNA genomes upon 
encapsidation (reviewed in Darlix et al. (1995), Bampi et al. (2004), and Darlix 
et al. (2007)). Nucleocapsid proteins in hantaviruses (Bunyaviridae family) and 
coronaviruses (Coronaviridae family) also play essential roles in chaperoning viral 
replication, facilitating genome circularization (Mir and Panganiban, 2006) and 
template switching during RNA transcription (Zuniga et al., 2010), respectively. 

A potent RNA chaperone activity for HCV core protein has been demonstrated 
by a variety of well-established in vitro assays (reviewed in Cristofari and Darlix 
(2002) and Rajkowitsch et al. (2005)). Core protein binding augments DNA- and 
RNA-annealing kinetics by at least three orders of magnitude (Cristofari et al., 
2004; Sharma et al., 2010), facilitates strand-exchange reactions (Cristofari et al., 
2004 ), and promotes the catalytic cleavage of substrates by hammerhead ribozymes 
(Ivanyi-Nagy et al., 2008), demonstrating bona fide chaperone activity. Interest
ingly, at equal protein/nucleic acid molar ratios, core was found to be even more 
active than the prototypic RNA chaperone NCp7 of HIV (Sharma et al., 2010). 

What are the functional targets of core RNA chaperone activity in the HCV 
genomic RNA? In agreement with the specific association of core protein with the 
:1 UTR of the HCV genome, several reports described an effect of core on IRES
mediated translation. Transient (over)expression of core protein in various cell lines 
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has been shown to downregulate IRES-driven reporter construct expression using 
either mono- or bicistronic RNA constructs (Shimoike et al., 1999, 2006; Zhang 
et al., 2002; Li et al., 2003). In contrast, low levels of core protein, either added 
in trans in vitro or expressed intracellularly, were found to stimulate IRES activity 
four- to fivefold, with a reduction in stimulation at higher core ratios (Boni et al., 
2005; Lourenco et al., 2008). These seemingly contradictory findings might be rec
onciled by the existence of a dual, dose-dependent mechanism of action for IRES 
regulation. At low core protein levels, RNA chaperoning may facilitate the correct 
folding of the IRES structure or modulate its long-range interaction(s) with other 
regulatory regions in the HCV genome (Kim et al., 2003; Beguiristain et al., 2005; 
Romero-Lopez and Berzal-Herranz, 2009). This, in tum, could lead to high transla
tional efficiency and rapid accumulation of the viral nonstructural proteins required 
for replication. Later in the replicative cycle, high levels of newly synthesized core 
might compete with the 40S ribosomal subunit for binding to the SLIIId loop of 
the IRES (Zhang et al., 2002) and/or modulate long-range RNA-RNA interactions, 
resulting in the downregulation of translation and redirecting the RNA genome for 
replication and encapsidation. Indeed, although the genomic RNA serves as a com
mon template for translation and replication in positive-strand RNA viruses, the 
two processes cannot occur simultaneously (Gamarnik and Andino, 1998), neces
sitating fine-tuned regulation and timing. Another possible advantage of curbing 
translation might be to keep the viral load in infected cells at a relatively low level, 
facilitating the establishment of persistent infection (Boni et al., 2005; Shimoike 
et al., 2006). 

Besides the IRES region, another high affinity core-protein-binding site in the 
genomic RNA was identified in the SL2 region of the 3' UTR (Yu et al., 2009; 
Fig. 14.4). Core protein binding to a 16-nt long palindromic sequence (named DLS 
(dimer linkage sequence)) in SL2 triggered the dimerization of the 3' UTR in vitro 
(Cristofari et al., 2004; Ivanyi-Nagy et al., 2006; Shetty et al., 2010), similar to the 
action of the retroviral RNA chaperone NCp7 on the HN -1 genome (Darlix et al., 
1995). HCV RNA dimerization, if it occurs in vivo, could constitute a mechanism 
regulating (-) strand HCV RNA synthesis via conformational changes in the pro
moter region or could trigger a switch between viral RNA replication/translation 
or translation/packaging. 

14.2.3.3 Intrinsic Disorder and RNA Chaperoning RNA chaperoning by 
HCV core does not require a folded protein before its contact with the RNA. The 
well-characterized, intrinsically disordered 01 domain and its shorter fragments 
containing two or three of the basic amino acid clusters were found to be as 
competent in in vitro chaperone assays as the full-length core protein (Cristofari 
et al., 2004; Ivanyi-Nagy et al., 2006). In addition, boiling (heat denaturation) 
of core before nucleic acid binding does not significantly diminish its activity 
(lvanyi-Nagy et al., 2008), a peculiar behavior characteristic of lOPs (Weinreb 
et al., 1996; Kim et al., 2000; Receveur-Brechot et al., 2006). 

The presence of long intrinsically unstructured protein regions might be a hall
mark of RNA chaperones (Tampa and Csermely, 2004; Ivanyi-Nagy et al., 2005). 
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Indeed, among all the functional protein classes examined so far, RNA chaper
ones contain the highest average level of intrinsic disorder (fompa and Csermely, 
2004 ). On the basis of bioinformatic predictions on a well-characterized subset of 
RNA chaperones, Tampa and Csermely found that more than half of their residues 
fall into disordered regions, a ratio not attained even by regulatory or signaling
associated proteins (fompa and Csermely, 2004). A number of RNA chaperone 
proteins exert their function in the absence of a well-defined 3D structure. Het
erogeneous nuclear ribonucleoprotein A1 (lmRNP A1) promotes RNA and DNA 
annealing via its disordered C-terminal glycine-rich region (Kumar and Wilson, 
1990; Pontius and Berg, 1990), while its N-terminal folded RNA-binding domain 
provides sequence specificity and binds RNA in a non-cooperative manner (Buvoli 
et al., 1990; Casas-Finet et al., 1993). Similarly, chaperone activity is associated 
with the disordered N-terminal region in the cellular prion protein PrpC (Gabus 
et al., 2001a, 2001b). Disorder prediction was also successfully employed to iden
tify the active chaperone region in the Gag-like structural polyprotein of the Gypsy 
retroelement (Gabus et al., 2006). 

On the basis of the "entropy exchange model" of chaperone function suggested 
by Tampa and Csermely (fompa and Csermely, 2004), the high flexibility of 
chaperone proteins would provide a number of advantages in facilitating broad
specificity RNA binding and disrupting non-native bonds. Disordered regions may 
provide a platform for reversible interactions with a variety of structurally diverse 
substrates (Kriwacki et al., 1996). Most importantly, a reciprocal entropy transfer 
between the chaperone protein and its target was suggested (fompa and Cser
mely, 2004). According to this model, RNA chaperones first contact RNA in a 
partly unstructured state. Induced folding (disorder-to-order transition) of the pro
tein is accompanied by partial melting (order-to-disorder transition) of the substrate 
RNA in an entropy exchange process, followed by the dissociation of the com
plex. At each successive cycle of entropy transfer, the RNA resumes a conforma
tional search, eventually achieving its thermodynamically most stable conformation 
(fompa and Csermely, 2004). 

Although the entropy exchange model provides a plausible and appealing theo
retical framework, the proposed mechanism of action remains to be experimentally 
verified. Results obtained on structural changes in HCV core protein and its target 
RNA support a "mutual induced folding" scenario, in agreement with the model's 
predictions. Fourier transform infrared (FTIR) spectroscopy indicates that the bind
ing of the intrinsically unstructured D1 domain of core protein to its specific target 
(the SLIIId subdomain of the HCV IRES) leads to ~-sheet formation ("-'22%) 
in core, although the majority of the protein remains unstructured (Carmona and 
Molina, 201 0). Interpretation of these results is complicated by the fact that binding 
to structured RNA molecules is coupled to core protein oligomerization (Kunkel 
et al., 2001; Kunkel and Watowich, 2002), which in itself is accompanied by 
limited ~-sheet formation (Rodriguez-Casado et al., 2007). Nevertheless, homo
oligomerization in the absence of RNA affects only ""1 0% of the protein structure, 
suggesting that RNA binding induces further disorder-to-order transitions in core 
protein (Rodriguez-Casado et al., 2007; Carmona and Molina, 2010). 
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14.2.4 HCV Core in Particle Assembly-Structure of the Viral 
Nucleocapsid and VIrion 

14.2.4.1 Structure of the HCV Nucleocapsid There is currently no high reso
lution structure of the HCV nucleocapsid available. However, several groups have 
performed in vitro reconstitution experiments with various efficacies, using recom
binant HCV core and cell-free systems (Klein et al., 2004), or core mixed with 
structured RNA (Kunkel et al., 2001; Carmona and Molina, 2010). These systems 
led to the assembly of NLPs, forming electron-dense objects with a size between 
35 and 60 nm in diameter (Kunkel et al., 2001; Klein et al., 2004; Carmona and 
Molina, 2010). Interestingly, the presence of theN-terminal disordered 01 domain 
of core was found to be important for proper assembly of these NLPs (Kunkel 
et al., 2001; Klein et al., 2004, 2005; Majeau et al., 2004), as it was for proper 
RNA chaperoning activity (Cristofari et al., 2004 ). This further emphasizes the 
major role played by intrinsically disordered regions of the HCV core protein in 
viral particle formation and RNA structural rearrangements during viral replication. 

14.2.4.2 Structure of the HCV Virion HCV infects only humans, and its trans
mission does not involve insect vectors, which sets this virus apart from most other 
members of the Flaviviridae family. Another peculiarity of HCV is the exception
ally low density of the virus particles, resulting from the association of the virus 
with serum lipoproteins (Thomssen et al., 1992). Indeed, the majority of HCV cir
culating in blood was found to be associated with ~-lipoproteins, VLDLs (very low 
density lipoproteins), and LDLs (low density lipoproteins) (Thomssen et al., 1992; 
Andre et al., 2005; Nielsen et al., 2006). A final peculiarity of HCV is that it tar
gets the liver, and among liver cells, HCV infects hepatocytes, the polarized cells 
where the virus replicates. Recent data obtained in a chimeric mouse model with 
humanized liver suggest that HCV infection would not solely rely on the presence 
of human hepatocytes per se, but would also depend on sufficient levels of human 
lipoproteins (Steenbergen et al., 2010). This, together with previous observations 
(Nielsen et al., 2006), would support the notion that HCV association with lipopro
teins could occur in hepatocytes as part of the viral assembly/release process (for 
a recent review see Jones and McLauchlan (2010)). 

The presence of HCV RNA has been observed in other human tissues and cells, 
including B and T lymphocytes, monocytes, and dendritic cells. In spite of these 
observations, no HCV replication could be detected in these cells. It is thus very 
likely that blood cells do not support the full HCV infection cycle (Marukian et al., 
2008). It has been recently suggested that B cells could constitute a reservoir for 
HCV, where antiviral immune responses would not be triggered (Ito et al., 2010); 
this in turn would help the virus to persist and be transmitted to the liver (Stamataki 
et al., 2009). 

The structure of the virion has been investigated using HCV isolated from the 
serum of infected patients, or more recently using HCV grown in cell culture 
(HCVcc). The virus has been visualized by conventional techniques in transmission 
electron microscopy, revealing viral particles of approximately 60 nm in diameter 
(Kaito et al., 1994; Li et al., 1995; Prince et al., 1996; Wakita et al., 2005) and the 
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presence of envelope glycoproteins on their surface (Wakita et al., 2005; Kaito et al., 
2006). Obviously, the morphology and biophysical properties of HCV particles are 
modified and eventually determined by their propensity to associate with cellular 
lipids and lipoproteins. 

14.2.4.2.1 Serum HCV Fractionation of HCV-positive serum upon isopycnic 
density gradients revealed three major pools of low (d < 1.10 glmL), intermediate 
(1.10 < d < 1.14 glmL), and high (d > 1.15 glmL) density particles. Interestingly, 
it was shown that viral infectivity inversely correlated with density. Low density 
viral particles contain HCV RNA and are consistently associated to triglyceride
rich lipids; are positive for apolipoproteins B, C1, C2, C3, and E; and also for 
HCV structural proteins core, E1 and E2 (Andre et al., 2002; Nielsen et al., 2006). 
They display an irregular and globular shape, and their size is ""1 00 nm (Andre 
et al., 2002) (Fig. 14.5). The overall structure of these virions, called lipo-viro
particles (LVPs), is therefore very reminiscent of that of serum lipoproteins of 
low and very low densities (Andre et al., 2005). Delipidation results in structures 
resembling nucleocapsids, recognized by specific anti-core antibodies (Takahashi 
et al., 1992; Andre et al., 2002). Particles of high densities displayed an electron
dense and compact structure of "-'35 nm and were found to be positive for HCV 
core and RNA (Takahashi et al., 1992; Kanto et al., 1995). Consequently these 
particles, present in the serum of infected patients, were considered as naked HCV 
nucleocapsids (Maillard et al., 2001) (Fig. 14.5). 

14.2.4.2.2 CeU Culture Grown HCV (HCVcc) Density fractionation of HCVcc 
obtained from cell culture supernatants revealed a similar tripartite profile, with low 
density fractions displaying the highest specific infectivity (Lindenbach et al., 2005; 
Haid et al., 2009). Chisari and coworkers recently visualized the structures present 
in each density pool and revealed a very heterogeneous pattern between and within 
fractions (Gastaminza et al., 2010). Indeed, low density viral particles displayed 
at least three types of morphologies: enveloped by a lipid bilayer, enveloped by a 
lipid monolayer, or exosome-like structures. All these particles were positive for 
HCV E2 and RNA, as well as for apolipoproteins E and C1 (Chang et al., 20fJ7; 
Meunier et al., 2008). Fractions of intermediate densities were mainly composed 
of bilayer-enveloped particles of 60 nm, while high density particles appeared like 
nonenveloped structures of 45 nm in size, very reminiscent of nucleocapsids. These 
structures contained HCV RNA but were not infectious. This ultrastructural study 
was performed using cryo-elec1ron microscopy, enabling high resolution imaging. 
The 45-nm non-enveloped structures identified by Chisari and coworkers did not 
display any discernible spatial symmetry, and when these structures were observed 
delimited by a lipid envelope in low or intermediate HCVcc density fractions, they 
were not tightly associated to the viral envelope (Gastaminza et al., 2010). 

A common point shared by all HCV cc structures was the absence of visible 
projections or spikes at the virion surface, conferring an overall smooth appearance 
to the virions (Gastaminza et al., 2010). This seems to be an intrinsic property 
of HCV envelope glycoproteins since we also reported a similar "bald'' aspect of 
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Figure 14.5 Electron microscopic images of HCV particles. (a) Naked nucleocapsids 
from HCV -infected serum. Source: Reprint from Maillard et al (2001). Direct staining of 
virus particles isolated from serum by affinity chromatography, with 1% uranyl acetate. 
Inset, viral particle, 54nm in diameter. Source: Reprint from Maillard et aL (2001). 
(b,c) Immunodetection of purified and delipidated lipo-viro-particles. Immunoelectron 
microscopy of 'IWeen-80-treated LVP with a control antibody (b) or an anti-HCV core 
protein monoclonal antibody (c) and a 10-nm gold-labeled secondary antibody. 'The bind
ing of core-protein-specific antibody on the particles can be seen. Source: Reprint from 
Andre et al (2002). 

HCV pseudotyped particles, harboring HCV El and E2 at their swface (Bonnafous 
et al. , 2010). Also, these viral particles were consistently devoid of apolipoprotein 
B (Huang et al., 2007 ; Owen et al ., 2009), suggesting that human hepatoma Huh-
7 cells, used for the production of HCVcc, display defects in lipid metabolism 
that could be prejudicial to proper or complete HCV assermly (Icard et al., 2009; 
Pecheur et al. , 2010). 

14.2.4.3 Similllriths and Dljferenees between HCV and Other Flavivirldae 
Virion Structures Flavivirus virions analyzt:d to date by high resolution (cryo)
electron microscopy displayed a smooth particle swface, showing no mermrane 
projections or spikes; this is the case, for example, for the dengue viruses and 
WNV (Mukhopadhyay et al ., 2003; Zhang et al., 2003). Ukewise, Gastaminza 
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et al. described HCVcc as "-'60-nm. particles with a spikeless outer membrane 
(Gastaminza et al., 2010). Tills feature seems to be a hallmark of the viral family 
and could be intrinsic to the peculiar folding of envelope glycoprotein(s) on the 
virion surface. However, as described in detail above, HCV also exists in other 
forms, enveloped or not by a lipid bilayer or a monolayer. Importantly, HCV is 
found associated to serum lipoproteins; models based on the latest studies of HCV 
assembly report the concomitant assembly of VLDL and viral particles to form 
the LVP in the ER lumen (Fig. 14.6). Such a behavior has not been reported for 
any other virus in the Flaviviridae family. 

All Flaviviridae viruses analyzed to date displayed an icosahedral symmetry of 
the viral particle (Kuhn et al., 2002; Pokidysheva et al., 2006; Lindenbach et al., 
2007). Tills could not be established concerning HCV, for which no symmetry 
could be attributed to any viral population at present (Gastaminza et al., 2010). 

The HCV assembly pathway uses LDs as platforms where HCV core is emiched 
and serves as nucleation points for particle formation (McLauchlan et al., 2002; 
Miyanari et al., 2007; Shavinskaya et al., 2007) (Fig. 14.6). This peculiar behav
ior has not been shown in other Flaviviridae members, although a recent study 
reported that the capsid protein of dengue virus accumulates on the surface of LDs, 
suggesting a link between LD metabolism and dengue virus replication (Samsa 
et al., 2009). 

Moreover, the process of HCV assembly and release readily gives rise to fully 
mature particles, whereas some Flaviviridae members are released as immature 
and mature particles (e.g., for dengue virus (Rodenhuis-Zybert et al., 2010)). In 
addition to mature virions, smaller, noninfectious particles can be released These 
small ("-'14 nm in diameter) particles are termed slowly sedimenting haemagglutinin 
(SHA) because they can agglutinate red blood cells at low pH. Cells expressing the 
prM and E proteins alone can produce a related type of particle, the recombinant 
subviral particle (RSP, "-'30-nm. diameter) (Lindenbach et al., 2007). SHA and RSP 
are not observed in the life cycle of HCV. 

