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ABSTRACT
In order for a virus to establish a chronic infection, it must maintain a dynamic equilibrium
to persist against the host’s immune response without causing acute disease. To accomplish this,
the virus must participate in a multitude of complex interactions with the host. Among other
virus types, many positive strand RNA viruses are known to establish persistent infections in hosts
ranging from plants and livestock to humans. Compared to their eukaryotic hosts, RNA viruses
have a very limited genomic capacity. With this restricted coding capacity, how an RNA virus
acquires the vast functional capabilities needed for chronic infection becomes an intriguing
question.
Using the hepatitis C virus (HCV) as a model, we have proposed one route an RNA virus
could expand its functional capacity by using a protein containing an intrinsically disordered
region (IDR). The structural flexibility of a disordered region allows a protein to establish multiple
interactions within the same region. This structural flexibility must be regulated though to
provide specificity of function. We, and others, propose phosphorylation can regulate the
conformation of an IDR. We hypothesize a ‘phosphorylation code’ exists for the HCV intrinsically
disordered protein, NS5A, that regulates its myriad interactions with both host and viral proteins,
allowing this protein to serve an essential role in the virus’ ability to dynamically interact with the
host and establish a chronic infection.
In the following studies, we have established the ability to purify the intrinsically
disordered domain (IDD) of the HCV protein NS5A to a concentration and purity suitable for
biophysical characterization. We have determined that the NS5A IDD has a propensity for iii

helical formation. Using phosphorylation by PKA as a model, we have determined that a single
phosphorylation event alters the global conformation of the NS5A IDD. This conformational
change is likely inducing a more stable structure with increased -helical content.
To determine the impact of phosphorylation-induced conformational changes on the
function of the NS5A protein, we have explored NS5A IDD binding to SH3 domains from several
different proteins. While SH3 domains are structurally similar, we found that not only does the
NS5A IDD binding to different SH3 domains differ, but PKA phosphorylation impacts the
interaction of each of the SH3 domains uniquely. This study provides insight into a fundamental
way binding of SH3 domains to polyproline motifs could be regulated.
This exploration of the effects of PKA phosphorylation on the conformation and function
of the NS5A IDD has contributed to the overall understanding of the role and regulation of
intrinsically disordered proteins and provides an example of how an RNA virus with limited
genetic capacity could expand its functional proteome.
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CHAPTER 1

Nonstructural protein 5A is a key determinant for hepatitis C virus chronic infection

1

PERSISTENT VIRAL INFECTION
As an infectious agent, a virus invades its host cells in order to carry out its own
replication. When a virus infects a eukaryotic cell, this often sparks an immune response from
the host. In contrast with an acute infection, where a disease state appears rapidly and the virus
can be eliminated by the host’s immune system quickly, some viruses are capable of a chronic
infection1. These viruses are not immediately cleared by the immune response and persist in the
host for long periods of time. How this balance is achieved between the host’s antiviral response
and the viral infection is not well understood.
For a virus to establish a chronic infection, it must sense and respond to host functions in
order to persist against the host’s immune response without causing acute disease. There are
several strategies used by viruses to establish a persistent infection: continuous replication,
latency and reactivation, and invasion of the genome2. For continuous replication, the virus is
able to make infectious particles in spite of the antiviral immune response, whereas a latent
infection involves a period of no viral replication. In this stage, there is little antigen present, and
therefore the virus can escape an immune response until replication occurs 2. A virus could also
invade the host genome through retroviral elements and proliferate within the genome of the
host2. To accomplish any of these strategies for chronic infection, the virus must participate in a
multitude of complex interactions with the host.

2

RNA VIRUSES HAVE LIMITED GENOMIC CAPACITY
The genomic make-up of a virus can vary greatly. A viral genome can be composed of
DNA or RNA. These genomes can be double-stranded or single-stranded and be linear or circular.
At one extreme in genome size are the double-stranded DNA viruses, such as Mimivirus and
Megavirus, that infect amoeba as well as the more recently discovered Pandoravirus, all with well
over one thousand encoded proteins from genomes greater than one million base pairs 3. At the
other extreme are viroids, with single-stranded circular RNA containing as little as 220
nucleotides4.
Single-stranded RNA viruses are among those with small genomes and typically encode
for less than 12 proteins. However, this limited genomic capacity does not impede many singlestranded RNA viruses from carrying out complex tasks such as establishing persistent infection.
How RNA viruses are able to acquire the vast functional capabilities needed for these tasks is an
intriguing question.
INTRINSIC DISORDER AS A WAY TO EXPAND FUNCTION
In order for a virus with limited genomic capacity to possess all of the requirements
needed for dynamic and complex processes like maintaining a persistent infection, it likely must
expand its functional capabilities beyond single function genes. While global processes such as
quasispecies likely contribute to this ability 5, 6, it is possible that viruses have employed a strategy
that has over the past decade been recognized as essential in eukaryotic systems, the acquisition
of proteins containing an intrinsically disordered region (IDR).

IDRs are often found in

multifunctional proteins located at hubs of complex eukaryotic protein networks such as cell

3

signaling and cell cycle regulation in order to expand their function to allow for numerous
interaction capabilities within a single protein7-9.
Intrinsically disordered proteins (IDPs)
Compared to a well-folded protein, where a particular conformation is stable and
maintained over time, an intrinsically disordered protein (IDP), or protein region, has no stable
secondary or tertiary structure; it is, rather, a population of multiple conformations that are
sampled over time10-12 (Fig 1-1). Over the past decade, the paradigm that a folded threedimensional structure is necessary for function has been shown to not be absolute with the
number and demonstrated importance of IDPs found throughout all kingdoms of life13, 14. The
idea that proteins that are not stably folded are biologically active and play a variety of essential
roles has now been demonstrated in abundance in the literature, and their importance has been
demonstrated by the number of reviews just in the last year on the role and understanding of
intrinsically disordered proteins13, 15-18.
IDP prevalence
Disordered proteins have been documented in all kingdoms of life

19, 20,

where they are

often located at the crux of complex protein networks. It is estimated that more than 30% of the
mammalian proteome is composed of disordered proteins16. The canonical example of an IDP of
mammalian origin has been the C-terminal domain (CTD) of the tumor suppressor and cell cycle
regulating protein p53

21-23

which has served as a model protein for testing new strategies for

characterizing the structure and function of IDPs 24-29. The CTD of p53 is intrinsically disordered,
and just a 12-residue stretch of the domain has been shown to take on 4 different conformations,
4

each of which forms complexes with different cofactors of p5330. One can imagine then how this
allows the p53 protein, which is at the hub of a complex protein network, to execute its myriad
essential functions. Another more recent example is the cardiac connexin CTD. This CTD is a
master regulatory domain that is intrinsically disordered. It contains overlapping molecular
partner binding sites, undergoes cis-trans proline isomerization, and contains multiple
phosphorylation sites 31. The connexin CTD binds the C-src SH3 domain in an area known to bind
4 distinct partners with overlapping sequence interacting motifs 31. As more and more proteins
are being discovered or appreciated for their innate intrinsic disorder, it is apparent that these
disordered regions are pivotal for complex networks such as cell signaling and cell cycle
regulation.
IDP functions
The fact that IDPs can interconvert between multiple different conformational states
gives rise to a large diversity of function. These functions range from serving as protein
solubilizers32, due to their charge and polarity, to roles in aggregation-based diseases33. The
flexibility of intrinsically disordered regions (IDR) allows for multiple functions, including bridging
distances and controlling the orientation of domains34. Intrinsic disorder is also important for
inhibitory modules used in autoinhibition to allow for the fine-tuning of the equilibrium between
active and inactive states.35 IDPs are very often found in situations that involve regulating protein
interactions ranging from modulating the kinetics of binding and release of a cofactor to allowing
for multispecificity34.

5

IDP regulation
Intrinsic disorder expands the number of interactions a single protein can participate in,
but given these proteins’ positions as critical points in large interactomes, this has to be regulated
somehow. If a protein can take on multiple conformations, then the question becomes how a
specific conformation is promoted in order to facilitate a specific interaction. Several modes of
regulation have been hypothesized in the literature, including expression regulation 36,
alternative splicing37, and temperature regulation38. Recently, redox regulation of an IDP was
proposed for the Human papillomavirus (HPV) oncoprotein E7, whose intrinsically disordered Nterminal domain is cysteine rich 39. Disulfide bridge formation between distant cysteines leads
to large conformational changes that are reversible depending on the redox environment

39.

While, like all processes, regulating IDP function is likely complex and multifaceted, there is
increasing evidence for a link between post-translational modifications (PTMs), specifically
phosphorylation, and intrinsic disorder 13, 20, 34, 40. As intrinsically disordered proteins have gained
exponential prominence in the literature, the number of manuscripts recognizing a role for
phosphorylation in IDPs has also increased over the past 5 years (Fig 1-2). Phosphorylation in
proteins has been well documented as a major regulatory mechanism and the structural
consequences of phosphorylation understood for many globular proteins41. Intrinsic disorder is
now a widely acknowledged functional trait in proteins, and the observation that PTMs are often
found within these regions is evident; however, the idea that phosphorylation plays a regulatory
role in the function and/or interactions of IDPs through modulating conformational changes in
the IDR has remained a hypothesis. Within just the last three years, however, a few models have
emerged (Table 1-1), including the most recent example showing that phosphorylation can not
6

only affect individual secondary structural elements in IDPs but also regulate folding of an entire
protein domain42.
Model IDPs regulated by phosphorylation
If we turn back to our canonical model for an IDP, p53, it is known that multiple sites of
post-translational modification are located within the intrinsically disordered CTD. PTMs both
remote and adjacent to the CTD region that binds multiple cofactors promote the different
interactions30. This was one of the first canonical examples of ‘one-to-many’ signaling showing
that PTMs within intrinsically disordered regions can modify protein-protein interaction
networks. It has been established that PTMS stabilize or destabilize individual secondary
structural elements in IDPs like p53. Most recently, it has been shown that PTM-mediated folding
of an entire protein domain can be used as a regulatory mechanism for an IDP. Phosphorylationinduced folding of 4E-BP2 regulates interaction with eIF4E, the binding of which suppresses capdependent translation initiation. Upon phosphorylation, folding is induced in the region that
normally undergoes a disorder-to-helix transition to form a 4-stranded -domain that sequesters
the helical motif, therefore blocking accessibility to eIF4E and decreasing affinity by 4000 fold 42.

