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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 eukaryotic 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

ix
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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.disprot.org).

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 vive 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: ¢-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
reflecting 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 of MoRFs 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 «-helix, B-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 intrinsically 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 Ringkjgbing Jensen, Pau Bernadé, 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.

Cédric Leyrat, Francine C.A. Gérard, Euripedes A. Ribeiro Jr., Ivan Ivanov,
and Marc Jamin 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 HIV-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 intrinsic disorder in the function of the HIV-1 Vif
protein, which is known to counteract the antiviral activity of the host cellular
cytosine deaminase and its interactions with multiple binding partners.

In Chapter 9, Shaheen Shojania and Joe D. O’Neil introduce a small, intrinsically
disordered RNA-binding protein crucial for viral replication, the HIV-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
intrinsically 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 Jadwiga Chroboczek, Eugénie Hébrard, Kristiina
Mikinen, Thierry Michon, and Kimmo 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 intrinsic disorder may be a
feature shared by all the VPgs of unrelated RNA viruses.

In Chapter 12, Lucia B. Chemes, Ignacio E. Sdnchez, 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, Fréderic H.-T. Allain, Rudi Glockshuber, and Eva
Kuennnemann in Chapter 13 present data supporting the intriguning 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 Pécheur, 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 Rosch introduce the antitermina-
tion protein N from bacteriophage A, 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. O. 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.

Viadimir 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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DO VIRAL PROTEINS POSSESS
UNIQUE FEATURES?

BIN XUE, ROBERT W. WILLIAMS, CHRISTOPHER J. OLDFIELD,
GERARD K.-M. GoH, 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; Tompa, 2002, 2003; Uversky, 2002a,b, 2003; Minezaki 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; Tompa 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 (Jakoucheva 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 INTRINSIC DISORDER IN VIRAL PROTEINS

observation that was used to introduce the “disorder in disorders” or D? 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 10% 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). This 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.

12 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., Acanthamoeba 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 El, 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 IT 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 HPVs, 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 Miinger, 1995). It interacts with many
important proteins including the Rb tumor suppressor and its family members,
pl107 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°®! 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;
Zimmermamn 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 pS3 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 Viral 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 (TMV), 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. 1.1a). 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. 1.1b). 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. 1.1c).

(a) (b)

| &%

Figure 1.1 Icosahedron and virus capsid. (a) An icosahedron has 20 identical equilateral
triangular faces. (b) In most icosahedral capsids 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 gpl60 protein in human immunodeficiency virus (HIV),
which consists of the structural subunit gpl20, 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 ftriggers the dissociation of the viral
matrix protein M1 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 Mairix 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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12.2 Viral 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 NS5A, NS5B, 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 NS1 was demonstrated by showing that the soluble and cell-
surface-associated NS1 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
(NS1 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).

12.3 Viral 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 Nef) 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 1071073 for RNA viruses, 107> for single-stranded DNA viruses, and
10781077 for double-stranded DNA viruses, compared to 1071°-10~? in bacte-
ria and eukaryotes (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 eukaryotes, and 26 were
mesophilic prokaryotes. 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



10 INTRINSIC DISORDER IN VIRAL PROTEINS

than proteins from other organisms. RNA viral proteins show particularly low
average AAG values, 0.20 kcal/mol lower than the mesophilic proteins of the
same size and 0.26 kcal/mol lower 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 eukaryotes, 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 — Cqrder/ Corder, Where
Cx is the content of a given amino acid in a given protein set and Cyqer 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 eukaryotes, 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 eukaryotes 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 1.2 Evaluation of the uniqueness and abundance of intrinsic disorder in viral
proteins. (a) Composition profile of amino acids for proteins from different organisms.
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14 FUNCTIONALITY OF INTRINSIC DISORDER
IN VIRAL PROTEINS

14.1 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

Viruses, ID: >50%, <98% Viruses, ID: >98%
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(a) (b)
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 eukaryotic 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 = 7d, 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 the N-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 B-sandwiches. The loops connecting strands at the
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Figure 14 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: VP1, VP2, VP3, and VP4.
Distribution of predicted intrinsic disorder in capsid proteins of the foot-and-mouth-disease
virus: VP1 (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 capsomer structure comprises
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 of VP2,
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 iB-barrel fold, whereas VP4 has a little regular secondary structure. This
mostly disordered protein, VP4, is involved in the initial disassembly and final
assembly stages of the virus.