14.2.5 Flexibility of HCV Core and the Viral Infection Network 

Apart from coordinating genomic RNA packaging and virion formation, the HCV 
core protein plays pivotal roles within the host cell in the adaptation of the virus 
(possibly leading to persistent infection) and in the establishment of a variety 
of serious pathological manifestations. Indeed, expression of HCV core protein in 
transgenic mice leads to progressive steatosis, insulin resistance, and hepatocellular 
carcinoma, the hallmarks of chronic HCV infection in humans (Moriya et al., 1998; 
Lerat et al., 2002; Shintani et al., 2004). Core-mediated pathogenesis is the result of 
the perturbation of varied aspects of cellular homeostasis, including major changes 
in the regulation of gene transcription, signal transduction, apoptosis, and cellular 
lipid metabolism (reviewed in McLauchlan (2000) and Ray and Ray (2001)). Tills 
widespread effect is achieved by promiscuous interactions with a large number 
of cellular proteins. Systematic yeast two-hybrid screens, co-immunoprecipitation 
experiments, and extensive literature mining have identified close to 100 cellular 
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Figure 14.6 Model of HCV particle assembly. Among the Flaviviridae members, HCV 
has a peculiar assembly process. (a) HCV assembly involves lipid droplets (LDs~ (A) 
Transmission electron micrograph of human hepatoma Huh-7 cells, showing an LD closely 
surrounded by endoplasmic reticulum (ER) (Pecheur El, Jammart B, Durantel D, unpub
lished observation). (B) Schematic representation of a similar organization. (C) Model 
for the assembly of HCV viral particles: core is associated to the ID monolayer; HCV 
glycoproteins El and E2 and other proteins of the replication complex are set in the ER 
membrane; and viral RNA is brought to the site of assembly from its cytosolic location in 
the narrow space between ID and ER membranes. Source: Adapted with permission from 
Macmillan Publishers Ltd: Miyanari Y et aL The lipid droplet is an important organelle 
for hepatitis C virus production. Nat Cell Biol Copyright (2007~ (b) Proposed model for 
HCV assembly and lipoprotein formation pathway. In the ER lumen, the HCV virion is 
loaded onto an apo(lipoprotein)-B-positive pre-VLDL filled with lipids by the microsomal 
triglyceride transfer protein (MTP) to give rise to the lipo-viro-particle (LVP), which also 
contains the exchangeable apo(lipoprotein) E. 

proteins d.irectly interacting with HCV core (de Chassey et al., 2008; Navratil et al., 
2009), among them irqx>rtant regulators of the JAK/STAT, insulin, and TGF-P 
signaling pathways; transcription factors; and effectors of apoptosis and cell cycle 
control. The majority of characterized interactions are mediated by the intrinsically 
unslructured Dl domain of the core protein (McLauchlan, 2000). 

Intrinsic disorder and the ensuing large accessible swface area are advantageous 
to highly connected (hub) proteins by allowing high specificity/low affinity inter
actions with diverse, slructurally heterogeneous substrates (Kriwacki et al., 1996; 
Dunker et al ., 2002). Indeed, studies of eukaryotic interactomes show that hub 
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proteins, on average, contain higher levels of disorder than proteins with fewer 
interaction partners (Dunker et al., 2005; Dosztanyi et al., 2006; Haynes et al., 
2006). Interestingly, the binding partners of core protein are also frequently unstruc
tured (data not shown) and serve as hub proteins or as bottlenecks in cellular 
regulatory networks (de Chassey et al., 2008; Dyer et al., 2008). Thus, the flexible 
01 domain of core may serve as a date hub, providing a platform to orchestrate a 
plethora of protein complexes dependent on the ever-changing requirements in the 
cellular environment. 

14.3 STRUCTURE AND DISORDER IN THE CORE PROTEINS 
OF FLAVI- AND PESTIVIRUSES 

Encoding a small, highly basic RNA-binding protein (core or capsid protein) at 
the N-terminal region of the viral polyprotein is a general feature in the three 
Flaviviridae genera, namely, Hepacivirus, Flavivirus, and Pestivirus. All core pro
teins bind RNA with a broad sequence specificity (Santolini et al., 1994; Cristofari 
et al., 2004; Ivanyi-Nagy et al., 2008; Murray et al., 2008), possess RNA chap
erone activities in vitro (Cristofari et al., 2004; Ivanyi-Nagy et al., 2006, 2008), 
and are responsible for the condensation and packaging of the viral genomic RNA 
during virion morphogenesis. Despite these functional similarities, core proteins 
from the three Flaviviridae genera do not share significant sequence homology and 
exhibit genus-specific, diverse structural features and domain organization (recently 
reviewed in Ivanyi-Nagy and Darlix (2010), Fig. 14.2). 

Flavivirus core proteins contain an internal hydrophobic region that is func
tionally analogous to the 02 domain of HCV core and is involved in homo
oligomerization (Wang et al., 2004), membrane binding (Markoff et al., 1997), and 
localization of the protein to LOs (Samsa et al., 2009). Flanking this hydrophobic 
domain, two short basic regions at the extremities of the protein are involved in 
RNA binding (Khromykh and Westaway, 1996), RNA chaperoning (Ivanyi-Nagy 
et al., 2008), and genome packaging (Patkar et al., 2007). In marked contrast to the 
HCV core, flavivirus core proteins exhibit extensive stable secondary and tertiary 
structures (Oakland et al., 2004; Ma et al., 2004), corresponding to a unique fold 
composed of four (or in some cases three) a.-helices per monomer. The first 20 
amino acids of the dengue virus core protein, corresponding roughly to the N
terminal RNA-binding region, were found to be disordered in solution (Ma et al., 
2004), and phylogenetic comparisons further suggest that the first helix (ar1) is also 
highly flexible (Oakland et al., 2004; Patkar et al., 2007). Interestingly, functional 
plasticity in flaviviral core proteins extends well beyond the structurally flexible 
regions. Large deletions in either the internal hydrophobic domain (Kofler et al., 
2002, 2003; Schlick et al., 2009) or the RNA-binding regions (Patkar et al., 2007) 
are well tolerated, indicating that neither of the distinct structural elements are indis
pensable for RNA binding and infectious virion formation. In agreement with these 
data, WNV core protein retained its nucleic acid chaperone activity following heat 
denaturation (boiling for 5-10 min), suggesting that its activity is dependent on the 
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Figure 14.7 Charge-hydrophobicity (CH) plot of Flaviviridae core proteins. Low mean 
hydrophobicity combined with high net charge is frequently associated with intrinsic 
disorder in proteins (Uversky et al., 2000). Thus, ordered and disordered proteins are 
separated by a boundary line in the CH phase space (Uversky et al., 2000). The position 
of Flaviviridae core proteins (1, HCV; 2, GBV-B; 3, YFV; 4, 1BEV; 5, WNV; and 6, 
BVDV) is shown on the CH plot, together with well-characterized data sets of ordered 
(black diamonds) and disordered (grey dots) proteins (Uversky et al., 2000). Flaviviridae 
core proteins are classified mostly as disordered, with flavivirus cores occupying a unique 
position on the plot. For comparison, the HCV envelope and structural proteins (large 
grey dots) are also included. 

mass action of basic residues rather than on a well-folded RNA-binding domain 
(Ivanyi-Nagy et al., 2008). Interestingly, flavivirus core proteins are also classified 
among the disordered proteins based on their mean charge/mean hydrophobicity 
profiles (Fig. 14.7). 

Pestivirus core proteins lack any recognizable domain structure and were sug
gested to contact RNA over their entire length (Ivanyi-Nagy et al., 2008; Murray 
et al., 2008). Intrinsic fluorescence spectroscopy and far-UV CD spectroscopy indi
cate that BVDV core protein is completely unstructured, supported by its sensitivity 
to proteinase digestion and by the heat resistance of the RNA chaperone activity 
of the protein (Ivanyi-Nagy et al., 2008; Murray et al., 2008). 

In summary, despite the marked differences in their domain organization and 
overall structure (or lack of structure), core proteins from the three genera in Fla
viviridae use IDP regions for RNA binding, chaperoning, and particle assembly 
(Ivanyi-Nagy et al., 2008; Ivanyi-Nagy and Darlix, 2010). Interfering with RNA 
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binding, or with the disorder-to-order transitions occurring upon core-RNA inter
actions, could constitute a general antiviral strategy effective against a wide range 
of human pathogenic viruses. 
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15 
THE NSSA DOMAIN II OF HCV: 
CONSERVATION OF INTRINSIC 
DISORDER IN SEVERAL GENOTYPES 

XAVIER HANOULLE, ISABELLE HUVENT, ARNAUD LEROY, 
HoNG YE, CoNG BAo KANG, Yu LIANG, CLAIRE RosNOBLET, 
JEAN-MICHEL WIERUSZESKI, Ho SuP YooN, AND Guy LIPPENS 

15.1 THE NS5A DOMAIN ll IN THE HCV REPLICATIVE CYCLE 

With nearly 3% of the world population infected, of which a sizeable portion will 
evolve to liver cirrhosis and/or liver carcinoma, the hepatitis C virus (HCV) poses 
a serious health problem. The present standard care, pegylated interferon (IFN)-a 
combined with the nucleoside analogue ribavirin, provides both a general hostile 
cell environment for the virus (through the IFN) and an inhibition of the replication 
through the ribavirin (Fried et al., 2002). However, the treatment outcome is depen
dent on the genotype of the virus. Effective for over 80% of patients who carry 
genotypes 3 and 4, mainly found in the East, it leads to complete viral clearing in 
only 40-50% of patients who carry the genotype 1 virus, which is the dominant 
form in the Western countries (NIH, 2002). From a clinical point of view, the 
comparative study of different genotypes is hence of uttermost importance, both in 
the definition of the treatment and for the development of new antiviral entities. 

Ribavirin targets the RNA-dependent RNA polymerase NS5B, and a wealth of 
structural data have turned this replicative enzyme into an important drug target. In 
addition to its active site, it features at least three known allosteric binding pockets 
that regulate RNA synthesis and are suitable for inhibitor design (Beaulieu, 2007). 
Other proteins with a well-defined three-dimensional structure have equally been 
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Figure 15.1 Review of the experimental structures of the HCV viral proteins. 1be 
left inset shows a schematic model of the HCV particle exhibiting El and :E2 surface 
glycoproteins anchored to the viral membrane and surrounding the viral nucleocapsid, 
including core protein associated to viral RNA genome. A schematic view of this 9.6-kb 
RNA genome is shown in the right inset. NTR, N-tenninal region. Source : Adapted from 
Moradpour et al. (2007). 

the subject of pharmaceutical focus, the latest being a zinc-binding domain encoded 
by domain I ofNS5A Tellinghuisen et al. (2005); Gao et al. , 2010). However, when 
summarizing the structural knowledge of the viral proteins (Fig. 15.1) (Moradpour 
et al. , 2007), we note that besides the menbrane proteins that have currently escaped 
crystallization, some proteins are identified as lacking a weD-defined structure. Less 
understood from a functional point of view than their structured counterparts, these 
proteins, however, do present an obvious pharmaceutical interest The unstruc
tured domain IT of the NS5A protein, for exanple, has been shown to contain an 
interferon sensitivity-determining region (ISDR) (Enomoto et al., 1995). Although 
challenged over time, with an apparent geographical partitioning of the validity of 
this concept (Pasco et al., 2004), these findings suggest that a closer understanding 
of these natively unfolded proteins or protein domains might further advance our 
understanding of and hence capacity to interfere with the viral life cycle. 

Because the con:parative structural features of the NSSA domain IT is the sub
ject of this chapter, it is interesting to summarize its role in the life cycle of the 
virus (for a thorough review, see (Tellinghuisen et al. , 2007)). Akin to that of other 
menbers of the Flaviviridae family, the life cycle ofHCV starts when extracellular 
HCV virions interact via HCV glycoproteins (notably the E2 protein) with receptor 
molecules at the cell surface and undergo receptor-mediated endocytosis into a low
pH vesicle. After release of the viral RNA into the cytoplasm, it is translated into 
a single large polyprotein. This polyprotein contains part of the protease activity 
necessary for its self-processing into the final 10 mature HCV proteins. Some of 
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these will associate with an endoplasmic reticulum (ER)-like membrane structure 
termed the membranous web, thereby making up the replication process that will 
assure viral RNA replication via a minus-strand replicative intermediate to produce 
daughter RNA. A portion of this newly synthesized RNA becomes packaged into 
nucleocapsid& and associates with the HCV glycoprotein&, leading to budding into 
the ER. Virions follow the cellular secretory pathway and mature during this transit 
into productive particles. Mature virions are released from the cell, completing the 
life cycle. The third (unstructured) domain of NS5A (Hanoulle et al., 2009b) is 
involved in viral packaging (Appel et al., 2008; Tellinghuisen et al., 2008), but 
otherwise, NS5A is thought to play an important role mainly in the RNA replica
tion process. Its second domain interacts with both the RNA component (Foster 
et al., 2010) and the RNA-dependent RNA polymerase NS5B itself (Shirota et al., 
2002), but the list of its interaction partners is much longer (for a review, see Mac
donald and Harris (2004)). Therefore, its role in the constitution of a multiprotein 
replication complex seems central. One of the best-studied interaction partners is 
the IFN-induced double-stranded RNA-activated protein kinase (PKR), which rec
ognizes the internal ribosome entry site (IRES) present in the 5'-untranslated region 
(UTR) of HCV RNA and the ISDR region present in NS5A domain II equally (Gale 
et al., 1997). Other regulatory proteins such as the Lyn or Fyn kinase domain(s) 
would equally interact with the domain (Macdonald et al., 2004 ), and we and others 
recently showed that the prolyl cis/trans isomerase cyclophilin A (CypA) interacts 
with and isomerizes selected proline residues in this domain (Chatterji et al., 2009; 
Hanoulle et al., 2009a). The functional outcome of this structural posttranslational 
modification is not clear, especially in the context of an intrinsically unstructured 
protein (IUP) domain, but is actually pursued by several research groups. 

Structural data on the NS5A domains II of two genotypes have been reported in 
the literature by our groups: the Japanese fulminant hepatitis (JFH-1) sequence is 
classified in genotype 2a (Hanoulle et al., 2009a, 2010), whereas the H77 sequence 
belongs to genotype la (Liang et al., 2006, 2007). We have recently obtained 
information on the Conl NS5A domain II that belongs to genotype lb. In this 
chapter, we focus on a comparative study of these three proteins, rather than on the 
particular aspects of one or the other. We thereby consider information contained 
in the primary sequences, both at the level of conservation and structural content. 
Second, we assess information obtained by macroscopic biochemical methods such 
as gel filtration and circular dichroism (CD) spectroscopy. Last, the comparison 
of the nuclear magnetic resonance (NMR) spectra of the three protein domains 
highlights that certain patterns contained in the primary sequence might translate 
into a conserved structural motif. 

15.2 PRIMARY SEQUENCE INFORMATION OVER THE DIFFERENT 
GENOTYPES 

When we align the primary sequences of these three sequences, we observe that 
nearly half of the residues are strictly conserved (Fig. 15.2a). This proportion 
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Figure 15.2 Sequence alignments of the three NS5A domain IT sequences, from lfl7 
(la), Cool (lb), and JFH-1 (2a) HCV strains, that we discuss in this chapter. Multiple 
sequence alignments were performed using ClustalW (Thompson et aL, 1994) with default 
parameters. Star characters indicate strictly conserved amino acids, colon conservative 
mutations. In addition to the H77, Cool, and JFH-1 sequences, the consensus sequences 
of the NS5A domains II of genotypes la, lb, 2a, 2b, and 3 are also shown. Consensus 
sequences were generated from the Fnropean HCV database (http://euhcvdb.ibcp.fr) by 
aligning the validated sequences of each genotype. 

rises to 75% when we take into account the conseiVation of residues of related 
physicochemical nature. The two genotype 1 sequences, J:fl7 and Cool, are even 
closer, with only 12 rmtations out of 98 amino acids, of which only 4 are recognized 
as truly <lif:ferent amino acid substitutions. One obvious <lif:ference for the JFH-1 
sequence is the deletion of the WRQE tetrapeptide in the N-termioal region of the 
NSSA domain IT. In order to see whether this deletion is specific for this precise 
strain or for genocype 2 to which it belongs, we generated the consensus sequences 
for genotypes la, lb, and 2a starting from the viral sequences deposited in the HCV 
database (Cormet et al., 7!X11, http://euhcvdbJbcp.fr/euHCVdbl). Caution should 
be taken regarding the great variability in the ounber of confirrll:d sequences 
that are deposited for the <lif:ferent genotypes: whereas 224 and 357 coofi.rn:r;:d 
sequences have been deposited for genotypes la and lb, respectively, only 19 and 
26 sequences are deposited for the 2a and 2b genocypes, respectively, and only 
30 sequences are deposited for genotype 3. Interestingly, the deletion is a defining 
factor for the genotype 2 (Fig. 15.2), and this despite previous obseiVations that the 
JFH-1 strain fits into the cluster of genotype 2a with notable deviations in the 5'
UlR, core, NS3, and NS5A regions (Wakita and Kato, 2006). Because this deletion 
is in the putative ISDR region, we generated the consensus sequence of genotype 
3 NS5A domain IT as well, whereby patients carrying this viral strain are, in general, 
good responders to the interferon-ribavirin treatment. From the alignrmot, we find 
that the deletion is not a defining feature of the genotype 3 sequences, and thereby 
makes the genotype 3 more close to the genotype 1 than genocype 2. 

15.3 DISORDER PREDICTIONS OVER THE DIFFERENT GENOTYPES 

A large nurmer of algorithms have been developed to estimate the disorder in a 
given protein sequence. Based solely on the primacy sequence, these algorithms use 
parameters such as amino acid corqx>sitioo, sequence coiiFlexity, hydrophobicity, 
solvent accessibility, and so on, to estimate the presence or absence of secondaly 
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structure. We show here the results of two commonly used programs, the PONDR 
VLXT algorithm (Romero et al., 1997, 2001; Li et al., 1999) and the metaPrDOS 
meta server (Ishida and Kinoshita, 2008), where the latter averages the results of 
6 independent disorder predictions. 

In agreement with the high sequence conservation of both sequences, the 
PONDR predictions for the H77 and Con1 NS5A domains II are nearly identical 
(Fig. 15.3a). Still, two very conservative mutations at positions 6 and 38 (D6E 
and D3sE-numbering according to Fig. 15.2) do influence the predicted disorder 
for the intercalated segment to some extent. The resulting region predicted as 
disordered spans some 50 residues (17-69) in the center of both sequences. The 
N-terminal pentapeptide is equally predicted as disordered, whereas the C-terminal 
stretch would be rather ordered. However, one should take into account a possible 
border effect for these two parts. Indeed, when we apply the PONDR VLXT 
algorithm with the same parameters on the full-length NS5A protein sequences, 
we find less disorder in the N-terminal residues and more disorder in the C 
terminus. 