7

IDPs in viral genomes
The use of proteins containing intrinsically disordered regions as a strategy for managing
large complex interactomes has now been well established in eukaryotic systems 8-10, 13, 16. This
approach to expanding the function of a single protein could also be employed by viruses that
need to establish complex interactions with their host to allow for functions such as chronic
infection. For example, HPV is involved in cancer development in humans, and the intrinsically
disordered region of the E7 oncoprotein is largely responsible for the tasks involved in
counteracting the host’s cell cycle39. Its ability to interact with multiple cellular targets and its
conformational diversity allow for a gain in functional complexity without having to expand the
viral genome size

39.

In a study that analyzed the extent of proteins containing intrinsically

disordered regions in dengue virus, the predominant role for these disordered regions was in
protein-protein interactions, as well as binding nucleic acids and other small molecules 43.
While phosphorylation has been known to play a major role in RNA virus replication44, it
wasn't until recently that the link between phosphorylation and intrinsically disordered viral
proteins emerged. An example of the important role of phosphorylation in a viral IDP is the 2a
protein from cucumber mosaic virus (CMV), the viral polymerase, where phosphorylation in the
N-terminal disordered region has been shown to disrupt the interaction with CMV 1a protein 45.
This interaction is essential for forming the replicase complex, and it has been suggested that
phosphorylation could play a regulatory role in the virus’ replication45. A specific dengue protein
that has been studied for the role of phosphorylation is the nonstructural 5 (NS5) protein. NS5
proteins of Flaviviridae, a family of single-stranded RNA viruses that infect and often cause

8

disease in mammalian hosts, contain multiple conserved serine/threonine phosphorylation sites
across all genera46. Conservation of this trait between the distantly related viruses could suggest
that phosphorylation of the proteins may be essential for the flavivirus lifecycle. 47

The

interaction between the NS5 protein and the viral protein NS3 from dengue virus type 2 is
dependent on the phosphorylation state of NS5 48. Many of the RNA viruses that contain proteins
with intrinsic disorder can establish a persistent infection and require complex interactions with
the host.
Small genome size is a restricting factor for many viruses, especially RNA viruses. Singlestranded RNA viruses are a large portion of the significant and emerging pathogens for both
humans and important livestock and crop supplies 49, 50. Intrinsic disorder can be one way these
viruses expand the encoded function provided by their limited genomic capacity. Myriad singlestranded RNA viruses have acquired a protein that contains a long intrinsically disordered region
(Table 1-2) and carry out complex tasks such as establishing persistent infection in animals and
humans 51, 52. All of these viral IDPs are known to be critical to the virus’ replication and often
have unknown essential functions for the virus, indicating they could be playing a major role in
multiple complex interactions with both host and viral proteins

45, 53-58.

Another shared

characteristic of these viral proteins containing regions of extended intrinsic disorder is that they
all contain sites of phosphorylation (Table 1-2). This suggests a preference for phosphorylation
sites to occur in the intrinsically disordered regions of the viral proteins. Understanding the role
intrinsic disorder and phosphorylation have for the viruses could not only shed further light on a
potential conserved mechanism for regulating the function of intrinsically disordered proteins,
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but it could also be an important mechanism used by viruses involved in current epidemics and
emerging pathogens.
Newly identified Torque teno viruses (TTV) have single-stranded, circular DNA genomes.
It has been suggested that likely all animals are infected with species-specific TTV59, including
persistent viremia in swine60 and gorilla and chimpanzee variants,61 as well as a pigeon variant62.
TTV is a highly prevalent human virus and likely persists in the healthy human population 63. The
impact of TTV on animal and human health is controversial but has been intensely studied as a
potential emerging swine pathogen 64-67. The pathogenicity of human TTV is under debate, but
several associations with human disease states have been observed. These include a correlation
of TTV with hepatitis and cirrhosis68, 69, with enteritis70, as a co-carcinogen for head and neck
carcinomas71, and higher frequencies of infection in leukemia patients72 and COPD patients73, as
well as association with chronic periodontitis74.
The TTV DNA sequence contains several open reading frames (ORFs), ORF1 and ORF2, and
newly discovered variants ORF3 and ORF4 75. There is significant sequence similarity between
TTV ORF3 and the hepatitis C virus (HCV) nonstructural 5A (NS5A) protein, a phosphoprotein that
contains an intrinsically disordered region and interacts with numerous cellular proteins 75. TTV
ORF3 protein is phosphorylated at serine residues in its C-terminal portion, and two forms of the
protein with different phosphorylation states were observed, similar to the HCV NS5A.75 The
online software Predictor Of Natural Disordered Regions (PONDR) predicted two extensive
regions of intrinsic disorder in the TTV virus ORF3 (Fig 1-3A), where the C-terminus contains
several documented phosphorylation sites75 and has a high content of predicted phosphorylation
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based on the online predictor tool Disorder Enhanced Phosphorylation Predictor (DEPP) (Fig 13B). From Table 1-2 and the TTV example, phosphorylation and intrinsically disordered regions
of viral proteins likely play an important and potentially conserved mechanism of regulation. As
the notion that phosphorylation can regulate the conformations of intrinsically disordered
proteins and subsequently mediate interaction is being vetted in the literature, we can turn back
to our hypothesis that RNA viruses could use intrinsic disorder to expand their functional
proteome and see that phosphorylation could also play an important role for these viral IDPs. Of
the intrinsically disordered proteins listed earlier (Table 1-2), those which the location of
phosphorylation was determined contained their phosphorylation sites in the intrinsically
disordered region of the protein. For those for which the impact of phosphorylation was
determined, all had a role in protein interactions or regulation of replication. As a model to
further investigate this hypothesis, the NS5A protein from hepatitis C virus (HCV) was used in
these studies. HCV is a single-stranded RNA virus of global health concern whose NS5A protein
has been intensively studied for its essential, but not fully characterized, roles in all steps of the
HCV lifecycle and for its role as a successful, but not mechanistically understood, direct acting
antiviral (DAA) target. The multifunctional HCV NS5A protein, having an extended region of
intrinsic disorder containing multiple sites of phosphorylation, is an ideal model for
understanding the role of phosphorylation in viral intrinsically disordered regions. Studies of
NS5A could shed light on how HCV, with its limited genomic capacity, can carry complex
interactions with its host and establish a decades-long persistent infection.
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HEPATITIS C VIRUS
The first indication of a “non-A, non-B” hepatitis was published in 1975 during a study of
open-heart surgery patients who had received transfusions and developed hepatitis. A subgroup
of these patients tested negative for hepatitis B virus, hepatitis A virus, cytomegalovirus, and
Epstein-Barr virus and were determined to have a “non-A, non-B” hepatitis infection76. A decade
later, a single-stranded RNA virus was identified to be the major causative agent of non-A, nonB hepatitis in blood transfusion patients77-79 and was named hepatitis C virus (HCV). Chronic HCV
infection leads to a decades-long progression to end-stage liver disease from cirrhosis to
hepatocellular carcinoma80. This chronic infection is commonly asymptomatic until the late
stages of the disease80. HCV is now a worldwide health concern, and according to the July 2016
Worldwide Health Organization (WHO) Hepatitis C Fact Sheet80, 130-150 million people are
chronically infected with HCV, with approximately 700,000 people dying each year from HCVrelated liver diseases. According the Centers for Disease Control and Prevention, as of 2015, more
than 2.5 million people in the U.S. currently had chronic hepatitis C, and HCV is still the leading
cause of liver transplants in the U.S..
Until recently, the standard of care for those infected with HCV was a combined therapy
of interferon and ribavirin. Interferon is a cytokine used as an indirect-acting drug to the virus
that stimulates a cellular antiviral response. Ribavirin is a nucleotide analogue that prevents viral
replication

81.

This treatment was time intensive, only cured half of the patients, and caused

severe adverse reactions

82, 83.

With the advent of HCV DAAs, which are drugs that target a

specific viral protein, within the last 5 years, the tolerance, safety, and effectiveness of treatment
has drastically changed84, 85. According to WHO, these recently derived DAAs have increased the
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cure rate of HCV-infected people to 90%, but access to diagnosis and treatment is still very low
worldwide.
Lifecycle
Hepatitis C virus (HCV) is a Flaviviridae virus with a linear single-stranded RNA genome
and enveloped virus particle 86. The lifecycle begins with binding to a hepatocyte cell through
interaction with cellular receptors87, 88 followed by clathrin-mediated endocytosis89. After fusion,
the HCV genome is released into the cytoplasm, where both viral replication and assembly occur.
After uncapping, the encoded internal ribosome entry site (IRES) recruits the host cellular
machinery to translate the polyprotein 90. After processing of the translated polyprotein by viral
and host factors

91,

the replication complex is formed, and intracellular membranes

92, 93

are

rearranged by enrichment of phosphoinositides near the endoplasmic reticulum (ER). Following
transcription of the viral RNA94, HCV particles are assembled on the ER 95 and then released by
secretion and budding from the plasma membrane and go on to enter other host cells96.
Genome organization
Hepatitis C virus has been organized into 7 genotypes and over 30 subtypes 97, 98, with
genotype 1 having the most frequent number of infections99. The HCV genome is single-stranded
RNA in the positive sense, meaning it can be directly translated. It is 9,600 nucleotides in length
and encodes for eleven proteins 100. With a 3’ and 5’ untranslated region (UTR), there is a single
open reading frame that gets translated into a polyprotein that is later processed into the
proteins encoded in the genome91. Three structural proteins, Core, E1, and E2, assemble into the
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virion, five non-structural proteins (NS3, NS4A, NS4B, NS5A, and NS5B) participate in viral
replication, and two proteins p7 and NS2 are involved in viral morphogenesis.
The HCV Core protein is the building block for forming the nucleocapsid and is essential
for viral budding101. E1 and E2 are envelope proteins that are transmembrane glycoproteins that
form the icosahedral lattice 102, 103. The p7 protein is also a transmembrane protein that functions
as an ion channel that alters membrane permeability and is required for infection 104. Interaction
of p7 and NS2 is involved in intracellular protein distribution 105. NS2 has a membrane domain
and a protease domain and interacts with other viral proteins to participate in polyprotein
processing and particle assembly 106.
For the HCV non-structural proteins involved in replication, NS3 contains a protease
domain used in processing the polyprotein