Functional roles of disordered regions of capsid proteins extend far away from
simple 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 fragments can be used to stabilize the structure of
a capsid, to control the capsid assembly and disassembly, 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 glycoproteins are used by the enve-
loped viruses, such as influenza, HIV-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, HA; and HA,, created
by proteolytic cleavage of the precursor protein HAg (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 HA; residues 11-51 and 276-329 and HA,
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 HA; 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 HA, chain contains two membrane-interacting hydrophobic peptide
sequences: an N-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 HA,, 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 the N-terminus. These molecular rearrangements place the N-
terminal fusion peptide and the C-terminal transmembrane anchor at the same
end of the rod-shaped HA, 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 glycoproteins
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 HA,. This region represents the
tip of the stalk that is in contact with the receptor chain, HA;, and is therefore
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likely to provide the greatest effect on the motions of the exposed portion of HA.
Comparison of this region between virulent strains (1918 HIN1 and H5N1) and
less virulent ones (H3N2 and 1930 HIN1) 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).

1.42.3 Mairix  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 pl7 from simian immunodeficiency virus (SIVp,) and HIV-1 pos-
sesses high levels of predicted intrinsic disorder, whereas matrix proteins of the
equine infectious anemia virus (EIAV) 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°®! 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 IT
phosphorylation sites (Garcia-Alai et al., 2007).

There are more than 100 different types of HPVs, 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 HPVs 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 HIV-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 5’ 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 HIV-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 HIV-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 HIV-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 G2/M 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 cullin-4A-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 'H NMR spectroscopy
analyses, it has been concluded that Vpr was unstructured at neutral pH, whereas
under acidic conditions or on addition of trifluorethanol it adopts «-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 HIV-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
I5N-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 HIV
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 of Vpu with the ubiquitin ligase SCF-BTrCP, 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 trifluoroethanol, this domain protein is shown
to fold into a helical conformation composed of two a-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 HIV-1 accessory protein that is known to interact with multiple cel-
lular partners during the course of infection. The interactions of this viral protein
with various cellular partners are mediated by the occurrence of ligand-induced
conformational changes that direct the binding of Nef to subsequent partners. 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 GENOMES

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-cell lym-
photropic virus type 1 (HTLV-1), which is a causative agent of adult T-cell lenkemia
(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 posttransla-
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 U5 and R regions of the 3’ long terminal repeat
(LTR), whereas the usHBZ gene initiates within the fax 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 (Sodroski 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
OREFs 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 HTLV-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 HTLV-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 postiranslational production of MA, CA, NC, RT,
IN, SU, and TM proteins, are marked by short straight arrows and numbered. Gag,
Pro, Pol, Env, pl2, Tax, p27Rex, p21Rex, p30, and pl3 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 HTLV-1: p27Rex and p21Rex, p30
and pl3, and usHBZ and sHBZ.

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

Figure 1.5 The proteome map of HTLV-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, the N-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 HTLV-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 Acidianus filamentous virus 1
APMV Acanthamoeba polyphaga mimivirus
ATL adult T-cell leukemia

CA capsid

CD circular dichroism

CDK9 cyclin-dependent kinase 9
DLS dynamic light scattering

EIAV equine infectious anemia virus
HA hemagglutinin

HBZ basic leucine zipper factor
HCV hepatitis C virus

HEF HA esterase fusion

HIV-1 human immunodeficiency virus-1
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HMM hidden Markov model

HPV human papilloma virus
HTLV-1 human T-cell lymphotropic virus type 1
DP intrinsically disordered protein
IDR intrinsically disordered region
N integrase

MA matrix

MVM minute virus of mice

NC nucleocapsid

NS nonstructural

ORF open reading frame

PKB protein kinase P

PONDR  predictor of natural disordered regions
PP2A protein phosphatase 2A

RRE Rev-response element

RT reverse transcriptase

SIFV Sulfolobus islandicus filamentous virus
STV mac simian immunodeficiency virus

SU surface

™ transmembrane

™V tobacco mosaic virus
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2

FUNCTIONAL ROLE
OF STRUCTURAL DISORDER
IN CAPSID PROTEINS

LARs LiLjAS

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 ef 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 ef 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 ez al. (2007).
An N-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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CciMv VRKGAATKAPQQPKPRAQQQPGGRRRRRGRSMEP
RYMV ARKGKKTNPNQGQQGKKKSRRPRGRS