For the JFH-1 domain II, the central region predicted as disordered is shorter, 
and spans only 40 residues. After this predicted disordered region, we obtain the 
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Figure 15.3 Disorder predictions on NS5A domain II sequences. (a). PONDR VLXT 
algorithm (Romero et al., 1997, 2001; Li et al., 1999) predictions of the three NS5A 
domain II sequences (dark gray: H77; medium gray: JFH-1; light gray: Con1). Sequence 
numbering is as in Figure 15.2. (b). Predictions of disorder of tbe same sequences with tbe 
metaPrDOS meta server (Ishida and Kinoshita, 2008). Scores above the threshold value 
of 0.5 are considered as disordered. 
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inversed profile compared to the Con1 and H77 sequences: first a short ordered 
region of 10 residues, followed by a disordered region that was predicted as 
ordered in the previous sequences. As the computer predictions allow ready eval
uation of the effect of different point mutations (in contrast to the lengthy experi
mental approach!), we performed predictions with different hybrid sequences and 
traced back this order/disorder inversion to the presence of four positive charges 
(Rs7R/KSRK/R6t) in the Con1/H77 sequences, whereas only one positive charge 
(Ls3PRSG57) characterizes the JFH-1 sequence. 

When applying the metaPrDOS meta server to the three sequences, the resulting 
predictions are dramatically different. Indeed, when applying a threshold value of 
0.5 for disorder prediction, only the central 20 residues for JFH-1 are predicted as 
disordered, whereas this portion drops to a mere 2 residues for the H77 sequence. 
Even more amazing, the Con1 sequence that differs only by a Q41 V mutation in 
this central region adopts a profile closer to JFH-1 than H77. 

Whereas we have not studied in depth the algorithmic subtleties that led to such 
large differences in output, we would have a tendency to conclude that experimen
tal input is required when protein sequences do not lead to a clear consensus in 
predicted (dis)order. 

15.4 MACROSCOPIC METHODS TO EVALUATE STRUCTURE: 
GEL FILTRATION AND CD 

One simple method to evaluate the absence of order is gel filtration that was here 
performed on a Superdex 75 column. Indeed, when one establishes a molecular
weight scale by using structured proteins as markers, a disordered protein elutes 
consistently with a larger molecular mass as expected. When considering the elution 
profiles for the Con1 and JFH-1 domains (Fig. 15.4a), we indeed observe that they 
elute in the molecular-weight range of 30-35 kDa, although their calculated (and 
experimentally verified by mass spectroscopy) molecular weights are 12.4 and 
11.6 kDa, respectively. Clearly, one could establish a molecular-weight scale with 
only disordered proteins as molecular markers, and this should allow recalibration 
of the column for this precise subclass of proteins. 

A second method commonly used to evaluate the secondary structure of pro
teins is CD. Particularly sensitive to the presence of a.-helices, which show up 
as a distinctive minimum at 222 run, this spectroscopy has been extensively used 
to evidence the disordered character of polypeptides. We show here the compari
son between the CD spectra of the Con1 and JFH-1 NS5A domains II, whereby 
both spectra were recorded on the same instrument, at the same concentration of 
0.84 mglml, and at 4°C in order to stabilize potential secondary structure elements 
(Fig. 15.4b). Surprisingly, the spectra are not identical. Indeed, whereas the CD 
spectrum of the JFH-1 sequence is characteristic of a random coil polypeptide, 
with a deep minimum at 198 run, this same minimum is less pronounced in the 
spectrum of the Con1 domain. This latter spectrum also shows a weak minimum 
at 222 nm that we previously observed in the H77 CD spectrum at 25°C (Liang 
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Figure 15.4 (a). Gel filtration analyses of the NSSA domains II from Con1 (bottom) 
and JFH-1 (top) HCV strains. Gel filtrations were performed on a Superdex 75 HR 10/30 
column equilibrated in the following buffer: 50 mM NaPi pH6.8, 150 mM NaCl, 1 mM 
DTI. Arrows on top indicate the elution volumes of globular standards with the following 
molecular weight: 1, 67 kDa; 2, 43 kDa; 3, 25 kDa; 4, 13.7 kDa). (b) . CD spectra of the 
JFH-1 and Con1 NSSA domains II. Spectra were obtained on a Model CD6 spectrometer 
(Jobin-Yvon-Spex, Longjumeau, France) at 4°C using a quartz sample cell with 0.1-mm 
path length. The ellipticity was scanned from 185 to 250 nm with an increment of 0.5 nm, 
an integration time of two seconds, and a constant band-pass of 2 nm. The concentration 
of the protein was adjusted to 0.84 mglmL. 
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et al., 2007). These observations point to a higher degree of disorder in the JFH-1 
sequence compared to those of the genotype 1 NS5A domains II, in good agreement 
with the predictions of the metaPrDOS server, where the JFH-1 disorder score was 
higher than the other two over the full length of the domain (Fig. 15.3b). 

15.5 NMR SPECTROSCOPY OF THE NS5A D2 DOMAINS 

NMR spectroscopy is particularly well suited to evaluate the structure of a polypep
tide at the per-residue level. The first defining character of IUPs is the limited 
dispersion of the amide proton chemical shift. Indeed, when comparing the 1 H, 15N 
heteronuclear single-quantum coherence spectroscopy (HSQC) spectra of the three 
NS5A domain II, we note that the majority of the residues have their amide proton 
chemical shift within the 8.6-7.6-ppm range (Fig. 15.5a). However, although the 
sequence identity between the three domains is high (Fig. 15.2), the comparison 
of the three spectra shows that this does not directly translate into a good spectral 
overlap. However, some common features can be deduced from the superposition of 
the spectra. We do, for example, note that a couple of residues fall outside the range 
of amide proton chemical shift values that are generally qualified as characteristic 
for disordered polypeptides. In particular, the Trp69 and Ala70 (numbering accord
ing to Fig. 15.2) resonate at amide proton values of 7.0-7.2 ppm and 7.4 ppm, 
respectively (Fig. 15.5a), and this in the three different NS5A domains II. Over
lap is not perfect, but the unusual chemical shift is clearly conserved Whereas 
the nitrogen chemical shift of the Trp cross peak is quite similar in the Con1 and 
H77 sequences, it adopts an even more extreme value of 113.5 ppm in the JFH-1 
sequence. These two residues are strictly conserved between the three sequences, 
hinting to a possible structural motif that would escape both bioinformatic analysis 
and macroscopic biophysical characterization. We recently showed that at least in 
the JFH-1 sequence, this motif is recognized by the Cyp family of proline cis/trans 
isomerases (Hanoulle et al., 2009a). These enzymes are the target for nonimmuno
suppressive cyclosporin A derivatives such as Debio025 (Paeshuyse et al., 2006; 
Flisiak: et al., 2008; Coelmont et al., 2009; Landrieu et al., 2010), currently in 
clinical testing as alternative antiviral treatments. 

We previously employed peptide mapping to assign the (complex) NMR spec
trum of the 441-amino-acid-long Tau protein (Smet et al., 2004). Spectral identity 
for a given amino acid in the full-length protein and in a short peptide derived from 
the protein sequence and centered on the residue under study led to the conclusion 
that the residue samples the same conformational space in both contexts. Classical 
homonuclear NMR was then used to ascertain that the peptide is indeed devoid of 
secondary structure. Here, we extend this notion to the comparative NMR analy
sis of the sequences. When we consider, for example, the tripeptide V32-I33-L34 
in the NMR spectrum of the H77 and Con1 sequence, the perfect superposition 
of the cross peaks (Fig. 15.5b) proves that these three residues sample the same 
conformational space in both polypeptides and therefore argues against the weight 
that one should give to subtle differences predicted by the different algorithms 
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Figure 15.5 (a). Superposition of the 1H,15 N-HSQC NMR spectra ofNS5A domain ll 
from Con1 (red), H77 (blue) and JFH-1 (black) HCV strains. Spectra were acquired at 
298 K on a 600-MHz spectrometer for Coni and JFH-1 and at 700 MHz for H77. (b) 
Specific regions of these HSQC spectra showing the good overlap in the aligned sequence 
elements. (See insert for color representation of the figure.) 



418 S1RUCTIJRAL DISORDER IN Tim NS5A DOMAIN II OF HCV 

described above. When we do consider another residue such as ~2. although con
served between both sequences, the fact that it has a <l41 as neighbor in the Con1 
sequence but a V 41 in the H77 NS5A domain II leads to a shift that hence cannot be 
interpreted in terms of differential conformational sampling. The same argument is 
valid when we include it in the comparison of the 1 H, 15 N-HSQC spectrum of the 
JFH-1 domain II. L30 in JFH-1 can be aligned with L34 in the Con1/H77 sequences 
(Fig. 15.2) and has the same downstream aspartic acid, but a different upstream 
neighbor (V29 in JFH-1 versus l33 in Con1/H77). We find experimentally that both 
peaks do not resonate far from one another, but we cannot assign the spectral 
difference to a differential sampling of conformational space or to the electronic 
effect induced by a different neighbor. 

Does this comparative analysis of closely related protein sequences constitute an 
experimental approach to evaluate disorder in closely related sequences? One man
ner to evaluate this is to apply it to two closely related proteins with well-defined 
secondary and tertiary structures. We have chosen the human CypA and CypB pro
teins, that were previously studied in our laboratory as potential interactors of the 
NS5A domains II (Hanoulle et al., 2009a). Sequence alignment of both proteins is 
high, with 64% sequence identity (107 identical residues among 166 overlapping 
residues). However, even when looking at peaks in identical stretches of the primary 
sequence, the tertiary fold does bring in different spatial neighbors that translate 
into differential chemical shift values (Fig. 15.6). When considering the identical 
FFI tripeptide, for example, located on the central strand of the ~-sheet of the 
Cyps (Mikol et al., 1993, 1994), we note that even the F112 of CypA does not res
onate at the same position as the corresponding F120 in CypB (Fig. 15.6). It should 
be noted that both residues are in the identical TNNGSQF1121120FI nonapeptide, 
with N106D and C123T being the closest substitutions. Because tertiary interactions 
induce chemical shift differences for residues that are in otherwise identical peptide 
sequences, spectral overlap can hence be considered as an experimental evidence 
of the absence of such interactions. 

Whereas so far, we have only exploited the amide chemical shift values, another 
parameter observable is the carbon chemical shift values. Initially used to identify 
secondary structure elements in a method dubbed chemical shift analysis (Wishart 
and Sykes, 1994), comparison of the same chemical shifts to a database of random 
coil values can lead to the conclusion of the absence of secondary structure, which 
can then be interpreted in terms of disorder. A potential pitfall with the extension 
of the chemical shift index (CSI) method to the evaluation of intrinsic disorder 
is the choice of the random coil values. Different databases are indeed available 
in the literature and are based on either short peptides at different pH values or 
the chemical shift values derived from unstructured parts of full-length proteins. 
Whereas a deviation of 1 ppm is commonly found in bona fide secondary structure 
elements of folded proteins, deviations are generally smaller in IUPs and hence 
merit the careful consideration of the baseline. We previously reported the CSI 
values for the JFH-1 and H77 sequences (Liang et al., 2007; Hanoulle et al., 2009a) 
and show here the additional values for the Con1 NS5A domain II (Fig. 15.7). The 
Con1 domain is characterized by carbon chemical shift values that indicate an 
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Figure 15.6 Selected regions showing the superposition of the 1H,15 N-HSQC NMR 
spectra of CypA (red) and CypB (blue), with the sequence alignments of the peptides 
considered, and their localization indicated on the structure of CypB, on top of which the 
sequence conservation with CypA has been reported (from red, fully consetved, to light 
gray, no conservation). (See insert for color representation of the figure.) 

ex-helical tendency starting after Pro52 and ending with the very positively charged 
Rs1RSR~ tetrapeptide. In the PONDR predictions, this stretch was still predicted 
as disordered, but a dip in the profile (Fig. 15.3a) did hint to some possible ordering. 
Our previous NMR analysis of the H77 NSSA domain IT equally pointed to some 
structuring in the same zone, although rapid exchange of the amide protons of 
the four basic residues harq>ered precise determination of the 3 IHNtux coupling 
constants (Liang et al ., 2007). 

15.6 CONCLUSIONS 

The final goal of a corqr.rrative analysis of different viral genotypes is to construct a 
molecular understanding of the clinical differences between the different genotypes, 
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as is clearly the case with respect to the efficiency of the standard practice of 
care. In this chapter, we have extended this comparative analysis to the structural 
characterization of disordered proteins over several genotypes. The JFH-1 strain 
is characterized by a four-residue deletion in its NSSA domain II and equally by 
a higher degree of disorder compared to the two genotype 1 sequences. Whether 
these factors contribute to its unique capacity of producing infective particles in a 
cell system is under further study in our laboratories. 

ACKNOWLEDGEMENTS 

The authors gratefully acknowledge Dr F. Penin for valuable discussions and for 
Figure 15.1 This work was supported by CNRS, the University of Lille 1, and by a 
grant from the French National Agency for Research on AIDS and Viral Hepatitis. 
The NMR facility was supported by the CNRS, the University of Lille 1, the 
Pasteur Institute of Lille, the Regional Council Nord-Pas de Calais, and the Fonds 
Europ~n de D~veloppement R~gional. 

ABBREVIATIONS 

CD 
CSI 
HCV 
HSQC 
IFN 
IRES 
ISDR 
IUP 
JFH-1 
NMR 
NSSA 
RNA 

circular dichro'ism 
chemical shift index 
hepatitis C virus 
heteronuclear single-quantum coherence spectroscopy 
interferon 
internal ribosome entry site 
interferon sensitivity-determining region 
intrinsically unstructured protein 
Japanese fulminant hepatitis 1 
nuclear magnetic resonance 
Nonstructural protein SA 
ribonucleic acid 

REFERENCES 

Appel N, Zayas M, MillerS, Krijnse-Locker J, Schaller T, Priebe P, Kallis S, Engel U, 
Bartenschlager R. Essential role of domain III of nonstructmal protein SA for hepatitis 
C virus infectious particle assembly. PLoS Pathog 2008;4(3):e1000035. 

Beaulieu PL. Non-nucleoside inhibitors of the HCV NS5B polymerase: progress in the 
discovery and development of novel agents for the treatment of H CV infections. Curr 
Opin Investig Drugs 2007;8(8):614-634. 

Chatterji U, Bobardt M, Selvarajah S, Yang F, Tang H, Sakamoto N, Vuagniaux G, 
Parkinson T, Gallay P. The isomerase active site of cyclophilin A is critical for hepatitis 
C virus replication. J Biol Chern 2009;284(25):16998-17005. 



422 S1RUCTIJRAL DISORDER IN Tim NS5A DOMAIN II OF HCV 

Coelmont L, Kaptein S, Paeshuyse J, Vliegen I, Dumont JM, Vuagniaux G, Neyts J. Debio 
02S, a cyclophilin binding molecule, is highly efficient in clearing hepatitis C virus 
(HCV) replicon-containing cells when used alone or in combination with specifically 
targeted antiviral therapy for HCV (STAT-C) inhibitors. Antimicrob Agents Chemother 
2009;S3(3) :967-976. 

Combet C, Garnier N, Charavay C, GrandaD, Crisan D, Lopez J, Dehne-Garcia A, Geour
jon C, Bettler E, Hulo C, Le Mercier P, Bartenschlager R, Diepolder H, Moradpom 
D, Pawlotsky JM, Rice CM, Trepo C, Penin F, Deleage G. euHCVdb: the European 
hepatitis C virus database. Nucleic Acids Res 2007;3S(Database issue):D363-D366. 

Enomoto N, Sakuma I, Asahina Y, Kurosaki M, Murakami T, Yamamoto C, Izumi N, 
Marumo F, Sato C. Comparison of full-length sequences of interferon-sensitive and 
resistant hepatitis C virus lb. Sensitivity to interferon is conferred by amino acid 
substitutions in the NSSA region. J Clin Invest 199S;96(1):224-230. 

Flisiak R, Horban A, Gallay P, Bobardt M, Selvarajah S, Wiercinska-Drapalo A, Siwak. 
E, Cielniak. I, Higersberger J, Kierkus J, Aeschlimann C, Grosgurin P, Nicolas-Metral 
V, Dumont JM, Porchet H, CrabbeR, Scalfaro P. The cyclophilin inhibitor Debio-02S 
shows potent anti-hepatitis C effect in patients coinfected with hepatitis C and human 
immunodeficiency virus. Hepatology 2008;47(3):817-826. 

Foster TL, Belyaeva T, Stonehouse NJ, Pearson AR, Harris M. All three domains of 
the hepatitis C virus nonstructural NSSA protein contribute to RNA binding. J Vrrol 
2010;84( 18):9267 -9277. 

Fried MW, Shiffman ML, Reddy KR, Smith C, Marinos G, Goncales FL, Haussinger 
D, Diago M, Carosi G, Dhumeaux D, Craxi A, Lin A, Hoffman J, Yu J Jr. Pegin
terferon alfa-2a plus ribavirin for chronic hepatitis C virus infection. N Engl J Med 
2002;347(13):97S-982. 

Gale MJ, Korth MJ, Tang NM, Tan SL, Hopkins DA, Dever TE, Polyak SJ, Gretch 
DR, Katze MG Jr. Evidence that hepatitis C virus resistance to interferon is mediated 
through repression of the PKR protein kinase by the nonstructmal SA protein. VIrology 
1997;230(2):217 -227. 

Gao M, Nettles RE, Belema M, Snyder LB, Nguyen VN, Fridell RA, Serrano-Wu MH, 
Langley DR, Sun JH, O'Boyle DR 2nd, Lemm JA, Wang C, Knipe JO, Chien C, 
Colonna RJ, Grasela DM, Meanwell NA, Hamann LG. Chemical genetics strat
egy identifies an HCV NSSA inhibitor with a potent clinical effect. Nature 2010; 
46S(7294 ):96-1 00. 

Hanoulle X, Badillo A, Verdegem D, Penin F, Lippens G. The domain 2 of the HCV 
NSSA protein is intrinsically unstructured. Protein Pept Lett 2010;17(8):1012-1018. 

Hanoulle X, Badillo A, Wieruszeski JM, Verdegem D, Landrieu I, Bartenschlager R, Penin 
F, Lippens G. Hepatitis C virus NSSA protein is a substrate for the peptidyl-prolyl 
cis/trans isomerase activity of cyclophilins A and B. J Biol Chern. 2009a;284(20): 
13S89-13601. 

Hanoulle X, Verdegem D, Badillo A, Wieruszeski JM, Penin F, Lippens G. Domain 3 of 
non-structural protein SA from hepatitis C virus is natively unfolded. Biochem Biophys 
Res Commun 2009b;381(4):634-638. 

Ishida T, Kinoshita K. Prediction of disordered regions in proteins based on the meta 
approach. Bioinformatics 2008;24(11):1344-1348. 



REFERENCES 423 

Landrieu I, Hanoulle X, Bonachera F, Hamel A, Sibille N, Yin Y, Wieruszeski 
JM, Horvath D, Wei Q, Vuagniaux G, Lippens G. Structural basis for the non
immunosuppressive character of the cyclosporin A analogue Debio 02S. Biochemistry 
201 0;49(22) :4679-4686. 