107

and a domain containing NTPase and helicase

functions needed during genome replication 108, 109. NS4A is a structural cofactor to NS3 110, 111.
NS4B mediates membrane association112 and is involved in virus production and
encapsidation113, while NS5A is an essential multifunctional protein involved in all steps of the
viral lifecycle52, 57. Finally, NS5B is the viral polymerase that replicates the HCV genome 114.
Comparison to other RNA viruses
Compared to other RNA viruses that cause acute infection in humans, the HCV genome is
very similar, but it has acquired the ability to establish a persistent infection in humans 80. The
ability of HCV as a positive strand RNA virus to so effectively evade host defenses with such a
limited coding capacity is extraordinary. A unique feature of HCV relative to acute RNA viruses of
similar genetic size and encoded functions is the non-structural 5 A protein, NS5A (Fig 1-4). This
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protein shares characteristics of the proteins listed in Table 1-2, and we hypothesize that the
acquisition of NS5A, a multifunctional phosphoprotein, is key to the ability of this virus to
establish persistence. NS5A is essential to viral replication and infection and is a major target for
direct-acting antivirals and is, therefore, poised as an essential component to HCV’s ability to
cause chronic infection.

NON-STRUCTUAL PROTEIN 5A (NS5A)
Structure
NS5A consists of a structured Domain 1 preceded by an amphipathic helix and followed
by a large intrinsically disordered region (Fig 1-5). The amino-terminal amphipathic helix consists
of 32 amino acids that form an -helix that anchors NS5A to the ER membrane 115. The structure
of the helix in the presence of different membrane mimetics, determined by NMR, is an in-plane
amphipathic -helix 116.
Domain 1 of NS5A is a stably folded domain whose structure has been determined by xray crystallography. The first published structure of Domain 1 showed the domain to have a
novel zinc atom coordination site and to form a homodimer with a conserved surface between
the monomers that forms a groove that has a surface potential and dimensions capable of
binding single- or double-stranded RNA117. The second published structure also showed Domain
1 forms a dimer, but had a different dimer interface; this interface appeared as ‘side-by-side
cylinders’ with no overlap between the monomers or interface cleft seen in the previous study 118.
A more recent study of a different HCV genotype, found two new dimer forms of Domain 1. One
dimer interface was similar to the non-cleft dimer previously ascertained but with an opposite
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orientation, head-to-tail versus the original head-to-head.

The other dimer form shows

monomers head-to-head but oriented 180o from each other versus side by side 119. It has been
hypothesized that different dimer interfaces could facilitate Domain 1 oligomerization in vivo in
order to help form the replication complex and reorganize intracellular membranes at sites of
viral replication 120, 121 .
The intrinsically disordered region of NS5A
Conventionally, the NS5A intrinsically disordered region has been thought of as two
domains separated by low complexity sequences and has been traditionally studied as two
separate domains (Fig 1-6). The conventional NS5A domains are separated by ‘low complexity
sequence blocks’ term LCSI and LCS II that were defined by the algorithm SEG122, which was then
evaluated by limited proteolysis

122.

Since then, many important binding events have been

mapped across these ‘linker regions’123-127, and transient long-range electrostatic interactions
have recently been proposed between regions in the previously named and identified NS5A
Domain 2 and Domain 3128. These findings suggest that the domain organization of HCV NS5A
needs to be reevaluated, which will be discussed in this study.
The first indications that the traditionally termed Domain 2 and Domain 3 of NS5A are
intrinsically disordered came from studies carried out in 2006 and 2007, which structurally
characterized Domain 2

129, 130.

Domain 2, based on gel filtration analysis, has an apparent

molecular weight that is more than double the theoretical value, indicating a high degree of
disorder. Using circular dichroism (CD), the spectrum of Domain 2 was found to be indicative of
mostly random coils with small contributions from -helical structures. Nuclear magnetic
resonance (NMR) spectroscopy showed low dispersion in the proton dimension of an HSQC, again
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indicating Domain 2 to be natively disordered. NMR resonance assignments of Domain 2
obtained later showed no evidence of folded structure from analyzing coupling constants, NOE
data, and backbone dynamics. Secondary structure analysis that compared the backbone
chemical shift assignments to random coil values showed the domain to be largely in a random
coil conformation but with some regions that display possible -helix characteristics. Studies
comparing the protein in denaturing conditions or in helix-promoting conditions also suggested
a native disordered state with transient helical content for NS5A Domain 2.
A few years later, Domain 3 of NS5A was characterized and determined to be intrinsically
disordered like Domain 2131, 132. Domain 3 had a high apparent molecular weight by gel filtration
analysis, and the CD spectrum was typical of a disordered protein with regions of helical
propensity. NMR spectroscopy showed very low dispersion in the proton dimension of an HSQC.
Secondary structure analysis of Domain 3 showed an absence of folded structures, with some
areas containing helical characteristics. NMR spectroscopy was used to characterize a larger
fragment of NS5A from LCS I through mid-Domain 3, and three regions of the protein were
established to have a propensity for an -helical conformation, one in LCS I, and two in Domain
2133. Recently, a proline-tryptophan turn in Domain 2 was identified. From the HSQC spectrum
of NS5A Domain 2, two resonances, Trp316 and Ala317, displayed unusual chemical shifts and
prompted further study of the region using a short peptide containing these residues. The
peptide contained a small structural motif that was ascertained to be the proline-tryptophan turn
and was found to be essential for viral replication, likely due to its requirement for interaction
with the host factor CypA134.
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The most recent study of the NS5A intrinsically disordered region used a much larger
region of NS5A, which included the last 22 residues of Domain 1 through to the end of Domain
3128. This study established four regions of the protein to have characteristics of transient helices.
The first was at the very end of Domain 1, two in Domain 2 that have been documented
previously133, and a small region in Domain 3. This study also determined a region in Domain 2
consistent with a -turn structure; it has been shown that this region participates in interactions
with the viral polymerase NS5B and the host factor CypA135. To date, this remains the only
structural study to include the entire intrinsically disordered region of NS5A in the experimental
protein construct.
Interactions
It has been documented that NS5A has nearly 130 interaction partners 52. While many of
these interactions have been discovered through co-localization or co-immunoprecipitation (CoIP), dozens have had their binding site on NS5A mapped by mutational analysis or structural
studies of the complex (summarized in Fig 1-7).
NS5A is a critical component of the HCV replication complex and interacts with each of
the other non-structural viral proteins. While no direct interaction regions have been determined
between NS5A and NS3, pull-down and Co-IP assays have shown interaction between the two136,
and FRET and Co-IP experiments found this interaction to be essential for the HCV replication
complex to interact with microtubules137. NS4A regulates phosphorylation of NS5A138, 139 and the
binding site for NS4A on NS5A was mapped to the end of Domain 1, residues 2135-2139 of the
HCV polyprotein140. Initial studies documenting the NS5A and NS4B interaction were based on
pull-down and Co-IP experiments136. Recently, the interaction sites on NS5A for NS4B has been
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identified to be in Domain 1141 and the cytosolic face of NS5A’s N-terminal amphipathic helix142.
This interaction is important for NS5A localization and formation of the replication complex142.
NS5B, the HCV polymerase, interacts with two regions of NS5A, one in Domain 1 and one in
Domain 2143, and this interaction is important for viral replication144. The Domain 2 binding site
for NS5B was further characterized by NMR spectroscopy and three regions of Domain 2 were
shown to participate in the interaction. One of these regions, residues 306 to 333 of NS5A, is the
binding site for the host factor CypA135. Several host factors participate in the complex formation
between NS5A and NS5B, including C-src 145 and VAP-B 146.
NS5A interacts with viral p7 and NS2 proteins. An aspartate in LCSI of NS5A genetically
interacts with the p7 protein to promote viral morphogenesis 127. As a key participant in virus
assembly, NS2 is involved in many viral protein interactions 147, and NS2 pull-down of NS5A has
been demonstrated 148, 149.
NS5A also interacts with the HCV structural proteins and participates in viral particle
assembly150. Core protein interacts with NS5A, and a serine cluster in Domain 3 was mapped as
the interaction site 151, 152. Caspase cleavage of NS5A has been proposed to occur in mammalian
cells

153,

and interestingly, the core and NS5A interaction may have a role in this caspase-

mediated cleavage of NS5A 154. NS5A interacts with dozens of host cell factors 52, 57, 84. Following
are examples of some recent interactions discovered since 2011 that highlight the multifaceted
role of NS5A.
NS5A is essential for viral replication, and numerous NS5A interactions with host factors
contribute to HCV replication. Several new host factors have been identified in the last few years
that interact with NS5A. G protein pathway suppressor 2 (GPS2), a component of the MAPK
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signaling pathway, interacts with NS5A via Domain 1, and this interaction is needed for viral
replication, which has been suggested to be because it bridges the interaction of NS5A and VAPA155. Pin1, a peptidyl-prolyl cis-trans isomerase, interacts with NS5A, and Pin1 isomerase activity
was found to be important for replication156. Vinexin  also associates with NS5A, and this
interaction had an impact on NS5A phosphorylation, which had an effect on viral replication 157.
As a phosphoprotein, many host kinases interact with NS5A and phosphorylate the
protein in vitro, including CK1, CK2, and PKA 158. Large tumor suppressor homolog 2 (LATS2) was
recently determined to phosphorylate NS5A at Ser71 in Domain 1, a residue essential for optimal
viral replication

159.