SeMV LSIQQLAKAIANTLETPPQPKAGRRRSAVQQLPPI
SCpMV ATRLTKKQLAQAIQNTLPNPPRRKRRAKRRAAQVPKPT
RgMV ARKKGKSASQVIVLKEKSRKKRQKSR

Figure 2.1 The disordered N-terminal segments of the coat proteins of five sobe-
moviruses for which the crystal structure 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 (RYMYV), sesbania mosaic virus (SeMV),
southern cowpea mosaic virus (SCpMYV), 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 ef 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 (Tang ef al., 2001), the N-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. The N-terminal segments of the other 120
subunits probably interact with segments of the RNA that are further away from

BBV VRNNNRRRQRTQRIVITTTQTAPVPQON----- VPKQPRRRRNRARRNRRQGRAMNMGAL
FHV VNNNRPRRQRAQRVVVITTQTAPVPQON----- VPRNGRRRRNRTRRNRRRVRGMNMAAL
PaV VSRTKNRRNKARKVVSRSTALVPMAPASQRTGPAPRKPRKRNQALVRN------------
NoV VSKAARRR----------- RAAPROQORQQSNRASNQPRRR- - RARRTRROQRMAATNNM

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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Figure 2.3 (a). Two trimers of Pariacoto virus showing the interaction with segments
of double-stranded RNA (PDB code 1f8v). The three types of subunits are colored blue,
green, and red (subunits A, B, and C, respectively). The partially ordered N-terminal 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 arm 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 symmetrical capsid and no longer adapt to the icosahedral symmetry of the
protein layer.

Although the capsid proteins of many simple 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 arms interacting with the RNA. The plant
viruses in the Tymoviridae family (Canady et al., 1996) are one example. 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 an N-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 ef al., 1991). The N-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 ef 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 (Valegdrd 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 (I’ = 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 ef al., 1980; Harrison ef al., 1978). The ordered arms were
bound in one of the sets of quasi-equivalent subunit—subunit interfaces, making it
distinct (flat) 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
o virus Nudaurelia Capensis  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 flat contacts, and bent contacts form
where the corresponding segments are disordered (Helgstrand ef 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 ef 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 24 The bent and flat contacts in a sobemovirus (PDB code 4sbv). (a) The flat
contact between the B (left) and C (right) subunits (the quasi-sixfold contact). The partly
ordered arm 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 f-
annulus with the corresponding arms from two other C subunits (not illustrated here). (b)
The bent contact between two A subunits (the fivefold contact). The visible N-terminus
is indicated. To simplify the comparison of (a) and (b), the molecules to the right have
the same orientation.

assemble without order—disorder mechanisms. Many large viruses use scaffolding
proteins that are removed after assembly.

24 STABILIZATION OF THE CAPSID AND CONTROL OF NUCLEIC
ACID RELEASE

A complex use of extended arms that has been studied in structural detail is found
in the picornaviruses, which are small RNA viruses. In picornaviruses, such as
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Figure 25 The capsid protein of SV40, illustrating the use of arms to link pentamers
in the capsid (PDB code 1sva). The visible N- and C-termini are marked. In dark is the
invading C-terminal arm (residues 296-355) from a subunit in another pentamer. The
arm forms a P-strand that is clamped by the N-terminal 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-symmetry (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 assembly, part of the N-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 example,
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 mechanisms 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 all have a jelly-roll fold and extended N-terminal arms with
lengths of 5080, 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. The N-terminal arms 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 The arms on the inside of the protein shell in a picomavirus (PDB code
1pvc). One protomer of VP1 (blue), VP2 (green), VP3 (red), and VP4 (turquoise) is
shown. The 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 segments of the N-terminal parts of VP1 and VP2 are disor-
dered in the intact virions. This network stabilizes the different types of contacts
between the subunits in the capsid. It is formed during assembly and is completed
after the cleavage of VPO 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 member 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 reflects that these arms have a unique way of interacting with the
compact 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 assembly 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
the N-terminal portion of VP1 (Fricks and Hogle, 1990). The released VP4 and
N-terminal of VP1 are thought to form a membrane pore through which the RNA
can enter the host cell (Bubeck et al., 2005).
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STRUCTURAL DISORDER
WITHIN THE NUCLEOPROTEIN
AND PHOSPHOPROTEIN

FROM MEASLES, NIPAH,

AND HENDRA VIRUSES

JoHUNNY HABCHI, LAURENT MAMELLI, AND SONIA LONGHI

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

Measles virus (MeV) is a Morbillivirus 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 Kolakofsky, 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 3’ 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). P is 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) N°—P complexes of
Paramyxovirinae members. The disordered Ntan, 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). P is 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 (VSV, 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 Ncorg (roughly spanning the first 400
residues) and of a flexible, C-terminal domain referred to as Ntarr, (aa 401525 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 the N 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 NES is composed of a leucine-rich motif (LLRSLTLF). While in CDV the
NES 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 N and retains N in the cytoplasm (Huber et al., 1991; Spehner et al., 1997). This
soluble NO—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-2/-O-
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 SeV polymerase (aa 1756—2228) (Ogino
et al., 2005). Interestingly, both ribose-2'-O 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 N and 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 the N 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-Bréchot 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.