Li X, Romero P, Rani M, Dunker AK., Obradovic Z. Predicting protein disorder for N-, C-, 
and internal regions. Genome Inform Ser Workshop Genome Inform 1999; 1030-1040. 

Liang Y, Kang CB, Yoon HS. Molecular and structural characterization of the domain 2 
of hepatitis C virus non-structural protein SA. Mol Cells 2006;22(1): 13-20. 

Liang Y, Ye H, Kang CB, Yoon HS. Domain 2 of nonstructural protein SA (NSSA) of 
hepatitis C virus is natively unfolded. Biochemistry 2007;46(41):11SS0-11SS8. 

Macdonald A, Crowder K, Street A, McCormick C, Harris M. The hepatitis C virus NSSA 
protein binds to members of the Src family of tyrosine kinases and regulates kinase 
activity. J Gen Vrrol2004;8S(Pt 3):721-729. 

Macdonald A, Harris M. Hepatitis C virus NSSA: tales of a promiscuous protein. J Gen 
Vrrol2004;8S(Pt 9):248S-2S02. 

Mikol V, Kallen J, Pfl.ugl G, Walkinshaw MD. X-ray structure of a monomeric cyclophilin 
A-cyclosporin A crystal complex at 2.1 A resolution. J Mol Biol 1993;234(4): 
1119-1130. 

Mikol V, Kallen J, Walkinshaw MD. X-ray structure of a cyclophilin B/cyclosporin com
plex: comparison with cyclophilin A and delineation of its calcineurin-binding domain. 
Proc Natl Acad Sci US A 1994;91(11):S183-S186. 

Moradpom D, Penin F, Rice CM. Replication of hepatitis C virus. Nat Rev Microbiol 
2007;S(6):4S3-463. 

NIH. National Institutes of Health Consensus Development Conference Statement: Man
agement of hepatitis C: 2002-June 10-12, 2002. Hepatology 2002;36(S Suppl 1), 
S3-20. 

Paeshuyse J, Kaul A, DeClercq E, Rosenwirth B, Dumont JM, Scalfaro P, Bartenschlager 
R, Neyts J. The non-immunosuppressive cyclosporin DEBI0-025 is a potent inhibitor 
of hepatitis C virus replication in vitro. Hepatology 2006;43(4):761-770. 

Pascu M, Martus P, Hohne M, Wiedenmann B, Hopf U, Schreier E, Berg T. Sustained 
virological response in hepatitis C virus type 1 b infected patients is predicted by the 
number of mutations within the NSSA-ISDR: a meta-analysis focused on geographical 
differences. Gut 2004;S3(9): 134S-13Sl. 

Romero P, Obradovic Z, Dunker AK. Sequence Data Analysis for Long Disordered 
Regions Prediction in the Calcineurin Family. Genome Inform Ser Workshop Genome 
Inform 1997;8110-8124. 

Romero P, Obradovic Z, Li X, Garner EC, Brown CJ, Dunker AK. Sequence complexity 
of disordered protein. Proteins 2001 ;42(1):38-48. 

Shirota Y, Luo H, Qin W, Kaneko S, Yamashita T, Kobayashi K, Murakami S. 
Hepatitis C virus (HCV) NSSA binds RNA-dependent RNA polymerase (RdRP) 
NSSB and modulates RNA-dependent RNA polymerase activity. J Biol Chern 
2002;277(13):11149-111SS. 

Smet C, Leroy A, Sillen A, Wieruszeski JM, Landrieu I, Lippens G. Accepting its random 
coil nature allows a partial NMR assignment of the nemonal Tau protein. Chembiochem 
2004;S(12):1639-1646. 

Tellinghuisen 1L, Evans MJ, von Hahn T, You S, Rice CM. Studying hepatitis C virus: 
making the best of a bad virus. J Vrrol2007;81(17):88S3-8867. 



424 S1RUCTIJRAL DISORDER IN Tim NS5A DOMAIN II OF HCV 

Tellinghuisen 1L, Foss KL, Treadaway J. Regulation of hepatitis C virion production via 
phosphorylation of the NS5A protein. PLoS Pathog 2008;4(3):e1000032. 

Tellinghuisen 1L, Marcotrigiano J, Rice CM. Structure of the zinc-binding domain of 
an essential component of the hepatitis C virus replicase. Nature 2005;435(7040): 
374-379. 

Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity of pro
gressive multiple sequence alignment through sequence weighting, position-specific 
gap penalties and weight matrix choice. Nucleic Acids Res 1994;22(22):4673-4680. 

Wakita T, Kato T. Development of an infectious H CV cell culture system. In: TanS-L, edi
tor. Hepatitis C viruses genomes and molecular biology. Norfolk: Horizon Bioscience; 
2006. pp.451-464. 

WIShart DS, Sykes BD. The 13C chemical-shift index: a simple method for the identifi
cation of protein secondary structme using 13C chemical-shift data. J Biomol NMR 
1994;4(2):171-180. 



16 
BACTERIOPHAGE l. N PROTEIN 
DISORDER-ORDER TRANSITIONS 
UPON INTERACTIONS WITH RNA 
OR PROTEINS 

KRISTIAN SCHWEIMER AND PAUL ROSCH 

16.1 INTRODUCTION 

16.1.1 Phage l. and Its Life Cycle 

Simplicity and abundance of bacteriophages as compared to other biological sys
tems make them nearly perfect model systems for the study of biological functions. 
Bacteriophage ).. is a virus infecting the bacterium Escherichia coli . After the dis
covery that cell lysis of E. coli strain K12 induced by ultraviolet light irradiation 
was accompanied by the release of phage particles,).. was initially isolated in 1951 
(Lederberg, 1951). A phage particle consists of DNA and protein in roughly equal 
amounts, and phage ).. has a characteristic morphology with an icosahedral head of 
approximately 50-nm diameter and a long, flexible but noncontractile tail of about 
150-nm length and 8-nm diameter. The head contains the double-stranded linear 
DNA of 48,502 base pairs as sequenced by Sanger and coworkers (Sanger et al., 
1982). This DNA codes for around 50 proteins. 

Gene regulation in phage ).. was studied in great detail from the discovery of 
this phage, and ).. indeed became the archetypal model system for this entire field 
of research (Hendrix et al., 1983; Ptashne, 2004). The special allure of studying 
this phage is the fact that ).. is a member of the class of temperate phages, so that 
after host cell infection, two alternative pathways for phage development exist In 
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the lytic pathway, the host cell expresses phage DNA, synthesizes phage proteins, 
and reassembles and releases new phage particles on bursting (lysis) of the host 
cell; alternatively; in the lysogenic pathway, the phage DNA is integrated into the 
host cell DNA where it stays in prophage state as part of the host cell's genome 
until transition to the lytic pathway is induced by less-favorable environmental 
conditions. 

16.1.1.1 Lysogenic Pathway During lysogeny, the phage genome is part of the 
complete genome of the host cell, and, accordingly, genes causing phage maturation 
and cell lysis are not expressed These mechanisms to stop phage gene expression 
are particularly useful for survival of the phages in situations in which the host 
cell is superinfected by non-A. phages. Suppression of A. gene expression is strictly 
regulated: High accumulation of the protein CIT stops expression of the gene for 
protein Q, which is essential for expression of later genes that would allow phage 
assembly and host cell lysis. Further, the synthesis of the Int integrase is stimulated 
to integrate the phage DNA into the host genome. Additional A.-repressor (CI) is 
expressed, which represses early intermediate promoters by binding to operators 
oL and oR, switching off expression of other phage genes. The prophage state after 
integration of the phage genome into the bacterial chromosome is extremely stable 
through many cycles of host cell division. Damaging of host DNA, for example, by 
ultraviolet (UV) irradition, activates host protein RecA that proteolytically cleaves 
A.-repressor, resulting in deblocking of A.-genes and thus initiating the transition to 
lytic pathway. 

16.1.1.2 Lytic Pathway During the lytic cycle, all phage genes are expressed, 
resulting in assembly of new phages that are released on lysis of the host cell. Virtu
ally, perfect timing and control of gene expression is necessary to avoid premature 
cell lysis (Greenblatt et al., 1993). The exact timing of the sequential expression 
of genes involves tight transcriptional control. After initiation of transcription at 
promoters pL and pR, early genes are transcribed and the corresponding proteins 
accumulate. Initially, transcription is attenuated at terminators tL and tR. These 
terminators act as check points as the nascent transcript and the template DNA 
are released from the transcription elongation complex (TEC), preventing the tran
scription of the full set of phage genes and allowing control of expression of late 
genes. The essential protein in this early phase is the antitermination AN. After 
its expression, AN forms a stable complex with the RNA recognition site nut (N 
utilization), the RNA polymerase (RNAP), and a set of host proteins, the Nus fac
tors (Nus, N utilization substances). In this antitermination complex, the RNAP is 
able to pass the termination signals and thus transcribe genes downstream of the 
termination signals. This allows the transcription of the 0 and P genes, which are 
required for replicating the phage DNA and including the Q gene. Q is a second 
antiterminator and allows transcription to pass terminator t R' and cause expression 
of the late genes necessary for bacteriophage morphogenesis and host cell lysis. 
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16.2 THE ANTITERMINATION COMPLEX 

The antitermination complex is a stable ribonucleoprotein complex allowing tran
scription through intrinsic and factor-dependent terminators far downstream of the 
nut site, where the complex assembles (Fig. 16.1a). The key interaction seems to 
be the binding of .l..N to RNAP as excess of N is able to transform RNAP in vitro 
to a form that is able to transcribe through proximal terminators (Rees et al., 1996). 
This interaction, however, is not sufficiently stable to allow processive transcrip
tion. In fact, to form a stable antitermination complex, the host cell Nus factors 
are required (Das, 1993). NusA interacts directly both with the RNAP and the .l..N, 
NusB forms a heterodimer with NusE (identical to ribosomal protein S 10), and 
NusG links this heterodimer to RNAP via its amin~terminal domain and to the 
ribosome via its carboxy-terminal domain, thus physically coupling transcription 
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Figure 16.1 (a) Antitermination complex. A schematic summary of protein-protein and 
protein-nucleic acid interaction within the antitermination complex . .AN (gray) is labeled 
with the different sequence regions interacting with their corresponding binding part
ners. (b) Sequence of the nutR site of bacteriophage .A. BoxA interacts with NusB-NusE 
heterodimer, the spacer binds to NusA, and boxB forms the complex with .AN. 
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and translation (Burmann et al., 2010). nut RNA (Fig. 16.1b) is suggested to ini
tially assist complex formation by tethering AN to the RNAP. The nut site interacts 
with the A.N (Lazinski et al., 1989) via Bo:xB, a stem-loop RNA structure within the 
nut RNA sequence. NusB (Luo et al., 2008) binds to nut at the nutBo.xA, and NusA 
attaches to the spacer region between nutBoxA and nutBo:xB (Prasch et al., 2009). 
The interactions within the antitermination complex cannot be pinpointed to a few 
strong interactions as all protein-protein interactions are only weak, resulting in a 
highly cooperative assembly of the complex (Greenblatt et al., 1993), and several 
components are not even cotmected by a direct interaction, rendering a well-tuned 
network essential for complex formation as exemplified by the interaction chains 
RNAP-N-nutBo:xB, RNAP-N-NusAIRNAP-NusA-N, nutBo.xA-NusB/NusB-NusE
NusG-RNAP. These numerous interactions explain the overall complex stability in 
spite of the lack of high affinity binding between single par1ners. Recent results 
allow a detailed model of action: NusA binds close to the RNA exit channel of 
RNAP (foulokhonov et al., 2001; Ha et al., 2010). During regular termination, 
NusA facilitates formation of the termination hairpin by interaction with the hair
pin's left shoulder (Gusarov and Nudler, 2001 ). After termination hairpin formation, 
the TEC dissociates rapidly (Gusarov and Nudler, 1999). Based on cross-linking 
data, it is suggested that A.N suppresses hairpin formation by interaction with the 
ascending portion of the RNA stem (Gusarov and Nudler, 2001; Nudler and Gottes
man, 2002) and that AN promotes formation of additional contacts between NusA 
and nascent RNA. It is suggested that in this case, NusA interacts with RNA differ
ently than in the formation of the termination hairpin (Gusarov and Nudler, 2001), 
and different RNA-binding regions of NusA may be used in either situation. 

Nus factors, however, convey stability to the antitermination complex. In the 
standard situation of transcription, the function of Nus factors is modulated as 
compared to their function in the antitermination complex. Indeed, Nus factor 
function is sometimes changed to its opposite on formation of the antitermination 
complex. The C-terminal domain (CTD) of NusG interacts with termination factor 
rho, but it interacts with NusE in the antitermination complex, suggesting regulation 
of the transition between elongation and termination by competition between NusE 
and rho binding to NusG (Burmann et al., 2010). Also, the standard effect of NusA 
during elongation is to increase the rate of termination at intrinsic terminators 
(Farnham et al., 1982; Schmidt and Chamberlin, 1987; Gusarov and Nudler, 2001). 
In N-mediated antitermination, however, this function is just reversed, showing 
that the Nus factors do not per se comprise the switch between termination and 
antitermination, but are themselves subject to switching processes such as AN-nut 
RNA complex formation. 

16.3 ANTITERMINATION PROTEIN N 

Early studies identified AN as an important factor for transcribing phage genes as 
the absence of AN reduces transcription of the phage A. genome to about 2%, with 
the expression limited to early genes (Roberts, 1969). In its key role in the assembly 
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of the antitermination colq)lex, J..N is a classical exalq)le of a positive regulator 
of transcription, stirmlating the expression of genes located downstream of termi
nation signals. The translation of J..N is affected by an autoregulatory m:chanism 
in which J..N represses the expression of its own gene, a process that requires not 
only binding to nutL but also formation of the colq)lete N-modified transcription 
COiq)leX (Wilson et al., 1997; Wilson et al., 2004). 

After sequence determination and initial isolation of J..N (Franklin and Bennett, 
1 fJ79; Greenblatt et al., 1980), analogous proteins were found in the A.-related 
phages p21 and p22, and these proteins are also involved in the lysis-lysogenesis 
transition. J..N is a monomeric protein of 107 amino acids (molecular mass 12.2 kDa; 
Fig. 16.2). About 22% of the amino acids are arginine and lysine, resulting in a 
high basicity of the protein (pi 11.5). J..N's in vivo half-life is only 2 min because of 
degradation of the protein by the E. coli endoprotease Lon (Gottesman et al., 1981 ), 
but the protein is heat stable in vitro (Greenblatt and Li, 1982). The degradation by 
Lon protease allows posttranslational regulation and possibly regulates the excision 
of the J.. prophage from the E. coli genorm dming transition from lysogenic to lytic 
developrmnt (Gottesman et al., 1981). 

Analysis of the charge-hydrophobicity phase space of several intrinsically dis
ordered proteins and COiq)arison with those of small globular proteins indicated 
that the form:r exhibits a large net charge and low overall hydrophobicity (Uversky 
et al., 2000) and clustered well outside the region of globular proteins in a two
dirmnsional map that correlates net charge and hydrophobicity. The net charge of 
J..N of+ 14 and its rman hydrophobicicy of 0.3968 positions this protein far outside 
the region of folded globular proteins, so that a highly flexible, intrinsically disor
dered state is suggested already on the basis of its sequence. The amino-terminal 
region shows the highest content of arginines, the percentage of arginines and 
lysines increases to 32% for the first 22 amino acids, suggesting that especially 
this region does not adopt a stable fold. 

Overall, the protein displays large structural asyrnm:try as determined by sed
irmntation and gel filtration experirmnts (Greenblatt and Li, 1982). Neither full
length J..N nor short peptides derived from the J..N sequence show characteristic 
features of secondary structure in circular dichroism (CD) spectra (Van Gilst and 
von Hippel, 1997; Van Gilst et al., 1997a), and 28% ex-helical conformation was 
detected by CD spectroscopy only at 4°C (Tan and Frankel, 1995). 
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Figure 16.2 Sequence of antitermination AN. The binding sites are labeled and under
lined. 
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For AN, only a narrow chemical shift dispersion was observed in nuclear mag
netic resonance (NMR) experiments (Van Gilst et al., 1997a; Mogridge et al., 
199 8). The dispersion of resonance frequencies of a protein's 1 H, 15N, and 13 C 
spins is characteristic of its local fold, with low dispersion indicating the absence 
of a well-defined local structure and high dispersion indicating the opposite. This 
easily observed effect is a consequence of differences in the local electronic envi
ronment of amino acids caused by tertiary structure formation, for example, by 
formation of stable hydrogen bonds or defined reorientation of side chains relative 
to magnetically anisotropic groups such as aromatic rings or carbonyl groups. As a 
consequence, the shielding of the individual nuclei from the external field differs, 
and the resulting chemical shifts are well dispersed so that the individual residues 
can be discerned by their characteristic resonance frequencies. In contrast, in highly 
flexible peptide chains, the environment for all residues is highly similar and the 
resulting chemical shift dispersion is poor. Another NMR parameter that may lead 
to conclusions about a peptide's or a protein's flexibility is 15N spin relaxation, 
which critically depends on the timescale of rotational reorientation of the 15N - 1 HN 
bond vectors relative to the static magnetic field. For folded globular proteins, this 
timescale is governed by the overall rotational reorientation of the folded proteins, 
characterizing the proteins as stable on this timescale (10-9 s). For disordered 
peptide chains, the reorientation of the 15N - 1 HN bond vectors depends on local 
dynamics as opposed to overall reorientation, and the former occurs on a consider
ably faster timescale ( < 1 o-9 s ). Tirus, by analyzing 15N relaxation properties, the 
dynamic features of peptide chains can be derived NMR relaxation experiments 
showed that the N-HN bond vector reorientation of backbone ami des of AN occurs 
on a faster timescale than typically found for folded globular proteins of identi
cal size (Prasch et al., 2006). This data is consistent with the notion of A.N being 
a disordered protein, and the full nutBoxB RNA-binding capacity of this protein 
demonstrates that this disordered form is an active and biologically significant state. 

Various interaction studies between AN and binding partners identified three 
binding regions for different partners. The AN arginine- and lysine-rich amino ter
minus, Met1-Asn22, binds nutBoxB RNA; the stretchAsn34-Arg47 is responsible 
for NusA binding, and residues Arg73-lle107 form the binding site of RNAP (Van 
Gilst and von Hippel, 1997; Mogridge et al., 1998). Whereas detailed structural 
models exist for the first two interactions (Legault et al., 1998; Scharpf et al., 
2000; Bonin et al., 2004; Prasch et al., 2006), the binding of AN to RNAP, which 
is expected to be key in antitermination, is not characterized yet at the atomic level. 