Host kinase interactions with NS5A have been associated with both viral

entry and particle assembly, including Pim Kinase’s involvement in entry160 and c-Abl tyrosine
kinase’s involvement with particle assembly 161.
In the last several years, an appreciation has grown for the important role RNA viral
protein interactions with phosphoinositides play in the formation and localization of viral
replication complexes in membranes. In the case of HCV, NS5A has been proposed to interact
with both PI4P162 and PI(4,5)P2 through its amphipathic helix163 and contribute to their functions
for viral replication. Recently, NS5A has been shown to interact with ARFGAP1 in order to remove
SacI, the PI4P phosphatase, from the replication site in order to maintain PI4P levels at these
locations 164.
An important part of the ability to establish chronic infection is for the virus to sense,
manipulate, and respond to the host’s cellular activities. Recently, NS5A interaction with eIF4F,
the host cap-dependent translation initiation factor 4E, was confirmed and consequently
upregulated host translation 165. NS5A has been implicated in modulating cellular metabolism,
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and recently Hexokinase 2 (HK2), an enzyme needed for glycolysis, was found to directly interact
with NS5A, causing its activity to increase and leading to an increase in glucose consumption 166.
NS5A associates with mixed lineage kinase 3 (MLK3) as well, a kinase that activates p38MAPK,
and this interaction has several downstream effects, including preventing apoptosis induction by
MLK3 and affecting potassium homeostasis 167. In addition, NS5A modulates host cell ubiquitin
pathways through interaction with CMS to impair EGFR degradation 168 and through interaction
with OTUD7B, a host deubiquitinase 169.
NS5A is known to have critical functions in all steps of the HCV viral lifecycle. NS5A’s role
in virus assembly and release is an area in which many new interactions between NS5A and host
factors have been discovered recently. For example, ApoJ, a heat shock protein that prevents
unfolded secretory proteins from aggregating, aids in infectious virion production and interacts
with the Core and NS5A proteins170. Diacylglycerol acyltransferase 1 (DGAT1) interaction with
NS5A is important for trafficking it to lipid droplets as well as facilitating association between
NS5A and Core to allow for HCV virus release171. NS5A also associates with GTP-bound Rab18 to
promote association with lipid droplets172 and TIP47 that facilitates particle release173. Sorcin is
a calcium-binding protein that interacts with Domain 1 of NS5A and is proposed to be involved
in HCV particle assembly 174.
Understanding how one protein can interact with so many different factors is key to
understanding the regulation and function of NS5A. In the recent review by Ross-Thriepland and
Harris, it was hypothesized that NS5A interactions could be regulated through different pools of
the protein being present, separated both spatially and temporally52, and it was suggested that
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phosphorylation could play a role in this process. This hypothesis is the key question of the
studies presented here.
Phosphorylation
Two forms of NS5A were originally identified when characterizing the cleavage products
of the HCV polyprotein. These were found to have two different apparent molecular weights
based on electrophoretic mobility, a 56 kDa form and a 58 kDa form 91, 175. These two forms were
shown to be phosphorylated, and the two differed in their level of phosphorylation; the 56 kDa
form was termed p56 and basally phosphorylated, and the 58 kDa form was termed p58 and
considered hyperphosphorylated

175.

Since then, the kinases responsible for the

phosphorylation, the sites of phosphorylation in NS5A, and the impact phosphorylation has on
the HCV lifecycle have been studied extensively.
Host cell kinases are involved in HCV entry factor localization, regulating formation of the
membranous web needed for viral replication, and initiating assembly of lipid droplets

158.

Phosphorylation of NS5A has been suggested to play an important role in viral replication and
pathogenesis. Inhibiting host cell kinases affects HCV replication, and the hyperphosphorylated
form of NS5A, p58, inhibits replication176.

Replication of genotype 1b, the most prevalent

genotype in the United States and historically the most difficult to treat, in cell culture requires
an adaptive mutation at serine 2204 to isoleucine, which can prevent formation of the p58
hyperphosphorylated form of NS5A177.

These same mutations, when inoculated into

chimpanzees, fail to cause disease 178. Many cellular kinases have been found to interact directly
with NS5A (Figure 1-7), and several phosphorylate NS5A in vitro, including cAMP-dependent
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protein kinase A (PKA), Casein Kinase I (CK1), and Casein Kinase II (CK2). CK1 is known as the
major kinase responsible for creating the p58 hyperphosphorylated form of NS5A

179.

CK2 has

been demonstrated to phosphorylate the C-terminal region of NS5A and affect viral assembly 180.
PKA was determined to phosphorylate NS5A in vitro, and later, the Cameron lab identified the
PKA phosphorylation site as a single threonine located in the IDD of NS5A181.
Two sites of phosphorylation have been documented within Domain 1 of NS5A, Ser 71 by
the LATS2 kinase 159 and Ser 146, which was shown to regulate NS5A hyperphosphorylation 182.
The previously defined LCS1 contains multiple serines that can be phosphorylated and have been
implicated in forming the hyperphosphorylated p58 form of NS5A. These serines include 222 182184,

22547, 182, 185-187, 22947, 182, 186, 187, 23247, 182, 186, 187, 235182, 186, 187, and 249188. The rest of the

phosphorylation sites that have been mapped are located in the canonically termed Domain 2
and Domain 3 of NS5A (Table 1-3). Despite the extensive amount of information that has been
gained about HCV NS5A phosphorylation, few studies have linked a specific phosphorylation site
with a specific kinase and shown the impact this specific phosphorylation event has on the HCV
lifecycle.
Since the identification of two phosphorylated forms of NS5A, the complexity and
regulation of NS5A phosphorylation has become apparent. In addition to the many cellular
kinases that may phosphorylate NS5A, other HCV viral proteins and non-kinase host cell
factors157, 189 have an impact on the phosphorylation state of NS5A107, 113, 138, 139, 190-192. The
complexity and number of factors involved in NS5A phosphorylation suggest more than a simple
two-factor system. This is supported by studies done in the Cameron lab using two-dimensional
gel electrophoresis that showed Huh-7 cells replicating a subgenomic replicon that contained
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multiple forms of NS5A 193, indicating many more forms of NS5A could exist in addition to p56
and p58.
NS5A is a target for direct-acting antiviral (DAA) drugs
Direct-acting antivirals are compounds that target a component of a specific virus. Great
success has come in the treatment of HCV infection through combination therapies that include
a direct-acting drug targeted to the NS5A protein. Daclatasvir, one of the most effective DAAs to
NS5A, alters the phosphorylation state of NS5A194. While these DAAs have been successful in
treating HCV, nothing is known about the mechanism of action.

The strong potency of

daclatasvir, having an EC50 in the low picomolar range 195, and its effect on phosphorylation of
NS5A could support a hypothesis that daclatasvir targets a specific low abundance, but essential,
phospho-form of NS5A. Understanding how different phosphoforms of NS5A are regulated and
their role in the HCV lifecycle could shed light not only on NS5A’s ability to interact with a
multitude of factors but also on the mechanism of action of DAAs that target HCV NS5A.
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PREVIEW OF DISSERTATION
The idea that RNA viruses can expand their functional proteome by using proteins with
intrinsically disordered regions (Fig 1-8) is an intriguing hypothesis with importance for
understanding essential processes for many current and emerging viruses, their treatment, and
the identification of new drugs targets. A model protein to test this hypothesis needs to have
tractable structural information and the ability to measure functional outcomes of
phosphorylation-induced changes. The ability to link phosphorylation to structural changes that
elicit a functional outcome has not been demonstrated in a viral system and is only beginning to
emerge in the intrinsically disordered protein field. The ability to phosphorylate the protein in
vitro, the ability to study the structure of the protein by NMR, and a tractable genetic system
make the HCV NS5A protein an ideal model for this aim.
This dissertation proposes a model in which the IDD of NS5A can sample many different
conformations. There are several examples now in the literature of phosphorylation affecting
the conformation and function of an IDP (Table 1-1), and we hypothesize this also occurs for
NS5A. Once a phosphorylation event occurs in the IDD of NS5A, the conformational population
could be funneled toward a specific conformation that is apt to bind a specific substrate. With
over 10 phosphorylation sites proposed within the IDD of NS5A (Table 1-3), one could imagine
that a “phosphorylation code” could exist to perpetuate the multitude of NS5A interactions.
With just 10 phosphorylation sites, more than 1000 combinations of phosphorylation are
possible, easily covering the dozens of interactions NS5A is involved in. Many RNA viruses contain
phosphoproteins with intrinsically disordered regions, and of those surveyed for the location of
the phosphorylation sites, it was discovered that they resided in the intrinsically disordered
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region (Table 1-2). This, then, could be a shared mechanism in how small RNA viruses expand
their functional proteome in order to carry out complex functions, such as establishing a chronic
infection.
The studies presented here demonstrate a systematic approach to show that
phosphorylation in an intrinsically disordered region of a viral protein can alter the
conformational dynamics of the disordered protein region, which in turn has implications on the
interaction abilities of the viral protein. Specifically:
In Chapter 2, it is demonstrated that the newly proposed Intrinsically Disordered Domain
of NS5A (previously separated into Domain 2 and Domain 3) in its entirety can be purified from
E. coli to a concentration and purity suitable for downstream applications such as NMR.
However, aggregation occurred due to disulfide bonds involving two cysteines present in the IDD
that was relieved by substituting a serine for one of the cysteine residues not essential for viral
replication. Through the use of biophysical techniques such as CD, DSC, and NMR, it was shown
that the NS5A IDD is intrinsically disordered with a propensity for-helical formation. This study
provided the protein sample needed for future studies and gave proof that the biophysical assays
proposed to be used for analysis of the impact of phosphorylation on structure could be carried
out.
In Chapter 3, using PKA phosphorylation of a single threonine residue in the NS5A IDD as
a model, it is demonstrated that a single phosphorylation event can have a global impact on the
conformation and dynamics of the NS5A IDD. PKA phosphorylation induced more -helical
propensity in the IDD and a more stable structure. This global change is not likely due to a change
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in the intermolecular interactions of the IDD, and no evidence of changing the cis-trans
conformational state of the prolines present in the IDD was found. The change induced by PKA
phosphorylation seems to alter the sampling of conformations already present in the population
for the disordered domain, and is not creating a novel form. This study provided the first
evidence that a single phosphorylation event can affect the global structure of a viral IDP. The
relationship between this altered conformational sampling and the consequences it may have on
NS5A interactions remain to be determined.
In Chapter 4, the influence of PKA phosphorylation on the binding of the NS5A IDD to
cellular proteins containing an SH3 domain is explored. This study demonstrates that, despite
overall structural similarity, the SH3 domains used in this study have very different affinities and
responses to phosphorylation of the NS5A IDD. A 14-residue peptide spanning the SH3 binding
site, a stretch of basic residues, and the PKA phosphorylation site was sufficient to elicit the
differing affinities and impact of PKA phosphorylation. This study highlights the complexity of
SH3 domain-ligand interactions and suggests that phosphorylation is a novel regulator of these
interactions.
Finally, Chapter 5 provides a holistic picture of the results from these studies and puts
them in perspective of the overarching hypothesis: expanding the functional proteome of an RNA
virus by phosphorylation of a viral protein containing an intrinsically disordered domain. These
studies demonstrate the global consequence a single phosphorylation event can have on the
conformational dynamics of the protein and the complexity of modulating interactions in a single
binding region of the protein. With over 10 phosphorylation sites mapped to date for the HCV
NS5A that could be combined into more than 1000 combinations, the regulation and tuning of
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dozens of interactions and functions this protein is responsible for could easily be achieved.
These studies present the HCV NS5A protein as a model to explore and understand the role for
phosphorylation in the regulation of intrinsically disordered proteins. This role is not only
important for many eukaryotic systems, for which still few tractable model systems exist, but
also a relatively unexplored and potentially ubiquitous method for viruses to expand function.
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Table 1-1