32 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 the N-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
P is a modular protein, consisting of at least two domains: an N-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 (N©), and it is this interaction that leads
to the formation of the encapsidation complex (N°—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 NO—P
complex, P to N binding is mediated by the dual PNT-Ncorg and PCT—Nran,
interaction (Chen et al., 2003) (Fig. 3.1b). It has recently been suggested that the
MeV NO—P complex has a very short half-life (Plumet et al., 2005).

32.1 The Intrinsically Disordered PNT Domains of Measles, Nipah,
and Hendra 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
(Tompa, 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 (Table 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 Rg expected for globular
proteins having the same molecular mass as that of either Henipavirus PNT (29 A)
or MeV PNT (23 A) (Table 3.1). In addition, the theoretical expected Rg 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. The 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). The hydrophobic region with o-helical folding potential at the N-terminus of P is highlighted. The
crystal structures of MeV XD (PDB code 10KS) (Johansson et al., 2003) and SeV PMD (PDB code 1EZJ) (Tarbouriech et al., 2000b) are also
shown. Structures were drawn using Pymol (DeLano, 2002). (b) Far-UV CD spectrum of MeV PNT (0.1 mg/mL) 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 a-MoRE
possibly involved in N? 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 PCT is located at the border between the region
shared by P and V and the region unique to P. The hydrophobic o-helical region at the
N-terminus is highlighted. (b) Far-UV circular dichroism spectra of Henipavirus PNT
(0.1mg/mL) in 10mM sodium phosphate buffer pH 7 at 20°C. (c) Two-dimensional
'H NMR NOESY spectrum of NiV PNT (0.1mM) in 10mM sodium phosphate pH 7,
150mM NaCl, and 10% D,0 recorded at 100K. ppm: values for resonance shifts in parts
per million of the spectrophotometer frequency. The frame shows the small spread of the
resonance frequencies for amide protons. MRE, mean residue ellipticity.

TABLE 3.1 Hydrodynamic Properties of MeV and Henipavirus PNT
MMEPP MMﬂBo RSSEC RSDLS RSDI.S + UREA RSNF RSPMG RSU

&Da) (&Da) (&) @A) @A) @ & @&
NiV 137 45 M2 M4+3 5542 29 43 60
HeV 138 45 442 50+3 5742 20 43 60
MeV 115 24  41+3 47+4 ND 23 34 46

%The Stokes radii of MeV and Henipavirus PNT domains as obtained by either SEC (RsSEC) or
DLS (RgPLS) 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?P) or expected based on the amino acid sequence (MM10)
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; ND, not
determined. Source: Data were taken from Habchi et al. (2010) and Karlin et 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. 3.2¢ and data not shown). Using computational
approaches, we have extended these results to the W protein of SeV (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 «-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 NO-binding (Watanabe
et al., 1996). Therefore, this region likely corresponds to an a-helical Molecular
Recognition Element (x-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 (Table 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 (Table 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 (Table 3.1). Further-
more, the HeV PNT domain has a notable behavior in that its Rg, as measured
by DLS, is slightly, but significantly, larger than that inferred from SEC studies
(Table 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 200nm. 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 > HeV PNT > MeV PNT. The residual ordered secondary structure
present within NiV PNT, and to a lower extent within HeV 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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This activity is related to the involvement of PNT domain in the formation of
the NO—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-trifluoroethanol (TFE) 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.
This fragment, spanning residues 27-99 for MeV PNT, contains a protein region
(aa 27-38) with a strong propensity to fold as an o-helix. This a-helix may well
represent an o-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 the N-terminus of P folds on binding
to NO. 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.