16.4 THE l.N-RNA INTERACTION 

16.4.1 ARM Peptide-RNA Binding 

The arginine-rich motif (ARM) as present in the amino terminus of AN is a promi
nent feature of several viral RNA-binding proteins including and Tat proteins 
from equine infectious anemia virus (EIAV), human immunodefiency virus (HN), 
and bovine immunodeficiency virus (BN) and HN1-Rev (Lazinski et al., 1989; 
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Willbold et al., 1994; Bayer et al., 1995; Tan and Frankel, 1995; Metzger et al., 
1997), and the basic arginine residues of the ARM are important for specific inter
actions. A long flexible aliphatic side chain together with the charged guanidinium 
group makes arginine special among amino acids (Patel, 1999). The guanidinium 
allows formation of intermolecular salt bridges and hydrogen bonds that combine 
with van-der-Waals interactions, permitting arrangements of several arginines in 
small sequence stretches to form RNA-binding sites with high sequence speci
ficity and high affinity. The function of ARMs does not depend on specific defined 
secondary or tertiary structure environments in the isolated protein, but defined, 
rigid structures are exhibited in the context of complex formation with target RNA 
molecules (Patel, 1999). In general, these are examples of structures not solely 
defined by the sequence, but induced by the molecular environment provided by 
an interaction partner. 

The structural studies of RNA binding to ARM-containing proteins substantially 
changed the view of protein-RNA recognition (Patel, 1999). Until then, structural 
data had indicated that proteins provide surface binding pockets optimized for 
interaction with minimal elements of nucleic acid architecture. The components 
undergo only slight structural changes to improve packing and defined interaction 
at the interface. The complexes of ARM-containing peptides with their cognate 
RNAs demonstrate that the RNA tertiary structure forms a scaffold that allows 
wrapping around the peptide. In these cases, the peptides represent the minimal 
structural binding units of the underlying proteins. These peptides are disordered 
in solution, but adopt a defined conformation on complex formation. A variety 
of structures of ARM peptide-RNA complexes that have been determined show 
that the peptides do not fold into identical structures. Helix formation is found 
in nutBoxB -RNA complexes of AN as well as HK022 Nun (Cai et al., 1998; 
Legault et al., 1998; Scharpf et al., 2000; Faber et al., 2001) and in the Rev-RRE 
complex from HN (Battiste et al., 1996), while BN Tat adopts a hairpin structure 
after binding to BN TAR RNA (Puglisi et al., 1995; Ye et al., 1995). In contrast, 
binding of peptides derived from HN Rev and human T -cell leukemia virus type 
I Rex to designed aptamers results in an extended conformation of the peptide in 
the bound state (Jiang et al., 1999; Ye et al., 1999). 

16.4.2 l.N-nutBoxB Interaction 

The role of AN depends on a small site of the transcribed RNA, the nut site 
(Fig. 16.1 b). This site consists of two elements, nutBoxA and nutBoxB (Whalen and 
Das, 1990; Nodwell and Greenblatt, 1991; Chattopadhyay et al., 1995a; Mogridge 
et al., 1995). nutBoxB forms an RNA hairpin with a stem of five base pairs and 
a loop of five nucleotides. In solution, nutBoxB RNA shows significant flexibility. 
Analysis of low energy CD spectra of nutBoxB RNA in the absence of AN suggests 
that in spite of this high overall flexibility, a significant fraction of the RNA adopts 
defined conformations that share characteristic interactions of bases found in the 
peptide-RNA complex (Johnson et al., 2005). The RNA thus already samples bind
ing competent conformations in the free state. AN binds to nutBoxB with an affinity 
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virtually identical to that of shorter peptides containing only the amino-tennioal 
22 residues (Dissocation constant 5 oM) (Cllattopadhyay et al., 1995a; Tao and 
Frankel, 1995; Cilley and Williamson, 1997; Van Gilst et al., 1997b). Therefore, 
the RNA-binding site of AN is COJ:q)letely localized in the amino terminus, and 
the rest of the protein does not influence binding. No conformational changes were 
observed outside the ARM region on interaction of AN with nutBoxB RNA (Scharpf 
et al ., 2000). CD spectroscopy demonstrates an a-helical conformation of AN in 
its nutBoxB COJ:q)lex (Tao and Frankel, 1995; Suet al., 1997a; Van Gilst et al., 
1997b; Scharpf et al., 2000). Helix formation is only induced on specific binding to 
nutboxB RNA, while AN remains unstructured when noospecifically bound to other 
RNAs (Van Gilst et al., 1997b). Specificity can be influenced by single-nucleotide 
exchanges, and the lack of AN structure in nonspecific COJ:q)lexes is accolq)a
nied by loss of AN-dependent aotitermioation activity (Van Gilst et al. , 1997b), 
demonstrating the ilq)Ortance of induced protein structure for biological activity. 

Large chemical shift changes in the NMR spectra of AN as well as nutBoxB RNA 
accolq)any these major structural rearrangements on COJ:q)lex formation (Mogridge 
et al., 1998). The dramatically increased dispersion of the signals is characteristic 
for the formation of a well-defined and stable three-dimensional structure. By using 
peptides corresponding to AN(1-22) and AN(1-36) and by applying rmltidimen
sional heteronuclear NMR spectroscopy, the structure of AN-nutBoxB could be 
determined (Legault et al., 1998; Scharpf et al., 2000) (Fig. 16.3). nutBoxB RNA 
adopts a GNRA fold in the pentaloop with a looped-out base (A9) and a regular 
A-form stem region. GNRA RNA structures are the basic building blocks of RNA 
hairpin structures interacting with proteins, and they are known for their remark
able stability (Correll and Swinger, 2003). The AN peptides form a bent a-helix, 
with helical segments AN(4-10) and AN(12-21) at an angle of about 120° There 
are no significant deviations from the ideal <PI1/t angles, and backbone <PI1/t angles 

(a) (b) 

Figure 16.3 The AN(l-36)-nutBoxB complex. (a) peptide, cyan; RNA, surface modeL 
(b) RNA, sticks representation, Trpl8 of >..N, stick representation, highlighting the stacking 
interaction. 
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of Arg11 show that the bend results from a single perturbation rather than additive 
effects along the peptide backbone. At the amino terminus, the a.-helix is capped 
by intramolecular hydrophobic interaction of the methyl group of Metl with side 
chains of Thr5 and Arg6. The helix bend that is further stabilized by a hydrogen 
bond between the side chain of Gln15 and the carbonyl oxygen of Arg8 maximizes 
AN-nutBo.xB surface complementarity as exemplified by the essential stacking 
of Trp18 and A7 of nutBo.xB. The first helical segment interacts with the major 
groove of the RNA, but the intermolecular interactions involve only 5' residues 
of the RNA, consistent with the observed protection of exclusively 5' -phosphates 
from ribonuclease degradation (Chattopadhyay et al., 1995a). An important inter
action is the packing of the methyl group of Ala3 between nucleotides C2 and C3. 
This anchors the first helical segment in the major groove. Substitution with larger 
amino acids (Val, Thr) results in a dramatic decrease of binding affinity (Suet al., 
1997a) together with a shortening of the helix at the N-terminus (Scharpf et al., 
2000) The arginines and lysines create a positively charged surface on one side of 
the a.-helix to interact with the negatively charged phophodiester backbone of the 
RNA. Except Lys19, all amino and guanidinium groups are less than 5 A away from 
RNA phosphates, allowing electrostatic interactions and possibly hydrogen bonds. 
The complex structures show fewer intermolecular contacts for Arg6 and Arg10 in 
comparison to Arg7, Arg8, and Arg11. This explains their importance for binding 
and activity in antitermination assays as shown in mutation studies (Franklin, 1993; 
Su et al., 1997a). Several amino acid-RNA interactions are observed in the loop 
region. Mutations within the nutBo.xB loop influence the formation of the GNRA 
tetraloop, for example, hindering the formation of the sheared G-A base pair by 
mutation of G6 or A10 (Chattopadhyay et al., 1995a; Mogridge et al., 1995; Tan 
and Frankel, 1995; Cilley and Williamson, 1997; Suet al., 1997b; Van Gilst et al., 
1997b), while deletion of the looped-out base reduces the affinity of nutBo.xB for 
AN only slightly (Legault et al., 1998). This demonstrates the importance of a 
well-defined loop conformation for AN recognition. 

A characteristic interaction of the AN-RNA complex is the stacking of Trp18 
and the base of A 7 at the top of the tetraloop. This interaction extends the RNA 
rc-stack by one residue. It was demonstrated that Trp18 is important for RNA 
binding and antitermination (Franklin, 1993; Suet al., 1997a). Femtosecond optical 
spectroscopy revealed local dynamics around Trp18 and interconversion between 
two states on very short (picosecond) timescales (Xia et al., 2003a). Mutations 
were identified that destabilize this stacking interaction (Xia et al., 2003b ). A 
double mutation Lys14Glu and Gln15Arg still accommodated binding of N 
peptide to nutBo.xB RNA, but without Trp18 stacking, as revealed by chemical 
shift analysis of the tryptophan HE1 resonance by proton NMR spectroscopy 
as well as by femtosecond :fluorescence techniques (Xia et al., 2003a,b, 2005). 
Analysis of a variety of mutations concerning Trp stacking, affinity to RNA, and 
antitermination activity demonstrates that biological function directly correlates 
with this stacking interaction (Xia et al., 2003a,b, 2005). Functionality of a several 
100-kDa machinery thus critically depends, among others, on the side chain 
orientation of a single Trp residue. 
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Figure 16.4 Sequence alignment of amino-terminal sequences of the N proteins of bac
teriophages .A, P22, and 1/>21, and ARM of the Nun protein of phage HK022. 

16.4.3 HK022 Nun-nutBoxB Interaction 

Typically, the interaction between ARM proteins from }.-like phages (Fig. 16.4) and 
their target RNAs displays high sequence specificity (fan and Frankel, 1995). The 
non-.I..N proteins recognize .1.. nutBoxB RNA with significantly reduced affinity. 
This situation is completely different in the case of the termination factor Nun 
from coliphage HK022. Nun excludes superinfection of HK022 lysogens by .1.. by 
promoting transcription termination at or close to .1.. nut sites (Robert et al., 1987) 
and interacts with nutBoxB RNA in a similar manner as AN (Chattopadhyay et al., 
1995c). Nun is a 109-amino-acid protein that carries an ARM in the amino-terminal 
half, sequence region 20-44. Nun and AN bind to .1.. nutBoxB with comparable 
affinities and are able to compete with each other (Chattopadhyay et al., 1995b; 
Faber et al., 2001). Nun utilizes the same bacterial host factors as AN, NusA, 
NusB, NusE, and NusG for assemblage of a TEC, which is, however, modified 
to act opposite to the AN-containing complex (Das, 1993; Greenblatt et al., 1993). 
The structure of a complex of a Nun peptide with nutBoxB RNA has been solved 
by NMR spectroscopy (Faber et al., 2001). Like AN, the peptide adopts a bent 
a.-helical conformation, and an aromatic residue ('1Yr39) stacks on the base of 
A9 of the RNA loop. A remarkable difference is the presence of a large solvent
exposed hydrophobic surface. The helix is amphipathic, and the charged residues 
point to the RNA for specific interactions, while the hydrophobic residues are 
exposed to the opposite site. It is suggested that this hydrophobic surface forms a 
protein-protein interaction site, but the binding par1ner is unknown. The stacking 
interaction essential for the antitermination function of .I..N is not important for the 
termination function of Nun (Burmann et al., 2008). The difference in Nun function 
compared to .I..N is attributed to interactions of the carboxy-terminal region with 
the TEC and arrest of transcription by anchoring RNAP to DNA (Nudler and 
Gottesman, 2002). 

16.4.4 Other N-BoxB Complexes 

Solution structures were determined for the homolog N-nutBoxB complexes of 
lambdoid phages P22 (Cai et al., 1998) and ¢21 (Cilley and Williamson, 2003). 
Together with the .I..N-RNA complex, these structures allow detailed insight into 
determinants of RNA recognition by different amino acid sequences of N proteins. 
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In both complexes, the peptides form helical structures with varying degrees of 
bend and interact with the RNA hairpin loop and the 5' residues of the RNA 
stem. The RNA loop of <fJ21 nutBo:xB contains one additional nucleotide compared 
to the A and P22 RNA sequences, and it forms a hexaloop with a distinct U
turn fold P22 nutBo:xB differs at the third position of the loop (C instead of A) 
from the corresponding A RNA sequence. In the complex with P22-N, the five 
nucleotides of the loop form a GNRA tetraloop by flipping out one base, but here, 
the third base is flipped out (3-out) and makes extensive contacts with hydrophobic 
residues of the P22-N peptide. The specificity for an RNA loop conformation in the 
complex is dictated by the peptide. In the noncognate AN-P22 nutBo:xB complex, 
a 4-out loop conformation is observed (Austin et al., 2003). P22-N peptide causes 
broadening in NMR signals, consistent with conformational dynamics in the RNA 
loop. Mutational studies reveal that Gln4 and especially Arg8 are the important 
residues affecting the RNA loop conformation. Arg8 interacts with the phosphates 
of A9 and A10. This interaction is only possible in the 4-out loop. 

16.5 NusA-l.N INTERACTION 

16.5.1 NusA 

NusA is an essential bacterial transcription factor involved in regulatory processes 
including transcription pausing and termination (Greenblatt and Li, 1981). E. coli 
NusA is a multidomain protein with a molecular mass of 55 kDa. Six domains are 
arranged in linearly along the sequence (Mah et al., 1999) (Fig. 16.5a). The amino
terminal domain is responsible for binding to RNAP, and the three subsequent 
domains represent typical RNA-binding modules (S1, KH1, KH2). The carboxy
terminus forms two domains (acidic repeats AR1 and AR2) that are found in NusA 
from E. coli and other y-proteobacteria only, but are missing in NusA from all other 
known bacteria. 

In spite of the presence of characteristic RNA-binding domains, wild-type E. 
coli NusA does not interact with RNA, in contrast to AR2 deletion mutants, a 
behavior suggesting autoinhibition by AR2 masking of the RNA-binding surface. 
This autoinhibition is released by binding of RNAP aCTO to AR2 (Mah et al., 
2000; Schweimer et al., 2011). The binding site for AN could be located in the 
AR1-AR2 tandem (Mah et al., 1999), and the minimal fragment of AN that binds 
NusA was found to be the sequence stretch Asn34-Arg47 (Mogridge et al., 1998). 

Crystal structures are available for Thermotoga maritima and Mycobacterium 
tuberculosis NusA (Gopal et al., 2001; Shin et al., 2003; Worbs et al., 2001) 
(Fig. 16.5b). A structure of M. tuberculosis NusA complexed with single-stranded 
RNA derived from the boxC recognition site required for antitermination in bac
terial ribosomal operons was solved by X-ray crystallography (Beuth et al., 2005). 
This structure reveals RNA binding in an extended manner exclusively to the 
KH domains. No significant structural rearrangement of the NusA domains was 
observed, suggesting that the RNA-binding interface of NusA acts as a rigid scaf
fold for RNA recognition (Beuth et al., 2005). 
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Figure 16.5 (a) Domain organization and structural model of E. coli NusA. (b) Structural 
model of E. coli NusA based on the crystal structure of Thermotoga maritima (NID, Sl, 
KHl, and KH2 domains) and solution structures of E. coli NusA ARl and AR2 

E. coli ARl and AR2 share the same double helix-hcUrpin-helix (HhHh fold 
(Eisenmann et al., 2005) (Fig. 16.5b). In this structure, two helix-hairpin-helix 
motifs are packed perpendicularly against each other, forming a corqrctct globular 
fold. The structure of the NusA acidic repeats deviate only slightly in orientation 
and length of helices from the sterile alpha motif, a well-known protein-protein 
interaction module. The overall structural similarity of ARl and AR2 is consis
tent with their sequence homology of 61%, but the distribution of polar, charged, 
and hydrophobic residues at the protein surfaces clearly differs. Analysis of rota
tional reorientation by NMR spin relaxation measurements and different alignment 
tensors in liquid ccystal media as found by analysis of residual dipolar couplings 
demonstrate that the domains do not interact and that the connecting linker is highly 
flexible (Eisenmann et al., 2005). NMR titration experiments of isotopic-labeled 
NusA AR1-AR2 tandem with AN(l-53) peptide did not allow the delineation of 
the contact interface because of widespread chemical shift changes. Addition of 
RNAP aCID to the AR1-AR2 tandem broadened signals from residues of AR2 
beyond detection, but left signals from ARl unaffected, confirming exclusive AR2 
binding to aCID. The NMR titration experiments demonstrate the different binding 
specificity of ARl and AR2 despite their high structural similarity. 

16.5.2 Structure of a NusA-A.N Peptide Complex 

Crystallization of the AR1-AR2 tandem in the presence of a AN(34-47) peptide 
shows two ARl molecules interacting with the J..N peptide, probably a result of 
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unwanted proteolytic separation of AR1 and AR2 (Bonin et al., 2004). Mutations of 
individual aminoacids of A.N(34-47) to alanine showed that only residues pointing 
to one of the two AR1 molecules of the crystal structures are essential for binding. 
Calorimetly reveals the 1:1 binding stoichiometry with a dissociation constant of 
3.5 ~M (Bonin et al., 2004). 

The crystal structure of AR1 in COiq)lex with N(34-47) (Bonin et al., 2004) 
(Fig. 16.6a) superill{'Oses well with the solution structure of AR1 alone (backbone 
atomic RMSD: 1.2 A), demonstrating that AR1 acts as a rigid scaffold conferring 
additional stability to the COiq)lex. For A.N(34-47), electron density was seen up to 
residue Leu40 only, but the affinity to AR1 of a peptide spanning residues 31-43 
is nearly the same as that of AN(34-47), suggesting that the carboxy-terminal 
region does not play an essential role in binding. The colq)lex shows a buried 
interaction surface of 850 A2 . A.N(34-47) binds to AR1 as an extended peptide, 
maximizing the interaction surface with AR1. Single mutations to Ala resulted in 
loss of binding, demonstrating the ilq)Ortance Arg35, lle37, Leu38, and Leu40. 
Arg35 points deep into a crevice of AR1, forming a salt bridge with Asp364, and 
hydrogen bonds to Atg409. lle37, Leu38, and Leu40 form ilq)Oftant hydrophobic 
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Figure 16.6 The AN-AR1 interaction. (a) Cartoon representation of AN(34-47)-AR1 
complex. Residues 41-47 of AN are not shown because of lack of corresponding elec
tron density in the crystal structure. (b) Mapping of AN(34-47)-AR1 interaction on the 
crystal structure of A.N(34-47)(sticks)-AR1(surface) by NMR spectroscopy. Chemical 
shift changes of AR1 on titration with AN(34-47) are grouped in three categories (weak, 
light green; medium, green; and strong, dark green) and color coded on AR1 surface. (c) 
Sequence comparison of ARl and AR2. Identical residues are labeled by (•) and similar 
residues are labeled by O Residues of ARl which are important for AN binding are 
colored gray. (See insert for color representation of the figure.) 