Table 1-1. IDPs with documented phosphorylation affecting conformation and
function
Protein
Function
Impact of phosphorylation

Tau

Microtubule-associated protein

Influences assembly and stabilization of
microtubules. Phosphorylation selectively forms
salt bridges to change conformation

Ref
196

2015
197

14-3-3

Universal adapter protein

Shifts equilibrium towards protein monomers

2015

4E-BP2

Suppress cap-dependent
translation

Induces folding, blocking binding site to eIF4E

2015

Compaction of the intrinsically disordered protein,
weakens interaction with c-Jun

198

PAGE4

Prostate-associated gene 4,
cancer/testis antigen

MBP

Development, compaction, and
stabilization of the multimellar
myelin sheath

Phosphorylation impedes formation of -helix and
alters electrostatic interactions

42

29

2014

199

2013

Table 1-2
Table 1-2. RNA viruses that contain an intrinsically disordered protein
Virus

Protein

Protein Function

% Disordered*

Longest IDR (# of AA)*

PO4

PO4 in IDR

Impact of Phosphorylation

bovine viral
diarrhea virus
cucumber mosaic
virus
cucumber
necrosis virus
Dengue virus
type 2
hepatitis C virus

NS5A

Replication cofactor,
RNA binding
Polymerase

31%

82

Yes47

N/A

N/A

23%

61

Yes

Yes

Regulates protein interactions45

Replication cofactor,
RNA binding
Replicase component

27%

70

Yes

Yes

Regulating replication cycle56, 200

37%

45

Yes

N/A

Localization, protein interaction48

55%

68

Yes

Yes

Regulate protein interactions,
infectivity52, 57

potato virus A

VPg

32%

20

Yes

Yes

Semliki Forest
virus
Sindbis virus

nsP3

Replication cofactor,
RNA binding, virus
assembly
Essential function in all
critical steps of infection
Replicase subunit

32%

81

Yes

Yes

nsP3

Replicase cofactor

49%

58

Yes

Yes

tick-born
encephalitis virus
turnip crinkle
virus
turnip yellow
mosaic virus
yellow fever virus

NS5

29%

30

Yes204

N/A

p28

RNA replication, Viral
pathogenesis
Replication cofactor

Role in VPg-mediated function during
infection201
Preventing phosphorylation decreases
RNA synthesis and pathogenicity202
Reduced phosphorylation leads to
reduced minus strand synthesis203
N/A

38%

40

Yes

Yes56

N/A

66K

Polymerase

53%

115

Yes

Yes

RNA synthesis and protein stability205,

2a
p33
NS5
NS5A

206

NS5

Polymerase

25%

47

* % disorder and longest IDR length determined by D.G. Cordek using PONDR

30

47

Yes

N/A

N/A

Table 1-3
Table 1-3. Documented phosphorylation sites in the NS5A IDD (2212-2419)
NS5A residue
Protein #

Polyprotein #

Genotype

Kinase

Functional role

Ref

Tyr 330

Tyr 2302

1b

c-Abl

Virus assembly

161

Tyr 334

Tyr 2306

1b

--

Help interaction with Fyn SH2

207

Thr 348

Thr 2320

2a

--

--

182

Ser 349

Ser 2321

1b

--

--

47

Thr 356

Thr 2332

1b

PKA

SH3 binding

208

Ser 408

Ser 2384

2a

--

Virus assembly

152

Ser 412

Ser 2388

2a

--

Virus assembly

152

Ser 414

Ser 2390

2a

--

Virus assembly

152

Ser 415

Ser 2391

2a

--

Virus assembly

152

Ser 452

Ser 2428

2a

--

Interaction with Core

152

Ser 454

Ser 2430

2a

--

Interaction with Core

152

Ser 457

Ser 2433

2a

CK2

hyperphosphorylation/RNA replication
and Virus assembly

152, 180
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Figure 1-1

http://softsimu.blogspot.com/2013/01/preformed-structural-elements-in-long.html

Figure 1-1. Comparison of an intrinsically disordered protein and a folded protein. Compared
to a well-folded protein, Ubiquitin, pictured here on the right, where an average structure is
maintained over time, an intrinsically disordered protein (IDP), TSP9, pictured here on the left,
has no stable secondary structure; it is rather a population of multiple conformations that are
sampled over time.
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Figure 1-2
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Figure 1-2. Prevalence of IDPs in literature. Over the last 10 years, the prevalence of published
papers researching proteins with intrinsically disordered domains has exponentially increased.
Within the past 5 years, there has been an increase in the study of phosphorylation within
intrinsically disordered proteins.
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Figure 1-3

Figure 1-3. ORF3 of TTV virus is intrinsically disordered and contains multiple putative sites of
phosphorylation. (A) The online prediction model for disorder in proteins, Predictor Of Natural
Disordered Regions (PONDR), shows that ORF3 from TTV displays two regions of extended
disorder, a 113 residue stretch and a 42 residue stretch. (B) The online Disorder Enhanced
Phosphorylation Predictor (DEPP), used to predict protein phosphorylation sites in disordered
regions, shows that the C-terminal PONDR-predicted disordered region of ORF3 contains
extensive predicted phosphorylation sites.
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Figure 1-4

A. Poliovirus genome†

B. HCV genome‡

Cordek et al. Drugs of the Future 2011

Figure 1-4. HCV has a typical (+)-strand RNA viral genome. Compared to other canonical (+)strand RNA viruses such as Poliovirus (A), the hepatitis C virus genome (B) has a typical
composition consisting of a 5’- and 3’-NTR and regions encoding both structural and nonstructural proteins.

†Cameron et. al. Future Microbiol. 2010
‡Cordek et. al. Drugs of the Future 2011
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Figure 1-5
Amphipathic Helix

Domain 1

Intrinsically Disordered Domain

Figure 1-5. Structure of NS5A. NS5A consists of an N-terminal amphipathic helix, a structured
Domain 1, and the rest of the protein is intrinsically disordered. Shown here is a model
combining the X-ray crystal structure of the amphipathic helix (PDB 1R7C), the X-ray crystal
structure of Domain 1 (PDB 1ZH1), and one of many possible conformations of the intrinsically
disordered domain (GeNMR generated 3D structure).
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Figure 1-6

LCS I
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Domain 1
1

31

LCS II
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2314

2328

Domain 2
213

250

2419

Domain 3
342

356

447

HPR
Figure 1-6. The NS5A conventional domain organization.
Conventionally, the NS5A protein has
1973

2003

2185

2212

2419

Domain
1
Intrinsically
been divided into three
domains.
Domain 1 (blue) preceded
by the disordered
N-terminaldomain
amphipathic
1

31

213

240

447

helix (dark blue), and Domain 2 and Domain 3 (white). The conventional NS5A domains are
separated by ‘low complexity sequence blocks’ term LCSI and LCS II (small rectangles) identified
by the algorithm SEG122. This domain organization was then evaluated by limited proteolysis
122.

The protein sequence numbering (bottom) and polyprotein sequence numbering (top) are

based on HCV genotype Con1.
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Figure 1-7

LCS II

Bax
PKR
Fyn SH2
Syk

Bin1
Fyn
Lck
Lyn
Hck
Grb
C-src

UNMAPPED CELLULAR FACTORS:
Actin
HK2
Raf-1
ApoA1
HSP40
SRCAP
ApoJ
ISG-15
STAT1
DGAT1
Karyopherin B3 TBP
eIF4F
MLK3
TIP47
FBP
Pin1
TRADD
FKBP8
PLA1A
TRAF-2
hB-ind1
PP2A
Tubulin
HNF-1a
Rab18
YB-1

447

UNMAPPED
VIRAL PROTEINS:
NS2
NS3
NS4B
KINASES:
AKT
MKK6
c-Abl1 p70S6k
Cdk1 PI4KIIIα
CK1α PI4KIII
CK2
PIM
LATS1/2 PKA
MEK1
Plk1

Figure 1-7. NS5A interacts with myriad host factors and viral proteins†. NS5A interacts with
myriad proteins, including other viral proteins (red) and kinases (orange). NS5A interacts with
many host cellular factors that can be categorized by those involved in viral replication and
replication complex formation (green), virus assembly, release and pathogenesis (purple), and
those that NS5A uses to modulate cellular functions such as apoptosis and the interferon
pathway (cyan). Those proteins that have been mapped to specific interaction sites on NS5A
are displayed with brackets marking their interaction site, and those with unmapped
interactions are in black boxes.
†modified from Cordek et. al. Drugs of the Future 2011
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Figure 1-8

Kinase

binding

ATP

factor

Figure 1-8. A working model for NS5A expanding the functional proteome of hepatitis C virus.
The intrinsically disordered domain of HCV can sample multiple conformations in the
unphosphorylated state (colored lines). Upon a specific phosphorylation event, a specific
conformation of the IDD is preferred (blue), and that conformation becomes enriched in the
population. This conformation is then disposed to binding a specific cofactor (red).
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ABSTRACT
Conventionally, hepatitis C virus Nonstructural Protein 5A (NS5A), a phosphoprotein
essential for multiple functions in the HCV lifecycle, has been organized into three domains
separated by two linker regions of predicted low complexity. Since these domains were
established more than ten years ago, progress in the field has identified that Domain 2 and
Domain 3 are intrinsically disordered, and many important interactions have been mapped
through their low-complexity linker regions. Despite these findings, structural characterizations
of NS5A have still relied on studying these domains individually.