32.2 The Partly Disordered PCT Domain

Beyond PNT domain, other disordered regions have been identified within the P of
MeV and Henipavirus. Indeed, the PCT 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 N, (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 (Tarbouriech 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.
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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. Indeed, 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 Naqp, and rather establishes contacts
with the structured Ncorg 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 PCT 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,
Ncorg (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, Npan, (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). Nray, protrudes from the globular body of Ncorg 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 Nayr, 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
NrarL 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 «-MoRE involved in binding to XD is shown (Kingston et al., 2004). (b)
MeDor output of MeV Nray (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 I-MoRE contributing to the interaction with XD (Bourhis
et al.,, 2005) (see text). The second region highlighted in light gray corresponds to the
experimentally characterized «-MoRE (Kingston et al., 2004). Conventions are the same
as in Fig. 3.2¢c.
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Figure 3.6 (a) Schematic representation of the modular organization of Henipavirus
N. The disordered N1, domain is represented by a narrow box. The two putative o-
MOoREs (aa 408-422 and aa 473-493), as well as a putative irregular MoRE (I-MoRE)
(aa 523-532) and a putative MoRE of dubious state (aa 444 —464, see region contoured by
a dashed line) are shown. (b) MeDor output of NiV N1, 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 Ntap.. The spectra were recorded in 10 mM sodium phosphate
pH 7 at 20°C in the presence of increasing concentrations of TFE (0%, 7.5%, 15%, 20%,
and 30%). Protein concentrations ranged from 0.06 mg/mL (30% TFE) to 0.1 mg/mL (0%
TFE). The insets show the a-helical content at the various TFE concentrations as estimated
by CDSSTR. Source: Modified from Habchi et al. (2010).

2002). Na11, contains the regions responsible for binding to P in both NO—P and
NNUE_P complexes (Fig. 3.1) (Bankamp et al., 1996; Liston et al., 1997; Longhi
et al,, 2003; Kingston et al., 2004).

When expressed in heterologous systems, MeV N and NiV N self-assemble to
form large helical nucleocapsidlike particles with a broad size distribution (Spehner
et al., 1991; Warnes et al., 1995; Bhella et al., 2002; Tan et al., 2004; Kerdiles et al.,
2006). MeV nucleocapsids, as visualized by negative stain transmission electron
microscopy, have a typical herringbonelike appearance (Bhella et al., 2002, 2004;
Karlin et al., 2002; Longhi et al., 2003; Schoehn et al., 2004). The nucleocapsid of
all Paramyxoviridae members has a considerable conformational flexibility and can
adopt different helical pitches (the axial rise per turn) and twists (the number of
subunits per turn) resulting in conformations differing in their extent of compact-
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 recombinant or viral nucleocapsids are also difficult to analyze 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 Ncorg
and Ntapm, which was judged based on the observation that removal of the
disordered Ntarr, 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
Ntanm,—Ncorg 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 (Tawar 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 the N-RNA rings. Conversely,
in the case of RSV, the RNA is located on the external face of the N-RNA rings
(Tawar 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 Borna 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, Ncorg and Npay,, 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 Ntay -free nucleocapsid is no longer able to bind
to P, thus suggesting that in the family Rhabdoviridae, Ntan, plays a role in the
recruitment of P as in the case of Paramyxoviridae (Schoehn et al., 2001). However,
in contrast to NiV, HeV, and MeV, the RV Nta, 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 (Tawar 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 Ncogg 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 Ntam, whereas the NO—P complex
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involves an additional interaction between Ncorg and the disordered N-terminal
domain of P (PNT) (Fig. 3.1). In other words, the MeV NO_p complex reflects
dual PNT-Ncorg and PCT—Nran, interactions (Chen et al.,, 2003) (Fig. 3.1).
Studies on SeV suggested that an N°—P complex is absolutely necessary for
the polymerase to initiate encapsidation (Baker and Moyer, 1988). Therefore,
formation of the NO—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 Ncorg responsible for binding to PNT within the NO—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 (Bankamp et al., 1996)
(Fig. 3.5a). However, precise mapping of such regions is hard because Ncogg 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 Ntan, Domains of Measles, Nipah,
and Hendra Viruses

In morbilliviruses, Nay, is responsible for binding to P in both N°—P and NNUC_p
complexes (Bankamp et al., 1996; Liston et al., 1997; Longhi et al., 2003; Kingston
et al., 2004). Within the MeV NNUC_P complex, N1aq, is also responsible for the
interaction with the polymerase (L—P) complex (Bankamp et al., 1996; Liston et al.,
1997; Longhi et al., 2003; Kingston et al., 2004) (Fig. 3.1).

Ntan 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); (i) they cannot be visualized in cryo-electron microscopy
reconstructions of nucleocapsids (Bhella et al., 2004); and (iii) they have an amino
acid sequence that is highly variable amongst phylogenetically related members
(see Fig. S1 in Habchi et al. (2010)).