438 BACIERIOPHAGE A. N PROIEIN 

interactions, for example, Leu40 stacks with the aromatic ring of Phe369 and shows 
contacts with Val372 and Leu398. 

The crystal structure is in line with previous biochemical data. But because 
of the proteolytically separated AR1 and AR2 domains and the lack of electron 
density for residues Asn41-Arg47, the role of this sequence stretch of AN and 
AR2 for complex formation remained undefined. Based on the sequence similarity 
of AR1 and AR2 as well as the sequence similarity of A.N(41-47) to AN(34-40) 
and the higher binding affinity of Asn34-Arg47 compared to Lys31-Lys43, it was 
suggested that residues Asn41-Arg47 bind to AR2 in a manner similar to that 
by which Asn34-Leu40 binds to AR1 (Bonin et al., 2004). An NMR study was 
performed to answer this question (Prasch et al., 2006). Because of nonideal behav
ior of full-length AN at the high concentration required for NMR spectroscopy, a 
peptide containing the ARM and NusA-binding region, AN(1-53) was used. The 
unbound peptide shows narrow chemical shift dispersion as well as high flexibility 
of amide bond vectors on the subnanosecond timescale, detected by the heteronu
clear steady-state Nuclear Overhauser Effect (NOE) experiment, which are typical 
features of disordered proteins. On titration of this peptide with the AR1-AR2 
tandem, significant chemical shift changes were observed. Methyl groups of lle37 
and Leu40 showed remarkable upfield shifts, which are typically found in proteins 
with defined tertiary structure. Also, amide NMR resonances (1 HN and 15N) exhibit 
large changes in the region Asn34-Arg47, consistent with all previous data and 
indicating that the sequence stretch Asn41-Arg47, which was not observed in the 
crystal structure, may also contribute. The heteronuclear steady-state NOE shows 
an increase of rigidity on the subnanosecond timescale. These data demonstrate the 
disorder-order transition of A.N on binding to NusA. 

To answer the question whether or not AR2 is involved in binding, isotope
labeled AR1-AR2 tandem was titrated with AN peptides so that effects on NMR 
parameters on complex formation could be unambiguously attributed to the indi
vidual domains. To avoid any effects by the positively charged ARM region on 
the negatively charged acidic repeats, synthetic peptides spanning only the region 
Asn34-Arg47 of AN were used. On titration of AR1-AR2 tandem with N(34-47), 
significant chemical shift changes were observed only for residues located in ARl. 
With the peptide AN(40-47), only small chemical shift changes were observed, 
and again only for residues of AR1. The NMR titrations confirmed the 1:1 binding 
stoichiometry, and a dissociation constant of 10 !J.M was derived from chemical 
shift changes, reproducing the data determined by isothermal calorimetry (Prasch 
et al., 2006). From this data, it is clear that AR2 does not play a role in binding 
of AN. 

Mapping the chemical shift changes on the surface of AR1 (Fig. 16.6b) revealed 
a continuous binding region containing the already known binding region of the 
crystal structure, but chemical shift changes were also observed for residues located 
in the carboxy-terminal part of helix 3 and the hairpin between helices 4 and 5. It 
was not possible to derive any intermolecular distance restraints based on Nuclear 
Overhauser Effect spectroscopy (NOESY) experiments to determine a detailed 
structural model for this region. This can be attributed to enhanced flexibility on 
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fast to intermediate (picoseconds to microseconds) timescales, which reduces NMR 
signal intensity. This is consistent with the fact that residues Asn34-Leu40 con
tribute the most relevant amino acids for binding. The structural change of residues 
Asn41-Arg47 observed in the NMR data together with their low contribution to 
binding might be interpreted only as a secondary effect of the AR1-AN interaction. 

16.5.3 Binding Specificity of NusA Acidic Repeats to l.N 

The high sequence similarity (Fig. 16.6c) between AR1 and AR2 (31% sequence 
identity, 60% sequence homology) and their identical fold suggest that only subtle 
differences between the two domains allow AN recognizing AR1, but not AR2. 
Asp364 was identified as an important amino acid in AR1 as it forms a salt bridge 
with Arg35. In AR2, Gly439 makes formation of the equivalent salt bridge impos
sible. The hydrophobic patch on AR1 necessary for interaction with AN Leu40 is 
composed of Phe369, Val372, and Leu398. In AR2, the amino acid equivalent to 
Val372 is Lys447. This charged residue disrupts the hydrophobic patch on AR2, 
and stable interaction with Leu40 seems unlikely. While sequence similarity of the 
two acidic repeats is manifested in the same overall structure, binding specificity is 
determined by differences in amino acid sequence together with the resulting sub
tle structural changes. Up to now, no function of AR1 outside the antitermination 
complex is known. AR2 interacts with aCfD of the RNAP; probably, binding of 
AN to AR2 would render transcriptional processes unproductive. The similarity of 
AR1 and AR2 suggests gene duplication during evolution, but whereas AR2 acts 
as autoinhibitory domain and regulates transcriptional processes by interaction with 
aCTD, AR1 might just be a linker to place AR2 in correct orientation to the other 
domains of NusA. 

16.5.4 Induction of Helical Conformation in l.N by AR1 Binding 

Interaction of NusA with AN(1-53) containing the NusA binding site and the ARM 
region of AN causes large chemical shift changes also for most of the residues of 
the ARM region, although the ARM is not directly involved in NusA recognition. 
In addition to remarkable shift changes of amide proton and nitrogen resonances, 
alpha- and carbonyl-carbon resonances show significant downfield shifts compared 
to their values in the unbound state (Prasch et al., 2006). A chemical shift change 
of these nuclei toward higher frequency is characteristic for a transition to heli
cal conformation (Wishart et al., 1991). These data demonstrate that on binding 
to NusA, the AN ARM adopts the helical conformation that it also adopts in the 
complex of AN and nutboxB RNA even in the absence of RNA, suggesting that AN 
initially binds to NusA and thus preforms the nutboxB RNA recognition helix. As 
AN does not adopt helical conformation when binding to unspecific RNA (Van Gilst 
et al., 1997b ), the induction of helical conformation in .l..N by NusA might facilitate 
recognition and hinder unproductive interactions. This could be important when AN 
is already present before release of nutBox RNA from the exit of the RNAP. How
ever, kinetics experiments revealed the AN-nutBoxB complex formation rate to be 
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diffusion limited (Austin et al., 2002) and not limited by required conformational 
changes within AN. The induction of helical conformation in A.N might be a result 
of electrostatic effects as the highly negatively charged AR1-AR2 tandem could 
influence the conformation of the arginine-rich sequence stretch. Anchoring A.N to 
ARl via residues 34-47 may bring relevant regions of A.N and NusA sufficiently 
close to cause this conformational change. 

16.6 CONCLUDING REMARKS 

The classical structural view of proteins was that of a well-defined conformation 
coded in the amino acid sequence (Anfinsen, 1973). The formation of stable struc
tures of peptide chains allows the presentation of defined surfaces necessary for 
recognition of other molecules or for orientation of functional groups, resulting 
in perfectly tuned catalytic centers of enzymes acting with high processivity. This 
structure-function paradigm works well for longer polypeptides, in which suffi
cient intramolecular interactions in order to fold the peptide chain are possible. 
The antitermination protein AN was one of the first proteins that were observed 
to be intrinsically disordered as no stable structure on very short time scales was 
observed, and in vitro studies demonstrate the full activity of this disordered state by 
an disorder-order transition without any time constraints by conformational changes 
except diffusion of reaction partners. The modular arrangement of different inter
action sites in AN allows the proper formation of macromolecular complexes by 
defined adaptive binding to the target proteins and RNA. This shows that in this 
case, the intermolecular interactions are essential driving forces for folding as ter
tiary interactions within AN are simply not sufficient to yield a stable fold. The 
presence of a stable fold for function might not be necessary in the cases of adap
tive recognition. The functional sites of AN resemble short sequential stretches, 
which are supposed to interact independently in binary complexes. Therefore, any 
long-range interaction within the protein is not expected. The high :flexibility of AN 
thus allows the stepwise formation of pairwise interactions in order to assemble 
the fully functional antitermination complex. 
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17 
N-TERMINAL EXTENSION REGION 
OF HORDEIVIRUS MOVEMENT TGBl 
PROTEIN CONSISTS OF TWO 
DOMAINS WITH DIFFERENT 
CONTENT OF DISORDERED 
STRUCTURE 

VALENTIN V. MAKAROV, MICHAEL E. T ALIANSKY, 
EUGENY N. DOBROV, AND NATALIA 0. KALININA 

17.1 INTRODUCTION 

To induce disease, plant viruses must spread from the initially infected cells to the 
rest of the plant. The systemic spread of plant viruses proceeds in several stages. 
First, the virus (in the form of virion or nucleoprotein complex) moves intracel
lularly from the sites of replication to plasmodesmata (PD), unique intercellular 
membranous channels that span cell walls linking the cytoplasm of adjoining cells. 
Then the virus or nucleoprotein complex moves through PDs to spread from cell 
to cell (cell-to-cell movement). Virus systemic movement between organs (long
distance movement) occurs through vascular tissue, usually phloem sieve elements. 
Plant viruses encode special multifunctional protein/proteins defined as movement 
proteins (MPs) that facilitate distinct stages of virus transport in plants. In the genus 
Hordeivirus, viral MPs are represented by three proteins encoded by a "triple gene 
block" (TGB), a conserved module of overlapping genes found in numerous (more 
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than 8) genera of rod-shaped and filamentous viruses (Morozov and Solovyev, 
2003). TGB MPs act in a coordinated manner to assist in cell-to-cell and long
distance virus movement. 

It is generally accepted that cell-to-cell movement involves virus-encoded MPs 
as well as host-encoded components (Atabekov and Taliansky, 1990; Carrington 
et al., 1996; Roberts and Oparka, 2003; Lucas, 2006; Harries et al., 2010). MPs 
display a whole spectrum of activities, including interaction with viral RNA and 
possibly other viral proteins with formation of a virus transport form, interacting 
with elements of cellular cytoskeleton and endoplasmic reticulum. These proteins 
also possess PD localization signals; are able to interact with PDs, increasing their 
size exclusion limit; and take part in ribonucleoprotein (RNP) complex remodel
ing during its translocation through PD. Much less is known about virus transport 
through the vascular system, which contains various cell types including bundle 
sheath cells, vascular parenchyma cells, companion cells, and enucleate sieve ele
ments (Oparka and Turgeon, 1999; Santa Cruz, 1999; Oparka, 2004). Capsid protein 
(CP) is essential for efficient long-distance transport of plant viruses with only a 
few exceptions. Evidently, the long-distance plant virus movement also includes 
numerous interactions between virus proteins and proteins of plant cells partic
ipating in transport of macromolecules in uninfected plants. Hordeivirus TGB1 
protein encoded by the first gene of TGB is of special interest, because it forms 
nonvirion RNP complex for both stages of systemic spread of virus genome in 
plants: cell-to-cell and long-distance movement (Lim et al., 2008). 

Barley stripe mosaic virus (BSMV) and Poa semilatent virus (PSLV), represen
tatives of the genus Hordeivirus, have rod-shaped particles (Jackson et al., 2009). 
The BSMVIPSLV genome consists of three single-stranded positive-sense RNAs, 
where RNA,B encodes three TGB MPs referred to as TGBp1, TGBp2, and TGBp3 
(Solovyev et al., 1996). Analysis of RNA-protein complexes isolated from plants 
infected with BSMV demonstrated that TGBp1 is the major if not the only virus 
protein that interacts with viral genomic and subgenomic RNAs in infected cells to 
form RNP complexes (Brakke et al., 1988; Lim et al., 2008; Jackson et al., 2009). 
Such TGBp1-RNA RNPs are considered to be a form of viral genome capable 
of cell-to-cell and long-distance transport in plants (Morozov and Solovyev, 2003; 
Lim et al., 2008). Small membrane proteins TGBp2 and TGBp3 are necessary 
for intracellular transport of complexes containing TGBp1 and viral RNA to PDs 
(Morozov and Solovyev, 2003; Zamyatnin et al., 2004; Haupt et al., 2005; Jackson 
et al., 2009). 

Hordeivirus TGBp1 contains an NTPase/helicase domain (HELD) with seven 
conserved motifs of superfamily 1 NTPaseslhelicases (Gorbalenya and Koonin, 
1993). This domain exhibits NTPase and RNA helicase activities and binds RNA 
in a cooperative manner in vitro (Bleykasten et al. 1996; Donald et al, 1997; 
Kalinina et al. 2001, 2002; Leshchiner et al. 2006). Mutations in any of the HELD 
conserved motifs have been shown to block viral cell-to-cell movement (Donald 
et al., 1997). Additionally, the Hordeivirus TGBp1 has anN-terminal "extension 
region'' variable in sequence and length with multiple RNA-binding sites (Donald 
et al. 1997; Kalinina et al., 2001; Makarov et al., 2009). As demonstrated for the 
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PSLV TGBp1, this protein region binds RNA in a noncooperative manner (Kalinina 
et al., 2001). The possible functional significance of the RNA binding was revealed 
by mutagenesis of the PSLV TGBp1 extension domain. Mutations that disrupted 
any of the two clusters of positively charged amino acids responsible for RNA
binding blocked the long-distance but not cell-to-cell movement of viral infection 
(Kalinina et al., 2001). We hypothesized that there are two different forms of virus
specific RNP complexes competent for cell-to-cell and long-distance movement 
and that the requirements of the TGBp1 integrity for long-distance movement are 
stricter than the ones for cell-to-cell movement (Kalinina et al., 2001). 

Despite intensive study of biological properties and biochemical activities of 
TGBp1s of different viruses with TGB, the MPs and RNP complexes formed by 
them have never been characterized structurally. Using both computational and 
experimental approaches, we herein show that the N-terminal region of PSLV 
TGBp1 possesses large intrinsically disordered regions and consists of two domains: 
a completely intrinsically disordered extreme N-terminal domain (NTD) and an 
internal domain (ID), with the structure resembling a partially disordered molten 
globule. The structural flexibility (disorder) of these domains likely provides addi
tional possibilities for TGBp1 to establish interactions with multiple partners at 
different stages of formation and movement of transport-competent RNP complexes 
in the plant. 

17.2 SECONDARY STRUCTURE PREDICTIONS FOR PSLV TGBPl 

The amino acid sequence of PSLV TGBp1 (63 kDa or 63K protein) was analyzed to 
predict secondary structure elements in theN-terminal extension region (aa residues 
1-300) and the C-terminal conserved HELD. Two disorder prediction methods 
SCRATCH (Cheng et al., 2005) and Foldindex (Prilusky et al., 2005), confidently 
predicted that theN-terminal part of the 63K protein (from aa residue 1 to 210) 
represents an intrinsically disordered protein (IDP) region (Makarov et al., 2009, 
Fig. 17.1a). The region following the intrinsically disordered one (from aa residue 
210 to 300) was predicted as a folded part of the 63K protein containing a-helical 
segments (Fig. 17.1a). The C-terminal HELD (aa 300-576) was also predicted to 
be mainly structured. (Fig. 17.1a). In addition to the standard computer programs 
for prediction of the PSLV TGBp1 secondary structure, a stereochemical method 
based on periodical sequence patterns of standard structures in proteins (Efimov, 
1994) was used According to this knowledge-based prediction method, the extreme 
N-terminal region of the 63K protein (from aa 1 to 190/200) was completely 
intrinsically disordered too (Fig. 17.1 b). However, for an ordered sequence with an 
approximate position between aa 190 and 290, the stereochemical method predicted 
the existence of ~-structure strands in the 195-278-aa segment and two a-helices 
(aa 284-294 and 301-310) on the border with the HELD (Fig. 17.1b). 

Thus, according to the predictions, theN-terminal extension region of the PSLV, 
TGBp1 might consist of two domains: the extreme N-terminal intrinsically disor
dered domain (NTD) and the internal ordered domain (ID) preceding the conserved 
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Figure 17.1 Prediction of the structural organization of TGBp1 of Poa semilatent virus 
(a) Foldlndex prediction of ordered and disordered regions in the PSLV TGB1 protein of 
Hordeivirus . Insert: prediction of secondary structure of the central part of PSLV TGBp1 
according to JPRED and SABLE web services. (b) PSLV TGBp1 secondary structure 
prediction using a knowledge-based prediction method (a stereochemical method) (Efi
mov, 1994). The completely disordered extremely N-terminal part of TGBp1 is shaded. 
Charcoal-gray and light gray shading marks amino acid clusters with negative and positive 
charges, respectively. A (aa 114-125) and B (aa 175-189) clusters responsible for RNA 
binding in vitro (Kalinina et al., 2001) are framed. ~-strands and 01-helices are shown by 
arrows and rectangles, respectively. 
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HELD. This suggestion is supported by the data on limited proteolysis of the recom
binant full-length PSLV TGBp1 (63K protein) in the course of its expression in 
Escherichia coli (as described in the following section). 

17.3 SPONTANEOUS LIMITED PROTEOLYSIS 
OF THE RECOMBINANT PSLV TGBPl IN Escherichia coli 

The expression of the full-length 63K protein in E. coli after IPTG induction 
often resulted in its fragmentation into several cleavage products, the yield of 
which increased after prolonged induction (Makarov et al., 2009; Fig. 17.2a). 
1\vo major proteolytic fragments were copurified with the full-length 63K protein 
during Ni-NTA agarose chromatography (Fig. 17 .2a), showing that these frag
ments contained the six-histidine tag on the 63K N-terminus. The matrix-assisted 
laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry (MS) 
analysis of purified six-histidine-tagged proteolytic fragments demonstrated that 
the larger product migrating in sodium dodecyl sulfate-polyacrylamide gel elec
trophoresis (SDS-PAGE) as a 50-kDa polypeptide corresponded to the N-terminal 
half of the 57 6-residue-long 63 K protein with its C-terminus located between amino 
acid positions 279 and 294. The smaller product migrating in SDS-PAGE as 30-
kDa polypeptide represented the extreme 63K N-terminal part with its C-terminus 
located between amino acid positions 188 and 203. Both these fragments of the 
63K protein had gel mobilities lower than could be expected based on their molec
ular masses (34 kDa and 21 kDa, respectively), which might be attributed to the 
existence of large intrinsically disordered regions in these polypeptides (Fig. 17. 2a ). 
It should be noted that the full-length 63K protein also had an abnormal mobil
ity (about 90 kDa) (Fig. 17.2a). In a total extract of E. coli expressing the 63K 
protein, one more proteolytic fragment of approximately 35 kDa was revealed by 
Western blotting with antibodies against the C-terminal region of the PSLV 63K 
protein comprising the HELD (Fig. 17 .2b ). This fragment possibly represented the 
C-terminal portion of the 63K protein. 