Proposed here is a

reorganization of the HCV NS5A Domain 2 and Domain 3 into a single Intrinsically Disordered
Domain (IDD). This study demonstrates, for the first time, the purification and characterization
of the HCV genotype Con1 NS5A IDD. Substitution of a cysteine in the IDD, known to be nonessential for replication, was required in order to prevent aggregation at a concentration and
conditions needed for biophysical characterization.

Through the use of standard biophysical

techniques, it was shown that the NS5A IDD is intrinsically disordered and has a propensity for
-helical structure. This study demonstrates the ability to purify the newly proposed NS5A IDD
and provides evidence that the protein can be characterized by biophysical assays that are key
for future studies of the impact of phosphorylation on the structure and function of NS5A IDD.
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INTRODUCTION
The ability of hepatitis C virus (HCV) as a small single-strand RNA virus to so effectively
evade host defenses and establish an often decades long-persistent infection, with such a limited
coding capacity, is extraordinary. The Nonstructural 5A (NS5A) protein is likely a key component
in the HCV genome that allows for this ability. NS5A is involved in a multitude of important roles
for the virus, including modulating host cell functions, viral replication, infectivity, and virus
assembly. To carry out these tasks, it has been documented that NS5A participates in more than
130 interactions, and dozens of binding events have been mapped in overlapping regions
throughout the protein1.
Conventionally, NS5A has been separated into three domains. Domain 1 is structured and
has been found to dimerize in multiple orientations2-4, a feature potentially important for RNA
binding2, 5, 6 and replication complex formation7. Domain 1 is preceded by an amphipathic helix that anchors NS5A to the ER membrane8. The other two domains are Domain 2, which has
been thought to mainly contribute to viral replication functions9, and Domain 3, identified
primarily to be involved in virus assembly10. The domain organization of NS5A was determined
when the protein was first being characterized using the algorithm SEG, a program that predicts
low complexity regions, to mark potential linker regions between domains that were then
confirmed through limited proteolysis assays11. Two low-complexity sequence (LCS) blocks were
determined, LCSI and LCSII, and marked the boundaries of the domains. Since this organization,
several studies have confirmed that both Domain 2 and Domain 3 are intrinsically disordered.
Domain 2 was structurally characterized several years after the domain organization of
NS5A had been mapped. Domain 2 is natively disordered with regions of transient -helical
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structure present based on circular dichroism (CD) and nuclear magnetic resonance (NMR) 12, 13.
A few years later, Domain 3 was characterized and also found to be intrinsically disordered with
a propensity for -helix formation

14, 15.

The fact that intrinsically disordered proteins often

contain regions of low complexity sequence16, 17 brings into question whether this is the best way
to determine the presence of distinct domains in NS5A, especially given the fact that many
important binding events now have been mapped in and across these low complexity regions.
For example, the polyproline motif in LCS II was shown to be the binding site for the SH3 domains
of several cellular proteins18, 19, and a basic patch of residues extends across the boundary of LCSII
and Domain 3 has been shown to be critical for ARFGAP1 interaction with NS5A leading to PI4P
induction.20.
Despite indications that there are likely important functional capacities that span Domain
2 and Domain 3, structural studies have remained dictated by the domain structure. To date,
only one publication has used a construct that encompasses the entire intrinsically disordered
region of NS5A. This construct extended from the last few residues of Domain 1 through to the
end of Domain 3 of NS5A from the HC-J4 strain of genotype 1b HCV. It was found that the protein
had regions of residual structure, similar to Domain 2 and Domain 2 alone, but also found a
network of electrostatic long-range interactions between the domains21. This finding supports
the idea that the entire intrinsically disordered region of NS5A is structurally and functionally
related.
In this study, a reorganization of NS5A is proposed to consist of an “Intrinsically
Disordered Domain” (IDD) spanning the entirety of Domain 2 and Domain 3 rather than as
individual domains (Fig 2-1). This organization of NS5A would support structural and functional
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studies of important interactions whose impact extends across the IDD. Here, presented for the
first time, is the purification and characterization of the proposed NS5A IDD from the genotype
1b Con1 strain of HCV. It is shown that the NS5A IDD can be expressed in E. coli and isolated at
high concentrations and purity. Through substitution of a non-essential cysteine to prevent
aggregation, the NS5A IDD is stable at high concentrations at room temperature, a condition that
is needed for many biophysical characterization techniques. This study sets the stage for future
experimentation toward understanding the relationship between conformation and function of
the entire NS5A IDD.
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MATERIALS AND METHODS

Materials. Information about the reagents used in this study can be found under each of the subheadings below. All reagents with no specific information listed were obtained from VWR, Sigma,
or Fisher.

Alignment of HCV genomes. HCV genome sequences were aligned using The Los Alamos HCV
Sequence Database22. The alignment compared the NS5A protein sequence from genotype
references to determine the conservation of cysteine 2215 and cysteine 2314.

Construction of Recombinant NS5A Plasmids. The plasmid pET26-Ub-32-NS5A-C(His) (NS5A
residues 2005–2419) and NS5A IDD (residues 2212-2417) had been previously generated6.
Oligonucleotides 1 and 2 (Table 2-1) were used with pET26-Ub-Δ32-NS5A-C(His) to amplify
residues 2212–2417 of NS5A. The PCR fragment was digested with BsaI and XhoI and ligated into
the pET24-6XHis-SUMO vector, which had been digested with the same restriction enzymes, to
create the pET24-6XHis-SUMO-NS5A-IDD plasmid. Oligonucleotides 1,2,3-4,7-8 (Table 2-1) were
used in an overlap extension PCR on pET24-6XHis-SUMO-NS5A-IDD plasmid to create the
C2215A/C2314A substitutions. The overlap PCR fragment was digested with BsaI and XhoI and
ligated into the pET24-6XHis-SUMO vector, which had been digested with the same restriction
enzymes, to create the pET24-6XHis-SUMO-NS5A-IDD-C2215A/C2314A plasmid. The pET246XHis-SUMO-NS5A-IDD-C2215S/C2314S and pET24-6XHis-SUMO-NS5A-IDD-C2215S plasmids
were constructed using the same method as the pET24-6XHis-SUMO-NS5A-IDD-C2215A/C2314A
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using oligonucleotides 1,2, 5-6, 9-10 (Table 2-1) for pET24-6XHis-SUMO-NS5A-IDDC2215S/C2314S and oligonucleotides 1,2, 5-6 (Table 2-1) for pET24-6XHis-SUMO-NS5A-IDDC2215S.

Expression and purification of NS5A proteins. NS5A (residues 2005-2419) was expressed and
purified as previously described 23. NS5A IDD proteins were expressed from the pSUMO-N(His)NS5A IDD plasmids (encoding residues 2212–2417 of the polyprotein). Rosetta(DE3) cells
containing the expression plasmid were grown in NZCYM supplemented with 25 μg/ml
kanamycin (K25) and 20 μg/ml chloramphenicol (C20) at 37°C to A600=0.7-0.8. The culture was
used to inoculate 4 liters of autoinducing medium 24 with K25, C20 to A600=0.025. The cells were
grown at 37°C to A600=1, cooled to 20°C and grown overnight (~12–16 h), and then harvested.
The cells were lysed in 100 mM potassium phosphate, pH 8, buffer with 500 mM NaCl, 10 mM βmercaptoethanol (ME), 10% glycerol, and 20 mM imidazole supplemented with protease
inhibitors pepstatin A (10.0 μg/ml), leupeptin (10.0 μg/ml), and one protease inhibitor mixture
tablet per 4 g of cell paste (Roche Applied Science, catalog no. 1-873-580) by passing them
through a French Press (SIM-AMINCO) twice at 16,000 p.s.i. Immediately after lysis, PMSF was
added to a final concentration of 1 mM, and Nonidet P-40 was added to 0.5% of the final volume.
The extract was clarified by ultracentrifugation for 30 minutes at 25,000 rpm (75,000 × g) at 4°C.
The clarified lysate was then loaded onto a Ni-NTA-agarose column. The column was washed
until the A260 peak was zero (roughly 30-50 column volumes), followed by 10 column volumes of
wash with buffer containing 50 mM imidazole. The protein was then eluted with buffer
containing 500 mM imidazole, and Ulp1 protease was used to cleave the SUMO tag. The cleaved
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NS5A IDD protein was purified from the SUMO by running the sample over another Ni-NTAagarose column. The sample was then passed over a Q-Sepharose, pH 6, column and eluted with
1 M NaCl, followed by an S-200 column, equilibrated with 50 mM HEPES, pH 7.5, 100 mM NaCl,
10 mM ME, and 10% glycerol. The protein was concentrated to 200 μM and stored at -80oC.
Protein concentration was determined using a Millipore Direct Detect Infrared (IR) Spectrometer,
which quantifies protein concentration based on integration of the Amide I IR band.

Dynamic Light Scattering. Dynamic light scattering analysis was performed using a Viscotek 802
instrument (Malvern Instruments) with the associated OmniSIZE software at a protein
concentration of between 0.5 and 2 mg/mL. Protein samples were passed through a 0.1 m, 10
mm Whatman filter and degassed before analysis.