In agreement, the sequence properties of Ntan, 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 Ngoorg does not deviate sig-
nificantly from the average composition of proteins found in the Protein Data
Bank (PDB), the Ntapm, 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 Ntap, 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 Ntap, domains (Figs. 3.5b
and 3.6b).
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TABLE 3.2 Hydrodynamic Properties of MeV and Henipavirus Npay,
MMzEPP MMtheo RSSEC RSDLS RSD[.S + UREA RSNF RSPMG RSU

(kDa)  (kDa) (&) ey A) A A A
NiV 43 15 28+2 2843 37+2 19 28 34
HeV 43 15 2842 261 37+2 19 28 34
MeV 36 15 2743 3042 ND 19 28 34

The Stokes radii of MeV and Henipavirus Noy. domains as obtained by either SEC (RsSEC) or DLS
(RsP™®) 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?®®) or expected based on the amino acid sequence (MM™°) 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 determined.
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 Ntay, domains belong to the family of IDPs (Longhi et al., 2003;
Habchi et al., 2010). Although these Ntan, domains are mostly unfolded in solu-
tion, they have been shown to retain a certain degree of compactness based on
their Rg (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 Rg for all these domains, thereby confirming their native PMG
state (Table 3.2). Altogether, these characteristics indicate that MeV, NiV, and HeV
Ntan 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 Npap, does indeed undergo induced folding was
pointed out by CD studies. Those studies showed that MeV Ntap, undergoes an
a-helical transition in the presence of PCT (Longhi et al., 2003), while both NiV
and HeV Ntan, were shown to gain o-helicity in the presence of TFE (Habchi
et al., 2010) (Fig. 3.6c,d). In the case of MeV, an o-MoRE (aa 488—499 of N) has
been identified within one (namely, Box 2) out of three Ntar, 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 «-MoRE in binding to P and
in the a-helical induced folding of Ntayr, was further confirmed by spectroscopic
and biochemical experiments carried out on a truncated Ntanr, form devoid of the
489-525 region (Bourhis et al., 2004). Apart from the «-MoRE, two additional
short regions with some folding potential can be detected within MeV Nay : 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 Ntap,, 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 Nrag,, respectively;
(i) an irregular MoRE (I-MoRE) (aa 523-532) corresponding to the XD-binding
region located at the C-terminus of MeV Nrayy ; and (iii) an additional putative o-
MOoRE (aa 444-464) (Fig. 3.6b). However, based on the experimentally observed
behavior of both the Henipavirus Ntan,, the latter MoRE is more probably of o-
helical type: indeed far-UV CD studies pointed out an increase in the a-helical
content of HeV and NiV Nrtanr, domains on addition of increasing concentrations
of TFE, while no concomitant dose-dependant increase in the content of B-content
was detected (see insets in Fig. 3.6¢,d).

3.3.2 Molecular Mechanisms of the XD-Induced Folding
of Measles Virus Nan,

In the case of MeV, the P region responsible for the interaction with and induced
folding of Ntam, 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 the o-MoRE of MeV
Ntanm was then built, in which Ntay, is embedded in a large XD hydrophobic
cleft delimited by helices o2 and a3 of XD. According to this model, burying
hydrophobic residues of the «-MoRE would provide the driving force to induce
the folding of the «-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 Ntan. Definite answers to the possible
conservation amongst these viruses of a similar Nta;p, —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 Npap —XD complex
provided a low resolution model of the Ntapg, bound form, which showed that
most of Ntan, (aa 401-488) remains disordered within the complex (Fig. 3.7¢,d)
(Bourhis et al., 2005). The lack of a protruding appendage corresponding to the
extreme C-terminus of Nrayr, 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 I5N-labeled Nanr, (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 o-
MOoRE of MeV Ntay. (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 of XD and of the «-MoRE are shown in white. (c) Model
of the Nma;p —XD complex as derived by small angle X-ray scattering studies (Bourhis
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 Ny 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
NtanL—XD complex showing that (i) the 401488 region of Nty is disordered and
exposed to the solvent; (ii) the o-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 Bourhis 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 Xp increasing from 80 nM to 12 wM (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 (Xp of 20 nM) that
was similar to that between XD and Nrap (Kp 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 (Xp of approximately 1 mM)
(Table 3.3). In the same vein, HN-NMR experiments using '°N-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 Npapp -
truncated proteins and with peptides could be accounted for by assuming that Box
3 would act only in the context of Nray, and not in isolation. Consistent with
this hypothesis, both Nray, and Nraias (ie., Nran, devoid of Box 3 and thus
spanning residues 401-516 of N) trigger slightly more pronounced chemical shift
variations within '°N-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 Nrar, to XD. One can speculate that the
burying of the hydrophobic side of a-MoRE in the hydrophobic cleft formed by
helices o2 and o3 of XD would provide the primary driving force in the Nra 1, —-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 of NayL
were used, no evidence was obtained in support of a role of the 505-525 region in
binding to XD (Yegambaram and Kingston, (2010)). In addition, in that study, the
experimentally determined Kp of the XD-binding reaction was found to be either
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TABLE 3.3 Calculated Equilibrium Dissociation Constants (Kp) between MeV
XD and MeV Nragr, Proteins and Peptides Using Surface Plasmon Resonance