Taking into account that proteases preferentially attack interdomain linkers in 
multidomain polypeptides (Schlotmann and Beyreuther, 1979; Corchero et al., 
1996), these data support our suggestion about multidomain organization of PSLV 
TGBpl. Thus, the 63K protein contains at least three domains: theN-terminal NTD, 
the central ID, and the C-terminal HELD, which are separated by protease-sensitive 
linkers at amino acid positions 188-202 and 279-294 (Fig. 17.2c). Experimentally 
estimated borders of the domains fitted well in the predicted ones. Interestingly, 
the ID itself could not be detected in our experiments as an individual polypeptide, 
which presumably reflects its low stability in bacteria. 

Deletion mutants comprising the 63K N-terminal extension region (N63K., aa 
1-290 of the 63K protein), the NTD (aa 1-190), and the ID (aa 190-290) were 
constructed, expressed as separate polypeptides in E. coli, and purified by affinity 
chromatography. The recombinant NTD and N63K also had abnormal mobilities 
in SDS-PAGE (Fig. 17.2d). 
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Figure 17.2 Schematic representation of domain organization of PSLV TGBp1 and 
spontaneous limited proteolysis of the recombinant TGBp1 (63K protein) in Escherichia 
coli . (a) Putative domain structure of the PSLV 63K protein. Figures mark the borders 
of domains and possible interdomain spacers. N-terminal domain (NID), internal domain 
(ID), and NTPaselhelicase domain (HELD) are indicated by boxes. (b) Equal volumes 
of E. coli culture carrying a 63K-expressing vector (Kalinina et aL, 2001) were taken at 
different time points (0.5 h-6 h) after induction with IPTG. Protein extracts were purified 
by Ni-NTA chromatography under denaturing conditions. Proteins were separated by 
10% SDS-PAGE and stained with Coomassie Brilliant Blue R-250. The positions of the 
molecular mass markers (m kDa) are indicated on the left. Major degradation products 
were cut out from the gel and subjected to enzymatic proteolysis and MS analysis on 
MAIDI-TOF MS system. C-terminal amino acid sequences are shown under the figure. 
(c) Total protein extract of E. coli cells after 2-h induction with IPTG (lane 1) and 
preparation of recombinant of a C-terminal part of 63K protein (HELD) (lane 2) were 
separated by 15% SDS-PAGE and then analyzed by Western blot assay with antibodies 
against HELD. The positions of the molecular mass markers (in kDa) are indicated on 
the left The arrows point to the positions of the 63K protein and HELD. HELD was 
termed C-63K in our previous article (Kalinina et aL, 2001). (d) Recombinant proteins 
corresponding to predicted N1D and ID and the N-terminal region of TGBp1 (N63K) 
were expressed in E. coli as separate polypeptides, purified, and analyzed by 15% SDS
PAGE. The gels were stained with Coomassie Brilliant Blue R-250. Arrow marks the 
position of the ID dimer. Positions of the molecular mass markers (m kDa) are shown on 
the right 
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To experimentally determine the secondary structure of the proposed domains of 
the PSLV N-terminal extension region, circular dichroism (CD) spectra of corre
sponding recombinant proteins in the far-ultraviolet (UV) (190-250 nm) region 
were measured. The CD spectrum of the NTD had a strong negative maximum at 
200 nm ([Ohoo = -14000°) and a week signal at longer wavelengths (Fig. 17.3a), 
which is typical for completely disordered proteins (Adler et al., 1973; Uversky, 
2002). The ID gave a spectrum characteristic of proteins with significant ~-structure 
content and some fraction of CL-helices (Fig. 17.3a). According to current opinion, 
only CL-helix content can be quantitatively determined from the 190-250 nm CD 
spectra (Sreerama and Woody, 2004). Therefore, we estimated the CL-helix con
tent in the ID as 10-15% using the Greenfield-Fasman equation (Greenfield and 
Fasman, 1969). As ~-structure content determinations from CD spectra are highly 
error prone (Sreerama and Woody, 2004), we employed Fourier transform infrared 
spectroscopy (FTIR), which has been proved to be more reliable. The infrared 
absorption spectra were measured in the amide I' band (from 1600 to 1700 cm-1 ). 

The FTIR spectral shape within the amide I' band is mainly determined by the 
secondary structure content, and the contribution of other bands outside amide I' is 
not significant (Hering et al., 2002). The infrared absorption spectrum of the PSLV 
ID is shown in Fig. 17 .3b. Component analysis of the recorded spectra showed that 
the ~-structure content of the ID is really large (about 37%), which agrees with 
the ID secondary structure predicted by the knowledge-based prediction method 
(about 40%) (Fig. 17.1b). 

The CD and FTIR spectra of the PSLV TGBp1 deletion mutants confirm the 
suggestion that the NTD and ID differ in their structure: the NTD is completely 
disordered, while the ID contains significant amount of ~-structure and a fraction 
of CL-helices. 

The N63K possessed a CD spectrum similar in shape to that of the NTD, but 
its molar ellipticity at negative maximum (200 nm) was somewhat lower (about 
-8000°) possibly because of the presence of the ID (Fig. 17.3a). The observed char
acter of both the NTD and N63K CD spectra testifies to the intrinsically disordered 
structure of the polypeptides. 

17.5 NTD AND N63K AS INTRINSICALLY 
DISORDERED POLYPEPTIDES 

It is well known that proteins possessing fixed tertiary structure are usually dena
tured cooperatively and irreversibly, while IDPs usually demonstrate a noncoopera
tive and reversible melting (Receveur-Brechot et al., 2006; Uversky, 2009). Figure 
17.4a represents the curves for CD heat denaturation of the isolated NTD. It can 
be seen that on heating from 20°C to 90°C, the molar ellipticity at the negative 
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Figure 17.3 Circular dichroism (CD) and FIIR spectra of the reoombinant proteins 
corresponding to predicted domains and theN-terminal region ofTGBpl. (a) Far-UV CD 
spectra of the recombinant proteins (NID, ID, and N63K) recorded at room temperature. 
(b) Deconvolved FTIR spectrum of the reoombinant ID in the amide r region. Upper 
lines indicate the experimental data and the approximation by the component summation; 
lower lines indicate individual Gaussian components after Fourier transformation. 
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Figure 17.4 Disordered structure of the N1D and the N-tenninal region of TGBpl: 
heat denaturation of polypeptides (NID and N63K) monitored by CD spectroscopy and 
Creighton electrophoresis assay. (a) Reversible heat denaturation of the N1D and the 
N63K monitored by CD spectroscopy in the far-UV region (190-260 om). Spectra were 
measured at +20°C, +40°, +50°, + 70°, +90°C, and after heat denaturation followed by 
renaturation at +20°. (b) Creighton electrophoresis assay. Figure represents the results of 
electrophoresis in polyacrylamide gels containing a gradient of urea concentration (8-0 
M) perpendicular to the direction of electrophoresis and the graph of dependence of the 
CA folding on urea concentration. 

maxirmm at 200 nm decreased (in absolute values) from -12700° to -10500°, 
while [B]22o increased from -2500° to -3800° On rapid (20 min) cooling from 
90°C to 20°C, the NTD CD spectrum corq>letely returned to initial values. Sim
ilar results were obtained on .relting of the N63K (Fig. 17.4b). For this protein, 
Whoo dropped on heating to 90° from -7200° to -5200° and the shoulder at 
220 nm increased from -1500° to -1850° The N63K heat denaturation was also 
corq>letely reversible. 

To further study structural characteristics of the NTD and the N63K, we per
fortred Creighton electrophoresis in polyacrylamide gels containing a gradient of 
urea concentration (8-0 M) perpendicular to the direction of electrophoresis. Pro
teins applied across the top of such gels migrate in the presence of continuously 
varying urea concentration, and a profile of the unfolding transition is generated 
directly (Goldenberg and Creighton, 1984). Carboanhydrase (CA) was used as a 
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positive control: it behaved as a tightly packed globular protein under conditions of 
Creighton electrophoresis (pH, ionic strength, etc). Figure 17.4c shows the results 
of experiments for theCA and the NTD. CA is a rather stable protein, and its transi
tion from denatured to native state is highly cooperative, with free energy changes 
typical for globular proteins (Santoro et al., 1988). On the contrary, the NTD 
demonstrated only gradual transition, which was not completed even in 0 M urea. 
Such a noncooperative transition is characteristic for nonglobular partially unstruc
tured proteins (Baryshnikova et al., 2005). Calculation of free energy change could 
not be performed in this case. The N63K displayed in Creighton electrophoresis 
characteristics similar to those of the NTD, confirming a disordered nature of this 
polypeptide too (data not shown). 

Thus, the NTD is completely intrinsically disordered as shown by predictions 
with different web-based services, CD spectra measurements, reversible heat denat
uration monitored by CD spectroscopy, behavior in Creighton electrophoresis, and 
abnormal mobility in SDS-PAGE. Computational tools for the detection of dis
ordered regions in proteins revealed that: (i) disordered regions should have a 
biased composition and (ii) that they usually contain either small number of or no 
hydrophobic clusters (Coeytaux and Poupon, 2005). In line with these observations, 
the NTD has low content of hydrophobic amino acids and demonstrates complete 
absence of aromatic amino acids. Moreover, it is characterized by a rather high 
content of lysine (18.5%), serine (16.9%), and threonine (11.1 %). The NTD con
tains a region at the extreme N-terminus (aa residues 1-81) with a calculated p/ 
value of 4.62 and serine and threonine contents of 14.8% and 13.6%, respectively, 
followed by interspersed amino acid clusters (14-16 aa in length) with negative 
and positive charges. The theoretically calculated p/ values of these clusters are 
9.53 (aa 82-97), 4.31 (aa 98-113), 10.87 (aa 114-129), 6.28 (aa 130-145), 10.18 
(aa 146-161), 4.37 (aa 162-175), and 10.22 (aa 176-189). These clusters are 
shown in Fig. 17.1 b. Two of these positively charged clusters marked in Fig. 17.1 b 
as A and B are responsible for RNA binding in vitro (Kalinina et al., 2001). The
oretically calculated p/ value of the whole NTD is 9.54, and its molecular mass is 
21.0 kDa. Analysis of NTD far-UV CD spectra in terms of double wavelength plot 
([O]m versus [Ohoo) allows the classification of IDPs into coil-like and premolten 
globulelike subclasses (Uversky, 2002). According to this plot, the NTD contains 
no ordered elements and belongs to the coil-like subclass. 

17.6 ID IS MOSTLY DISORDERED WITH 
ORDER-PRONE SEGMENTS 

Computational predictions and optical methods demonstrate that the ID represents 
a protein region with a pronounced secondary structure containing 10-15% of CL

helices and about 40% of ~-structure elements. On heating from 20° to 90°C, ID 
displayed significant decrease in intensity of CD negative peak at 206 nm: [0]206 
dropped from -4000° to -2800°, and only partial restoration of initial spectrum 
took place on cooling (data not shown). This partial restoration may be considered 
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Figure 17.5 Limited trypsin digestion of the ID. About 3 mkg of the ID samples were 
incubated with 0.05 mkg of trypsin for different times at 37"C, and the samples were 
analyzed by 15% SDS-PAGE. The asterisks mark positions of major tryptic fragments. 
C-terminal amino acid sequences of the tryptic peptide fragments are showed on the right. 
The arrowheads mark the position of the ID monomer and dimer. 

as an mgument for the presence of globular elements in the ID. Prelimiruuy results 
of one-dimensional nuclear magnetic resonance (NMR) assay also support such 
suggestion: the ID spectrum was typical for proteins with a high percentage of 
intrinsic disorder, but some segments of the polypeptide possess elements of tertiary 
structure (Kutushenko V ., personal communication). 

Limited trypsin digestion is usually used to map the folding properties of pro
teins. It is known that trypsin first attacks disordered or flexible regions of proteins 
(Fontana et al., 2004). After 10-min incubation of the ID with trypsin, two products 
migrating faster in SDS-PAGE than theiD monomer appeared in the gel (Fig. 17 .5). 
MALDI-TOF MS analysis of these products demonstrated that theN-termini of 
these polypeptides coincided with that of the recombinant ID (aa residue 190 of the 
full-length 63K protein), while their C-termini corresponded to amino acid residues 
266 and 254 for products marked by single asterisk and double asterisk. respec
tively. Conbining these results with the data of conp1tational predictions, we pro
pose that the ordered portion is located between residues 215 and 266; for exarq>le, 
the central part of ID polypeptide chain could have a loose tertiary structure. 

Analysis of the ID CD spectrum using web-service K2D2 (www .olic .ca/projects/ 
k2d2) shows a high percentage of spatial disordered structure (about 48%). Sed
imentation velocity experiments were performed to evaluate the shape of the ID 
monomer under nondenaturing conditions. The results of the ID monomer anal
ysis gave the ~o,w value of 1.0 ± 0.1S (Fig. 17 .6a). This value is rather small 
corq>ared with that calculated for globular con:pact molecule of a protein with the 
same molecular mass (11 .2 kDa), which should be about 1.5 S. Thus the results 
of analytical ultracentrifugation irq>ly an elongated structure for the ID monomer. 
The structure of the ID might be significantly unstable. The state of the ID was 
characterized by "double wavelength" plot ([B]222 versus [Bhoo) as premolten or 
molten globule (Uversky, 2002). 
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We also studied an influence of 2,2,2-trifl.uoroethanol (TFE) on the ID secondary 
structure. It is well known that TFE may stabilize existing a-helices and induce 
formation of additional a-helical regions in proteins from disordered segments 
(Shirak:i et al., 1995). On addition of 33% TFE, the position of negative maximum 
in the ID CD spectrum shifted from 206 nm to 208 nm and the ellipticity at this 
peak increased from -4200° to -7600° (Fig. 17.6b). Besides, on TFE addition, 
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Figure 17.6 ID unstable structure: analytical ultracentrifugation analysis and CD spec
troscopy of the ID and the N63K in the presence ofTFE. (a) Analytical ultracentrifugation 
analysis of the ID monomers. (b) CD spectroscopy of ID and the N63K in the presence 
of 33% 1FE. The far-UV CD spectra of the ID and the N63K were recorded at room 
temperature without (dotted and solid lines, respectively) and in the presence of 33% 1FE 
(dash-dotted and dashed lines, respectively). (c) Comparison of the experimental N63K 
CD spectrum (solid line) and the N63K CD spectrum calculated as a sum of the isolated 
the NTD and ID spectra (dashed line). 
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the intensity of positive peak at about 190 nm increased from + 1000° to + 13000° 
(Fig. 17.6b). Both these alterations are characteristic for transition of a significant 
portion of a protein molecule from disordered to a-helical structure. Similar changes 
in a CD spectrum in the presence of TFE were found for the N63K, which also 
showed increased a-helical content in response to addition of 33% TFE (Fig. 17 .6b ). 
Therefore, it appears that both the ID and the N63K contain disordered regions, 
which are able to form a-helices in favorable conditions. The N63K's capacity to 
form a-helices may be induced by the presence of the ID. 

Our results demonstrate that the N-terminal region of PSLV TGBp1 has all the 
properties of IDP in spite of the presence of the ID moiety (Figs. 17 .3a and 17 .4b ). 
We compared the experimental N63K CD spectrum with the one calculated as 
a sum of the isolated NTD and ID spectra (taking into account their respective 
lengths in the N63K). The calculated spectrum in 220-nm. region gave almost 
two times higher (absolute) molar ellipticities than the experimental N63K spec
trum (Fig. 17.6c). These data suggest that the ID as a component of the N63K 
loses a significant part of structured elements and becomes practically totally 
disordered 

17.7 PROPERTIES OF NTD, ID AND N63K STUDIED BY DYNAMIC 
LASER LIGHT SCATTERING (DLS) AND ATOMIC FORCE 
MICROSCOPY(AFM) 

The method of dynamic laser light scattering (DLS) is used for the estimation of the 
size distribution of individual protein molecules and protein complexes in solution 
(Schmitz, 1990; Barilla et al., 2005; Tonges et al., 2006; Nemykh et al., 2008). 
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Results obtained using DLS are represented as the amount of a certain size parti
cles, where the particle size is its hydrodynamic diameter approximated by globular 
particle parameters, or as the volume occupied by particles of this size. Results of 
our DLS experiments showed that all domains of PSLV TGBp1 including the NTD, 
the ID, and the HELD are able to form homo-oligomeric complexes of different 
sizes. These data are consistent with our previous observations when the oligomer
ization/multimerization of the domains was demonstrated by ultracentrifugation of 
recombinant proteins in sucrose gradients (Makarov et al., 2009). 

The average diameter of the NTD particles at 25°C was 15 ± 3 nm (Fig. 17.7a, 
solid line). The addition of SDS to 0.01% (not inducing formation of detergent 
micellae), resulted in conversion of complexes into particles of 6.5 ± 1.5 nm 
(Fig. 17.7a, dashed line). The size of these particles is similar to the diameter 
of potato virus X (PVX) CP molecules (molecular mass 25 kDa) measured by 
DLS (about 7 nm), which presumably have extended structure (Nemykh et al., 
2008). Our results could also be explained either by the extended structure of the 
NTD monomers or by formation of the protein dimers. 

The average size of the complexes formed by the isolated ID at 25°C was 
50± 15 nm (Makarov et al., 2009, 2010; Fig. 17.7b, solid line). Large protein 
complexes with diameter of 300 ± 150 nm have also been revealed. Although 
their number is low (less than 0.1 %), they occupy a considerable volume in the 
analyzed preparation as shown in Fig. 17.7b. The size of complexes and their ratio 
in preparations depended on incubation temperature. When the temperature was 
decreased to 4°C, complexes of 300 ± 150 nm became the main component of 
the preparations (up to 99%). In contrast, on increasing the temperature to 37°C, 
small particles of about 15 nm became prevalent (Makarov et al., 2010). The 
addition of 0.01% SDS resulted in the conversion of the complexes into particles 
of 5.0 ± 2.0 nm (Fig. 7b, dashed line). These particles might be the ID dimers, 
because the stable dimers formed by this domain were observed on electrophoresis 
in denaturing SDS-PAGE (Fig. 17 .2d). 