Non-reducing SDS-PAGE gels. Protein samples were mixed with SDS loading buffer (225 mM Tris
pH 6.8, 5% SDS, 50% Glycerol, 0.05% BPB) either with ME (5%) for reducing conditions or
without for non-reducing conditions. Samples were incubated at room temperature for 15
minutes and then run on SDS polyacrylamide gels for analysis. If reducing and non-reducing
samples were loaded on the same gel, two lanes of 1X SDS non-reducing loading buffer were run
in between the reducing and non-reducing samples.
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Differential Scanning Calorimetry. Differential scanning calorimentry was performed on a
Microcal VP-capillary DSC instrument (MicroCal, Malvern, Inc.); 400 L of protein or reference
buffer was injected into the sample cell and reference cell, respectively. Scanning was performed
from 10oC to 110oC at a rate of 90oC/h with a 5-minute pre-equilibrium phase. The system was
under 60 psi using N2 during measurement. Data analysis was performed using Origin® software.

Circular Dichroism. All CD data were collected on a Jasco J-1500 CD spectropolarimeter.
Measurements were taken from 260 nm to 190 nm with a 0.1 nm interval and a bandwidth of
1 nm at a speed of 50-100 nm/min with 3 accumulations; 2,2,2-trifluoroethanol (TFE)
concentrations ranged from 0% to 30% (v/v). Jasco Spectra Manager Spectroscopy Software was
used for data analysis and secondary structure content prediction.

Expression and Purification of 15N-Labeled NS5A IDD. NS5A IDD was expressed from the
pSUMO-N(His)-NS5A IDD, C2215S/C2314S, or C2215S plasmid (encoding residues 2212–2417 of
the polyprotein). Rosetta(DE3) cells containing the expression plasmid were grown in M9 media
supplemented with 25 μg/ml kanamycin (K25) and 20 μg/ml chloramphenicol (C20) at 37°C
to A600=0.7-0.8 and then harvested and washed with M9 media without ammonium or dextrose.
The cells were then used to inoculate 2 liters of M9 autoinducing medium

24

with 15NH4Cl, K25,

C20 to A600=0.025. The cultures were grown at 37°C to A600=1, cooled to 20°C and grown
overnight (~12–16 h), and then harvested. The cells were lysed and purified as described for the
NS5A IDD purification. The purified protein was dialyzed into NMR analysis buffer (50 mM HEPES,
79

pH 7.5, 100 mM NaCl, 10 mM βME, 10% glycerol) and brought to a final concentration of 400 μM,
and 10% (v/v) D2O was added right before analysis.

NMR Spectroscopy. All spectra were acquired on uniformly 15N isotope-enriched samples at a
concentration ranging from 0.4 mM to 0.7 mM in 50 mM HEPES buffer (pH 7.5), 100 mM NaCl,
10 mM βME, 5% glycerol, and 10% D2O. All of the NMR experiments were recorded at 11.7 T on
a Bruker AVANCE-3 spectrometer operating at a 1H frequency of 500.13 MHz and equipped with
a TCI cryoprobe. All spectra were collected at 298 K. Typical pulse times were 9.79 and 31 μs for
hard 1H and 15N 90 pulses, respectively, with some sample-based variation in the 1H pulse time.
The standard 1H,15N HSQC experiment was used from the TopSpin pulse program library. All NMR
data were processed in TopSpin version 2.1 and converted to Sparky25 format for data analysis.
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RESULTS

Purification of HCV NS5A IDD.
After over-expression of a His-SUMO-tagged NS5A IDD in E. coli and purification using a
four-step method outlined in the material and methods, SDS-PAGE analysis shows the purified
NS5A IDD migrates as roughly a 29 kDa protein despite the calculated molecular weight of 23 kDa
(Fig 2-2). Elution of NS5A IDD from the size exclusion column occurred at a lower elution volume
than expected for a protein of its size (data not shown), indicating the NS5A IDD is not a compact
globular protein.

HCV NS5A IDD lacks a stable folded structure.
Differential scanning calorimetry (DSC) can be used to determine the thermal stability of
a protein. DSC measures the change in heat capacity of a sample that is a result of the absorption
of heat as non-covalent bonds are redistributed when a structured protein undergoes thermal
unfolding. Under the same conditions and concentration, NS5A IDD has no obvious cooperative
unfolding transition compared to the typical melting curve of the full-length NS5A, which
contains the structured Domain 1 (Fig 2-3). This indicates a lack of stably folded structure in the
NS5A IDD.
Circular Dichroism Spectroscopy (CD) is a technique that can estimate the average
secondary structure of a protein by measuring the unequal absorption of left- and right-handed
circularly polarized light. Different structural elements of a protein have different characteristic
CD spectra. The CD spectrum of NS5A has a profile typical of a random coil, or disordered protein,
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with a large negative peak near 198 nm (Fig 2-4). Characteristically, a random coil structure has
low ellipticity above 210 nm; however, the NS5A IDD spectrum features a small shoulder at
approximately 222 nm, and the large negative 198 nm peak is shifted to the right. This indicates
the presence of -helical structure in the NS5A IDD. Using CDPro analysis software to determine
secondary structure fractions, the NS5A IDD sample is predicted to have roughly 20% helical
content. Taken together, this data suggests that the NS5A IDD does not have a stably folded
structure but does contain a degree of transient helical content.

HSQC NMR spectrum of NS5A IDD shows low dispersion and few resonances.
NMR spectroscopy was used to collect a 1H,15N HSQC spectrum (Fig 2-5) of NS5A IDD. The
HSQC spectrum displayed low dispersion in the proton dimension and showed very few
resonances; less than 100 resonances were visible for the NS5A IDD, which is composed of 206
residues. While low numbers of observable resonances could be due to the dynamics of the
protein in the chosen environment, any problems with sample integrity needed to be ruled out.

The NS5A IDD aggregates at room temperature in non-reducing conditions.
Dynamic Light Scattering, used to measure the size distribution of a sample based on
hydrodynamic radius, showed that once the protein remained at room temperature for three
days, it was in an aggregated state (Fig 2-6). The protein sample, when freshly purified, had a
radius of approximately 4.7 nm, increased in size to more than 28 nm after room temperature
incubation. A non-reducing SDS-PAGE gel, removing the high concentration of ME in the sample
loading buffer, showed the protein in an aggregated state, whereas using standard reducing
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loading buffer did not (Fig 2-7). This data points to disulfide bond formation, promoting
aggregation in the NS5A IDD.

Substituting cysteines for alanines relieves room temperature aggregation of NS5A IDD but
alters the secondary structure.
Substituting the two cysteines present in the NS5A IDD construct for alanines
(C2215A/C2314A) prevented aggregation in the NS5A IDD C2215A/C2314A sample based on DLS;
the majority of the protein sample remained in a state with a small hydrodynamic radius, of
approximately 5.6 nm, after 3 days at room temperature (Fig 2-8). SDS-PAGE analysis also
showed the NS5A IDD C2215A/C2314A sample unchanged in the non-reducing condition after
room temperature incubation; the high molecular weight aggregated form was not present (Fig
2-9). Comparing the CD spectrum of WT NS5A IDD to the C2215A/C2314A variant, there was a
significant drop in ellipticity near 222 nm, indicating an increase in -helical structure (Fig 2-10).
These results showed that while alanine substitutions for cysteines in the IDD relieve aggregation,
it also changes the secondary structure content of the protein.

Serine substituted cysteines in NS5A IDD relieve aggregation at room temperature without
significantly affecting secondary structure content.
DLS showed that after 3 days at room temperature, the majority of an NS5A IDD construct
which had serines substituted for the cysteine residues (C2215S/C2314S) remained in a state with
a small hydrodynamic radius (Fig 2-11), which is consistent with the results when cysteines were
substituted for alanines (Fig 2-8). SDS-PAGE analysis showed the NS5A IDD C2215S/C2314S
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protein remained unchanged whether in a reducing or non-reducing condition, and the high
molecular weight aggregated form was not present (Fig 2-12). Upon CD analysis, NS5A IDD
C2215S/C2314S showed little change in the spectral profile (Fig 2-13). NMR spectroscopy was
used to collect a 1H,15N HSQC spectrum of the NS5A IDD C2215S/C2314S (Fig 2-14) and showed
low dispersion in the proton dimension but many more visible resonance peaks compared to the
WT IDD.
In an attempt to use a more authentic NS5A IDD construct, in order to maintain the most
functionally relevant protein sample possible, a single C2215S substituted construct was made.
The C2215S NS5A IDD is able to recapitulate the DLS, non-reducing SDS-PAGE (data not shown)
and 1H,15N HSQC profile (Fig 2-15) of the double cysteine substitution. Taken together, this data
shows that a serine substitution for cysteine in the NS5A IDD prevents aggregation at room
temperature and maintains secondary structure consistent with WT NS5A IDD.

The NS5A IDD has a propensity for -helical structure.
2,2,2-trifluoroethanol (TFE) is an organic solvent known to stabilize transient-helical
structure and induce folding in intrinsically disordered proteins 26. CD spectroscopy showed a
TFE-dependent conformational transition of the NS5A IDD C2215S (Fig 2-16). Upon increase in
the concentration of TFE, there was an increase in the negative peaks with minima at 208 nm and
222 nm, a hallmark of -helical structures. Using CDPro analysis software to determine the
fractions of secondary structure, the predicted helical content of the NS5A IDD C2215S increased
from approximately 20% in the absence of TFE to about 45% in the presence of 30% (v/v) TFE.
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This data suggests the NS5A IDD C2215S has a propensity for forming -helical secondary
structure.
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DISCUSSION
Since the time the NS5A intrinsically disordered region was organized into Domain 2 and
Domain 3, it has been found that both domains are natively disordered, and many important
binding events have been found to occur across the canonical linker regions. Despite evidence
that there are likely important functions that occur in between and across Domain 2 and Domain
3, structural studies of these domains have remained separate. In this study, a reorganization of
NS5A is proposed containing an “Intrinsically disordered domain” (IDD) spanning the entirety of
Domain 2 and Domain 3 rather than individual domains (Fig 2-1). Here, reported for the first time,
is the purification and characterization of the proposed NS5A IDD from the Con1 strain of HCV.
A His-SUMO-tagged purification scheme of protein obtained from over-expression in E.
coli has been well established in the Cameron lab27, and this strategy resulted in an NS5A IDD
protein sample at a concentration and homogeneity suitable for downstream applications. It was
found that the purified protein migrated higher on an SDS-PAGE gel than the calculated
molecular weight, 29 kDa compared to 23 kDa (Fig 2-2). This is a phenomenon that was also
observed for the traditionally termed Domain 2 and Domain 3 of NS5A and was attributed to a
high content of acidic amino acids and a large number of prolines12. Additionally, the fact that
the elution of NS5A IDD from the size exclusion column occurred at a lower volume than expected
for a protein of its size suggests that the protein does not have a folded globular structure, and
this was confirmed by the absence of a characteristic melting curve for the NS5A IDD (Fig 2-3).
The intrinsically disordered nature of NS5A IDD was further confirmed by the fact that the CD
profile is characteristic of a disordered protein (Fig 2-4). Using the double wavelength plot
proposed by Uversky, correlating the molar ellipticity at 200 nm vs that at 222 nm to classify
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disordered proteins28, the NS5A IDD falls into the premolten globule-like portion of the spectrum,
with molar ellipticity values above -14,000 deg cm2 dmol-1 at 200 nm and under -6000 deg cm2
dmol-1 at 222 nm. Previously, the NS5A Domain 3 was classified in the coil-like group according
to this plot14, suggesting that there could be an added residual secondary structure in the NS5A
IDD as a whole compared to either Domain 2 or Domain 3 alone.
CD spectroscopy gives an estimation of the average secondary structure content but does
not give any information about specific residues. In an effort to gain further information about
the conformation of the NS5A IDD at the atomic level, NMR spectroscopy was used to collect a
1H,15N