Quality of Fit

Analyte Residuals Chi? Kp

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

Box 2 peptide (aa 487-507) —181to0 1.8 0.209 20 nM
(DSRRSADALLRLQAMAGISEE)

Box 3 peptide (aa 505-525) —0.6t006  0.038 1 mM
(SEEQGSDTDTPIVYNDRNLLD)

Nrarun (aa 401-525 with an N-term 6-His tag) —1.2t0 1.6 0.150 92 nM

NrarLunec (aa 401-525 with an N-term 6-His tag —15t0 1.5 0.676 80 nM
and a C-term DYKDDDDK flag sequence)

Nrarpas (aa 401-516 with an N-term 6-His tag —0.6to 04  0.043 12 pM
and a C-term DYKDDDDK flag sequence)

Nraraz,3 (aa 401-488 with an N-term 6-His tag —24t024 0919 41 uM
and a C-term DYKDDDDK flag sequence)

Nrarpa1 (aa 421-525 with an N-term 6-His tag —12t0 12 0239 49 nM

and a C-term DYKDDDDK flag sequence)
Source: Data were taken from Bourhis et al. (2005) and Longhi and Oglesbee (2010).

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

A role of SeV XD in binding and a-helical folding of Ntar, has also been shown
(Houben et al., 2007b). A few features, however, distinguish the SeV Nrap,—XD
complex from that of MeV. In particular, in SeV Ntan,, 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 Ntap, occurs with a rather strong affinity (Kp
of 80 nM) (Bourhis et al., 2005), the experimentally determined Kp for the SeV
couple is much higher (60 wM) (Houben et al., 2007b). In this regard, however,
it should be pointed out that since the dissociation constant for the SeV Nrar -
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
Ntan,—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 Nraq, region undergoing a-helical fold-
ing, as well as the impact of XD binding on Box 3, the Nayr —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 reflects 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 Ntan, 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 Nyayy, 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 Ntar, region undergoing «-helical folding to residues 488—502.
The drop in the mobility of the 505522 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 «-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 o-helical conformation in
about 50% of the conformers sampled by the free form of MeV Ntay, 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 (Tompa, 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 Ntap,—XD complex and showed that in spite of
the local gain of rigidity induced by XD binding, the 505-525 region of Ntan, 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 Nrtar, is a reversible phenomenon (Morin et al., 2006; Belle et al.,
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Figure 3.8 Model of the partly disordered MeV Nts1.—XD complex as a conformational
ensemble. Fifty best-fit structures of the 488525 region of Nay. in complex with XD.
The Ntaj1 conformers are depicted with a color gradient ranging from dark grey to light
grey 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 Ny,
adopts its original PMG conformation after dissociation of XD. This point is par-
ticularly relevant, taking into consideration that the contact between XD and Nraj,
within the replicative complex has to be dynamically made and broken to allow the
polymerase to progress along the nucleocapsid template during 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 Nty and XD was shown to imply the stabilization of the
helical conformation of &-MoRE, which is otherwise only transiently populated in
the unbound form. The occurrence of a transiently populated o-helix even in the
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absence of the partner suggests that the molecular mechanism governing the folding
of Ntan. induced by XD could rely on conformer selection (i.e., selection by the
partner of a preexisting conformation) (Tsai et al., 2001a,b). Recent data based on a
quantitative analysis of NMR titration studies (Gely et al., 2010) suggest, however,
that the binding reaction may also imply a binding intermediate in the form of
a weak, nonspecific encounter complex 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).

NraiL C-tem
Fly casting
— 4—' .__"
N-term l Tl

C-term .

Confomer
selection
o-MoRE — —
XD
N-term E é

P

Figure 3.9 Model for MeV Nray, —XD complex formation that utilizes both conformer
selection and nonspecific encounter complex formation. The helix, corresponding to the
primary binding site for XD, is partly preformed in the absence of XD. In the nonspecific
binding model, a weak encounter complex may also form between Naj;, and XD. This
encounter complex is converted to a tightly bound complex by the folding of the «-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 a-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: Maodified from Gely et al. (2010).
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XD-induced stabilization of the helical conformation of the «-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 Ntanp,—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 (Tompa 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).