Properties of the recombinant protein corresponding to the N-terminal extension 
region of the PSLV TGB1 protein (N63K) were generally similar to the properties 
of the ID. The DLS analysis revealed in N63K preparations two types of particles 
of 60 ± 20 nm (over 99% by number) and (250-300) ±100 nm (less than 0.1 %) 
at 25°C (Makarov et al., 2010; Fig. 17.7c, solid line). Addition of 0.01% SDS 
converted the N63K complexes into particles of 4.0 ± 1.5-nm diameter (Fig. 17.7 c, 
dashed line), while RNase treatment had practically no effect on the complex size 
(data not shown). Decreasing the temperature to 4°C was accompanied by protein 
aggregation, and in this case, complexes of 350 ± 150 nm became prevalent. In 
contrast to the ID, at 37°C, the particles of 60 ± 20 nm were preserved, while 
large complexes disappeared completely (Makarov et al. 2010). Evidently, particles 
formed by the extended N-terminal portion of the TGBp1 were more stable than 
structures formed by the ID. 

Atomic force microscopy (AFM) was used to visualize structures formed by 
different domains of PSLV TGBpl. AFM image of the NTD preparation is shown 
in Fig. 17.8a. Only small globules 1.5 ± 0.2 nm in height and apparent diameter, 
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measured at half height of about 15.0 ± 2.0 nm were found in the NTD prepara
tion. The ID preparations represented a set of particles with heterogeneous type 
and size. The preparation contained a significant amount of globules of different 
sizes: globules of 1.5 ± 0.2 nm as well as smaller (from 0.4 nm) and larger (up 
to 3.8 nm) globular particles were found. Along with globules, the preparation 
contained filamentous structures with a height of 1.4 ± 0.4 run, diameter of about 
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Figure 17.7 Measurement of hydrodynamic diameter (size) of particles in the NTD, ID, 
and N63K preparations without and in the presence of 0.01% SDS by dynamic laser light 
scattering (DLS) method. Recombinant proteins were purified by Ni-NTA chromatography 
mder denaturing conditions, renatured, and analyzed by DLS method. Size (nm) is the 
hydrodynamic diameter. Size distribution by volume of particles is present for the NTD 
(a), ID (b), and N63K (c) preparations at 25°C without (solid lines) and in the presence 
of O.Ql% SDS (dashed lines). 
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Figure 17.8 Thpographic images of the particles present in the NID, ID, and N63K 
preparations using a Nanoscope ill atomic force microscope operating in tapping mode. 
The image size is 0.8 x 0.8 ~J-m2• N1D (a), ID (b), and N63K (c). 

25.0 ± 7.0 nm, and length of up to 300 nm (Fig. 17 .8b ). These filamentous struc
tures often formed snarls and a certain nwmer oflarger corq>lexes defined as snarl 
aggregates (Makarov et al., 2010). 

It is quite likely that latge complexes, observed by DLS technique represent 
snarl aggregates observed by AFM. Similar aggregates and aggregates consisting 
of low-molecular-weight oligomers are formed in protein preparations at lower 
terq:>eratures. The corq>lexes, detected by DLS as structures with mean size of 
about 50 nm, are most likely visualized as filamentous structures. This suggestion 
may be supported by the fact that 550-nm long filamentous virions of PVX are 
measured by DLS as particles with hydrodynamic diameter 40-50 nm (Nemykh 
et al., 2008). 
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The N63K preparations contained globules of 1.2 ± 0.2 to 3.0 ± 0.6 nm in 
height and filamentous structures up to 500 nm in length, 1.2 ± 0.5 nm in height, 
and apparent diameter of about 35.0 ± 10.0 run, often branched (Fig. 17.8c). Thus, 
the N-terminal region of PSLV TGB1 protein is also able to form filamentous 
structures, and this property is probably determined by the ID. 

The morphology of filamentous complexes is similar to that of RNP complexes 
obtained in vitro in the presence of plant viral MPs and RNA (Kiselyova et al., 
2001; Kim et al., 2004). The so-called nucleoproteins forming internal nucleo
capsid in a number of animal viruses with single-stranded negative-sense RNA 
genomes, such as influenza and rabies viruses, represent a well-studied class of 
viral proteins able to form extended filamentous structures (Ruigrok and Baudin, 
1995; Iseni et al., 1998). In vitro formation of extended structures, morpholog
ically identical to viral RNP complexes (nucleocapsids), was observed both in 
protein preparations isolated from nucleocapsid and in preparations of recombi
nant nucleoproteins (Iseni et al., 1998). The authors believe that formation of 
RNP-like complexes is determined by the ability of these viral nucleoproteins 
to self-assemble. Properties of the ID and the N-terminal region of PSLV TGBp1 
are similar to those of the viral nucleoproteins: the nucleoproteins also aggregate 
on decrease in temperature, whereas dissociation of complexes is observed when 
temperature is increased RNase treatment does not have effect on complex size 
(Makarov et al., 2010). 

Thus, the results of DLS and AFM experiments support our hypothesis that the 
N-terminal extension region of PSLV TGBp1 plays a structural role in the formation 
of viral RNP complex, on the one hand exhibiting the ability for multimerization to 
filamentous RNP-like structures and on the other hand demonstrating RNA-binding 
properties. We have shown that both domains are able to nonspecifically bind 
single- and double-stranded RNAs. The NTD interacts with RNA noncooperatively 
similar to the N63K and the ID binds RNA in a cooperative manner (Makarov et al., 
2009). 

Interestingly the N-terminal extension region of the Hordeivirus movement pro
tein TGB1 partially has a counterpart in the YB-1 protein-a main structural 
protein of eukaryotic untranslatable RNP complexes, "informosomes". The YB-
1 protein is composed of two different domains with RNA-binding activities-a 
cold-shock domain rich in ~-structure and an intrinsically disordered domain with 
interspersed amino acid clusters with negative and positive charges (Skabkin et al., 
2004). Additionally, YB-1 protein has been found to form homomultimeric com
plexes with molecular mass up to 800 kDa (Evdokimova et al., 1995). The PSLV 
TGBp1 N-terminal extension region is organized in a similar way, with RNA bind
ing and protein multimerization functions associated with the structured ID and 
another RNA-binding activity associated with the intrinsically disordered NTD. 
The YB-1 protein and related proteins are proposed to act as RNA chaperones 
to keep a pool of specific mRNAs in conformation inaccessible for ribosomes. 
The available data allow us to propose that the PSLV TGBp1 N-terminal exten
sion region may share some properties with RNA chaperones. Further research is 
required to verify this hypothesis and to determine the step(s) of viral transport 
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in plants where this activity is required. Informosomes (m.RNP complexes) move 
to specific compartments of the cell and may be activated at a certain stage of 
the cell ontogenesis (Skabkin et al., 2004 ). It has been suggested that untrans
latable Hordeivirus TGBp1-RNA complex must be transported to cell wall and 
translocated through PD into an uninfected cell in a form activated for transla
tion (Morozov and Solovyev, 2003). Another common feature of these proteins 
is a close structural-functional connection with NTPaselhelicases: this enzyme is 
an integral part of mRNP complexes formed by YB-1 (Weston and Sommerville, 
2006) and a third domain of the Hordeivirus TGBpl. 

17.8 STRUCTURAL ORGANIZATION OF THE TGB1 N-TERMINAL 
EXTENTION REGIONS OF OTHER VIRUSES 
WITH HORDEI-LIKE TGB 

Amino acid sequence analyses of TGB-encoded MPs from different virus genera 
as well as functional studies, revealed two distinct TGB types termed 'hordei-like' 
and 'potex-like' TGB (Morozov and Solovyev, 2003). The TGBp1 of viruses with 
potex-like TGB contain noN-terminal extension region and the NTPaselhelicase 
domain comprises the entire TGBp1 sequence. On the contrary, the TGBp1s of 
viruses with hordei-like TGB contain N-terminal extension regions and are found 
not only in the genus Hordeivirus but also in the genera Porrwvirus, Pecluvirus, 
and Benyvirus (Morozov and Solovyev, 2003). Fig. 17.9 represents the prediction 
of secondary structural elements in TGBp1s encoded by viruses with hordei-like 
TGB, namely PSLV and BSMV (genus Hordeivirus), potato mop-top virus (PMTV, 
genus Porrwvirus), peanut clump virus (PCV, genus Pecluvirus) and beet necrotic 
yellow vein virus (BNYVV, genus Benyvirus). TGBp1s of all viruses with hordei
like TGB likely have two domains in theN-terminal extension region: a full-size 
ID (90/100 aa) and an NTD of different lengths (from 30 aa in the case of BNYVV 
TGBp1 to about 300 aa in the case of PSLV TGBp1). It should be pointed out 
that the NTD domains of these viruses have no sequence similarity except for 
the presence of arginine/lysine-rich clusters (Morozov and Solovyev, 2003), but 
intrinsically disordered structure is a characteristic feature of all these NTDs. At 
the same time, multiple alignment of sequences comprising IDs shows that ordered 
regions preceding HELD in TGB 1 proteins of viruses with hordei-like TGB have 
an obvious sequence similarity in a half of ID and a subsequent linker region 
between ID and HELD (Morozov and Solovyev, 2003). 

17.9 RELATIONSHIP BETWEEN STRUCTURE OF TGB1 MOVEMENT 
PROTEINS AND THEIR FUNCTION IN VIRUS TRANSPORT IN PLANTS 

Comparison of transport systems of different TGB-containing viruses revealed 
important characteristics that could be connected with the presence or absence 
of N-terminal extension region in TGBp1s and with the length of this region. 
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Figure 17.9 Foldlndex prediction of multidomain organization of TGBl proteins of 
viruses with hordei-like TGB. Foldindex prediction of ordered and disordered regions in 
representatives of hordei-like TGBpls encoded by PSLV and barley stripe mosaic virus 
(BMSV, genus Hordeivirus), potato mop-top virus (PMfV, genus Pomovirus), peanut 
clump virus (PCV, genus Pecluvirus) and beet necrotic yellow vein virus (BNYVV, 
genus Benyvirus). The frame includes the NTPaselhelicase domains (HEI..Ds) of TGBl 
proteins. 
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Viruses with potex-like TGB containing noN-terminal extension region require 
coat protein for viral cell-to-cell and long-distance movement (Chapman et al., 
1992). It is supposed that the transport form of these virus genomes is virions (Santa 
Cruz et al., 1998; Morozov and Solovyev, 2003) or virionlike RNP complexes that 
are called single-tailed particles (viral RNA partly encapsidated by CP beginning 
from S -terminus) (Karpova et al., 2006). As it has been shown for PVX potexvirus, 
TGBp1 binds to the end of virion or virion-like particle containing a 5' -RNA 
terminus, and this interaction induces fast cooperative destabilization (remodeling) 
of the whole long particle resulting in its translational activation (Atabekov et al., 
2001; Kiselyova et al., 2003; Rodionova et al., 2003; Karpova et al., 2006). 

Hordeiviruses are characterized by the longest known TGBp1 N-terminal exten
sion region. In this case, CP is dispensable for both cell-to-cell and systemic viral 
movement that is believed to occur in the form of RNP complexes formed by 
TGBp1 and genomic and subgenomic RNAs (Brakke et al., 1988; Petty and Jack
son, 1990; Lim et al., 2008; Jackson et al., 2009). TGBp1s of BNYVV (genus 
Benyvirus) and PCV (genus Pecluvirus) are characterized by shorter N-terminal 
extension regions comprising ID and a truncated NTD. In BNYVV and PCV, CP is 
dispensable for viral cell-to-cell movement (as in hordeiviruses) but is required for 
vascular transport (Schmitt et al., 1992; Tamada et al., 1996; Herzog et al., 1998). 
Apparently, transport forms of BNYVVIPCV genomes involved in local and sys
temic movement are structurally different It must be RNP complex for cell-to-cell 
movement and presumably modified virions for long-distance movement PMTV 
(genus Pomovirus) provides the example of an intermediate TGB transport sys
tem. The PMTV TGBp1 has an NTD similar in size to that of PCV. Nevertheless, 
the PMTV TGBp1 is able to function similar to Hordeivirus TGBp1: two PMTV 
genomic RNAs coding for replicase and TGB proteins move locally and systemi
cally in the absence of viral CP, presumably in the form of TGBp1-formed RNP 
complexes (Savenkov et al., 2003). However, the PMTV TGBp1 has an additional 
function in viral systemic spread: in wild-type infections, the genomic RNA com
ponent encoding CP and CP-readthrough (CP-Rf) moves long distance in the form 
of a virus particle, one end of which is believed to be associated with CP-RT 
and TGBp1 (Torrance et al., 2009). Thus, PMTV TGBp1 can function in systemic 
transport in two dissimilar ways, either forming RNP complexes like Hordeivirus 
TGBp1 or interacting with one end of the virion similar to potexvirus TGBpl. The 
described results are summarized in Table 17 .1. 

These data support our hypothesis that partially disordered ID domain with 
molten globulelike structure can directly participate in the formation of RNP com
plex, which is essential for both virus cell-to-cell (all viruses with hordei-like 
TGB) and long-distance movement (representatives of genera Hordeivirus and 
Pomovirus ). The presence of unstructured segments in this domain may be critical 
for the formation of transport complexes because of their necessity for interactions 
with viral RNA and the protein self-assembly into large filamentous particles. Intrin
sically disordered domains are often found in proteins capable of self-assembly 
into large multimeric complexes such as viral capsids and nucleocapsid& (Namba, 
2001; Longhi et al., 2003). The PSLV ID shares a number of properties with the 
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TABLE 17.1 Correlation Between the Length of the N-Terminal Extension Region 
of TGBPls of Viruses with TGB and Types of VilUI Transport Forms Competent 
for Cell-To-Cell and Long-Distance Movement 

Vrrus 

PSLV 
BSMV 
PMTV 
PCV 
BNYVV 
PVX 

NI'D 

Length 

( aa Residues) 

190 
170 
135 
101 
30 

0 

'JYpe of Vrrus Transport-Competent Form 

RNP Complex Virion 

Cell-To- Long-Distance Cell-To- Long-Distance 
Cell Movement Movement Cell Movement Movement 

+ + 
+ + 
+ + + 
+ + 
+ + 

+ + 

so-called nucleoproteins, viral proteins forming internal nucleocapsid of viruses 
with negative-sense RNA genomes, as it has been noted above (Section 17 .7). The 
other important property of the PSLV ID may be its ability to interact with other 
structural domains of the 63K protein. Protein-protein interactions between the ID 
and the NTD and between the ID and the HELD in solution were demonstrated 
(Makarov et al., 2009). One can speculate that these interactions (RNA-protein 
and protein-protein) might be the basis for remodeling of the TGBp1-formed RNP 
complexes during different phases of cell-to-cell and long-distance movement. 

According to all available data, the NTD represents the completely intrinsically 
disordered protein domain, often being a characteristic feature of multifunctional 
polypeptides. A large degree of flexibility allows such proteins or protein domains 
to interact with numerous structurally distinct ligands such as proteins or nucleic 
acids, overcoming steric restrictions. Interaction with a target often induces a tran
sition from a disordered structure to an ordered one that allows the amendment 
of structural and functional states of the same polypeptide (Uversky, 2002; Fink, 
2005). Hordeivirus PSLV NTD possesses several activities in vitro: it is able to 
bind single- and double-stranded RNA nonspecifically and noncooperatively, to 
form homo-oligomeric complexes and to interact with the ID (Makarov et al., 
2009). To date, we know almost nothing about functional role of NTD during viral 
life cycle. However, the results described above point out that NTD in the case of 
hordeiviruses and pomoviruses could play an important role in virus phloem trans
port. Deletion of most part of Pomovirus PMTV NTD (84 amino acid residues 
from the N-terminus) results in the block of virus long-distance but not cell-to-cell 
movement (Wright et al., 2010). Similar effect on long-distance movement was 
observed in the case of mutations in any of the two RNA-binding basic clusters of 
the Hordeivirus PSLV NTD (Kalinina et al., 2001). In addition, it has been shown 
that the NTDs of both these viruses provide TGBpl localization to the nucleolus 
of plant cell (Wright et al., 2010; Semashko et al., unpublished results). Further 
experiments are required to understand the relationship between localization of 
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TGBp1 in the nucleolus and phloem transport of virus. At the moment, there is 
only one system in which it was demonstrated that localization of viral MPs in the 
nucleolus is absolutely necessary for the virus long-distance transport. 

We have recently shown that Umbravirus MP (open reading frame (ORF)-3) 
moves to the nucleolus, hijacks a major nucleolar protein, fibrillarin, and relo
calizes it from the nucleolus to the cytoplasm, where both proteins take part in 
the formation of viral RNA-ORF-3-fibrillarin complexes that are capable of long
distance movement (Kim et al., 2007 a, 2007b; Canetta et al., 2008). We have 
also demonstrated that PSLV TBGp1 is able to interact both in vivo and in vitro 
with fibrillarin and that the sites of this interaction are mapped within the NTD 
(Semashko et al., unpublished data). Although a role of interaction between fib
rillarin and PSLV TGBp1 is not clear and should be elucidated in future, one 
could speculate that during Hordeivirus infection, fibrillarin together with TGBp1 
encapsidates viral RNA forming specific RNP complex facilitating long-distance 
transport, which is structurally different from the RNP complex for cell-to-cell 
movement. Finally, another property that has been shown for the PMTV NTD is 
the capacity to associate with plant cell microtubules (Wright et al., 2010). 

Further investigations of the structure and functions of Hordeivirus RNP com
plexes at different stages of virus replication and transport in infected plants and 
discovery of viral and cellular partners of Hordeivirus-like TGBp1s are challenges 
for the future that will give novel insights into understanding the functional role 
of long disordered regions in these MPs. 

ACKNOWLEDGEMENTS 

This work was supported by the Russian Foundation for Basic Research, grant 
10-04-10-04-00522a (N. K. and V. M.), the Scottish Government (M. T.), and the 
Russian Ministry of Education and Science, contract 1 02.740.11.5145 (N. K. V. 
M., and M. T.). We thank Dr. V. Kutyshenko and N.Molochkov for performing 
analytical ultracentrifugation and Creighton electrophoresis assay and Dr. A. Khar
lanov for performing FTIR assay. We also thank Dr. S. Morozov and A.Solovyev 
for help and fruitful discussion. 

ABBREVIATIONS 

TGB 
TGBp1 TGBp2 TGBp3 
RNP 
PSLV 
N63K 

NTD 
ID 

triple gene block 
proteins encoded by three overlapping genes of TGB 
ribonucleoprotein 
Poa semilatent virus 
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Figure 7.4 See full caption on page 186. 
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Figure 9.11 See full caption on page 241. 
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Figure 9.12 See full caption on page 243. 
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Figure 10.1 See full caption on page 259. 



Figure 10.7 See full caption on page 266. 

Figure 10.13 See full caption on page 272. 
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