34 FUNCTIONAL ROLE OF STRUCTURAL DISORDER WITHIN
N AND P IN TERMS OF TRANSCRIPTION AND REPLICATION

The Kp value of the MeV Ntap,-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 (Kp of 7.4—-13 puM) (Kingston et al., 2004; Yegambaram and
Kingston, 2010). However, it should be pointed out that these studies were carried
out using Ntan, peptides encompassing residues 477505 or 477-525 rather than
full-length Ntapn,. 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 Kp in the M 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—Ntanr, 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 Ntan, 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 Nrtayr, 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 Ntan,, providing further support for modulation of XD-Ntap, binding
affinity as a basis for polymerase elongation rate. Thus, Box 3 would dynamically
control the strength of the Nyan, —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 Nran, for XD, thus stimulating transcription and replication. Modulation of
MeV XD-Nraqn, binding affinity could be dictated by interactions between Nrar,
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 Npayr, (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, Nraq, also influences the physical properties of the nucleocapsid helix
that is formed by Ncorg (Longhi et al, 2003; Schoehn et al., 2004). Electron
microscopy analyses of nucleocapsids formed by either N or Ncorg indicate that
the presence of Ntanr, 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 N¢org alone forming rods (Longhi et al., 2003; Schoehn et al., 2004). It
is, therefore, conceivable that the induced folding of Ny, resulting from the inter-
action with P (and/or other physiological partners) 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 3/ end of the viral
genome, is composed of two discontinuous elements that form a functional unit
when juxtaposed on two successive helical turns (Tapparel 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 of nucleotides) 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
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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 tums (see
regions wrapped by the N monomers highlighted by an asterisk). Source: Courtesy of
D. Bhella, MRC, Glasgow, UK; modified from Longhi (2009).

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

In the same vein, preliminary 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 complex (Bhella
and Longhi, unpublished data). Hence, it is tempting to propose that the XD-
induced a-helical folding of Ntaj, 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 Nraj-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 complex and a large surface area of
the nucleocapsid template, 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 nm (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-Bréchot, unpublished data), is
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Figure 311 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 NNUC_P complex is schematically represented at the interior of the nucleo-
capsid only for clarity. Within the NNUC_P complex, P is represented as bound to NNUC
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 Nyuy 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 N°—P binds to the nucleocapsid template through three of its four XD arms.
The extended conformation of Nray;, and PNT would allow the formation of a tripartite
complex between N°, 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 N° by XD, thus leading to N° incorporation within the assembling nucleocap-
sid. The N° 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 N° to the newly assembled nucleocapsid (arrow).
Source: Modified from Bourhis et al. (2005, 2006).

considerably larger (> 40 nm). In comparison, one turn of the MeV nucleocapsid
is 18 nm in diameter and 6 nm high (Bhella et al., 2002). Thus, PNT could easily
stretch over several turns of the nucleocapsid, and since P is multimeric, NO_P
might have a considerable extension (Fig. 3.11). In the same vein, it is striking
that SeV and MeV PCT domains, which interact with the intrinsically disordered
Nrta1L domain, comprise a flexible 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 necessary 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 Ny, in solution is 13 nm (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 partners 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 Ntar, 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 NO, 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 Ntan, would be key to allowing contact between the
assembly substrate (N°—P) and the polymerase complex (L—P), thus leading to
a tripartite NO-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 Nyapg,—XD inter-
action and the MeV PNT—NcoRrg 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 Ntan, on binding to XD could result in stabilization of the
N-P complex. At the same time, folding of Nyan, would result in a modification
in the pattern of solvent-accessible regions, resulting in the shielding of specific
regions of interaction. As a result, Nyar, would no longer be available for binding
to its other partners. 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 Ny, to XD allows tethering of the L protein on
the nucleocapsid template, the Ntai,—XD interaction is crucial for both viral tran-
scription and genomic replication. As neither Ntam, 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 N, (Morelli, Guerlesquin, and Longhi,
unpublished data).
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3.5 STRUCTURAL DISORDER AND MOLECULAR PARTNERSHIP

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 (Tompa, 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 (Tompa, 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 Ntap —XD and MeV
Ntam —hsp70 (see below) couples.

The disordered nature of Ntam, 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 Ntay, 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 Nraq, 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), 