HSQC spectrum (Fig 2-5). The HSQC spectrum of NS5A IDD displayed very low dispersion

in the proton dimension, which is typical for a disordered protein, but also showed very few
resonances. It was found that the low number of observable resonances was, at least in part,
due to the NS5A IDD being in an aggregated state (Fig 2-6).
Using non-reducing gels determined that intermolecular disulfide bond formation is a
major proponent of aggregation in the NS5A IDD sample (Fig 2-7). Sequence analysis showed
that two cysteines were present in the NS5A IDD construct used in this study; the two C-terminal
cysteines of NS5A had already been excluded. Aggregation was relieved by substituting the
cysteines for alanines or serines (Fig 2-8,9,11,12), but alanine substitutions altered the secondary
structure of the NS5A, hence serine substitutions were chosen (Fig 2-10,13). It had previously
been shown that alanine has a high helix propensity29. Of note, the two cysteines in the NS5A
IDD lie in the previously termed low complexity linker regions between NS5A domains and were
not included together in any constructs previously used to structurally study these domains at
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the time this study was initiated (Fig 2-17). This propensity for aggregation could have been a
determinant for previous studies to maintain separate domains for analysis. In an effort to
maintain a protein sample as functionally consistent to WT as possible, a sequence alignment of
the cysteine containing regions of NS5A IDD was completed (Table 2-2A,B), and surprisingly, both
cysteines were conserved across all genotypes.

It had been proposed previously that

oligimerization of Domain 1 could be functionally relevant for replication complex formation
and/or membranous web biogenesis7. These conserved cysteines in the NS5A IDD could aid in
that process. To proceed with in vitro biophysical studies, the aggregation of the purified NS5A
IDD needed to be prevented, thus it was sought to determine whether a single cysteine
substitution would be sufficient to prevent aggregation.

A previous study conducted a

comprehensive alanine scanning mutagenesis of Domain 2 and Domain 3 and found that C2314
is required for replication, but the region of NS5A containing C2215 was dispensable9. The single
C2215S-substituted NS5A IDD maintained relief of aggregation and the similar number of
observable resonances in the 1H,15N-HSQC NMR spectrum (Fig 2-15). With a sufficient 1H,15NHSQC NMR spectrum achievable, it could be concluded that the NS5A IDD C2215S could be used
in future biophysical analyses of NS5A IDD.
TFE is an organic solvent known to stabilize transient-helical structure and induce
folding in intrinsically disordered proteins 26. Upon increasing the concentration of TFE in a NS5A
IDD C2215S sample, there was an increase in the minimum of the negative peaks at 208 nm and
222 nm, a hallmark of -helical structure. CDPro analysis software had predicted the fraction of
helical content that increased, from roughly 20% in the absence of TFE to approximately 45% in
the presence of 30% (v/v) TFE. This is a higher percentage compared to the previously reported
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27% fraction of helical content in 50% (v/v) TFE for Domain 3

14,

and previously, Domain 2

aggregated at TFE concentrations of 10-20%13. It has been suggested that for a peptide with
helical propensity, the helicity is at a maximum in 20%-30% (v/v) TFE and that irrelevant folding
can occur beyond 50% (v/v) TFE. In 30% (v/v) TFE the fraction of helicity of NS5A IDD C2215S is
significantly greater than that reported for Domain 3 in higher TFE concentrations suggesting the
NS5A IDD as a whole contains more native transient helical structure than Domain 2 or Domain
3 alone.
After this study began, an article was published investigating the conformational
dynamics of a large construct of NS5A, reaching from the end of Domain 1 through to the end of
Domain 3 in another genotype of HCV. This construct was found to be highly flexible, but it also
contained a network of electrostatic long-range interactions between conserved charged residue
regions; these interactions were affected by binding to a host cell factor or phosphorylation 21.
This finding substantiates that there are likely important interactions that extend across the
canonical Domain 2 and Domain 3.
The study presented here shows that the entire NS5A IDD can be purified to the
concentration and purity required for downstream studies while maintaining a profile consistent
with published findings. Having the NS5A IDD in hand, with demonstrated success for studying
the protein with multiple biophysical assays allows for future studies to be completed toward
understanding the relationship between conformation and function for the entire NS5A IDD and
the possible role of phosphorylation.

Understanding the regulation of structure-function

relationships in the NS5A IDD could give insight into how this protein performs its multifaceted
role in viral replication and establishing persistent infection.
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Table 2-1

Table 2-1. Oligonucleotides used in this study.
No.
1
2
3
4
5
6
7
8
9
10
11

Name
His-SUMO-HCV-NS5A-D2-FOR
His-SUMO-HCV-NS5A-D3-REV
HCV-NS5A-C2215A-FOR
HCV-NS5A-C2215A-REV
HCV-NS5A-C2215S-FOR
HCV-NS5A-C2215S-REV
HCV-NS5A-C2314A-FOR
HCV-NS5A-C2314A-REV
HCV-NS5A-C2314S-FOR
HCV-NS5A-C2314S-REV
pSUMO-For

Sequence
5’-GCG GGA TCC GGT CTC AAG GTA AGG CAA CAT GCA CTA CC-3’
5’-GCG CCA TTG CTC GAG CTA TTA GAC GAC GTC CTC ACT AGC-3’
5’- AAG GCA ACA GCA ACT ACC CGT-3’
5’-ACG GGT AGT TGC TGT TGC CTT-3’
5’- AAG GCA ACA AGT ACT ACC CGT-3’
5’-ACG GGT AGT ACT TGT TGC CTT-3’
5’- GTA CAC GGG GCA CCA TTG CCG-3’
5’-CGG CAA TGG TGC CCC GTG TAC-3’
5’- GTA CAC GGG AGT CCA TTG CCG-3’
5’-CGG CAA TGG ACT CCC GTG TAC-3’
5’-GAA GAT TTG GAC ATG GAG GAT-3’
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Table 2-2A. Conservation of cysteine 2215 in NS5A
1a._.H77.NC_004102

SMLTDPSHITAEAAGRRLARGXPPSMASSSASQLSAPSLKATCTA

1a.US.99_38.DQ889300

SMLTDPSHITAEAAGRRLARGSPPSLASSSASQLSAPSLKATCTT

1a.US.H77-H21.AF011753

SMLTDPSHITAEAAGRRLARGSPPSMASSSASQLSAPSLKATCTA

1b.DE.BID-V502.EU155381

SMLTDPSHITAETAKRRLARGSPPSLASSSASQLSAPSLKATCTT

1b.DE.Con1.AJ238799
1b.JP.MD1-911.AF165046

SMLTDPSHITAETAKRRLARGSPPSLASSSASQLSAPSLKATCTT
SMLTDPSHITAETAKRRLARGSPPSLASSSASQLSAPSLKATCTT

1b.TR.HCV-TR1.AF483269

SMLIDPSHITAETAKRRLARGSPPSLASSSASQLSAPSLKATCTT

1c.ID.HC-G9.D14853

SMLTDPSHITAETAARRLNRGSPPSLASSSASQLSAPSLKATCTT

1c.IN.AY051292.AY051292

SMLTDPSHITAETAARRLKRGSPPSLASSSASQLSAPSLKATCTT

2a.JP.AY746460.AY746460

SMLTDPSHITAETAARRLARGSPPSEASSSASQLSAPSLRATCTT

2a.JP.JCH-6.AB047645

SMLTDPSHITAEAAARRLARGSPPSEASSSASQLSAASLRATCTT

2a._.G2AK1.AF169003

SMLTDPTHITAEAAARRLARGSPPSEASSSASQLSAPSLRATCTT

2b.JP.MD2b1-2.AY232731

SMLTDPSHITAEAAARRLARGSPPSQASSSASQLSAPSLKATCTT

2b._.JPUT971017.AB030907

SMLTDPSHITAETAARRLARGSPPSQASSSASQLSAPSLKATCTT

2b._.MD2B-1.AF238486

SMLTDPSHITAEAAARRLARGSPPSQASSSASQLSAPSLKATCTT

2c._.BEBE1.D50409

SMLTDPSHITAEAAARRLARGSPPSAASSSASQLSAPSLRATCTT

2i.VN.D54.DQ155561

SMXTDPSHITAEAAAGRLARGSPPSEASSSASQLSAPSLRATCTT

2k.MD.VAT96.AB031663

SMLTDPSHITAEAAARRLARGSPPSEASSSASQLSAPSLRATCTA

3a.CH.452.DQ437509

SMLRDPSHITAEAAARRLARGSPPSEASSSASQLSALSLKATCQT

3a.DE.HCVCENS1.X76918

SMLRDPSHITAETAARRLARGSPPSEASSSASQLSAPSLKATCQT

3a.US.TN78-0.DQ430819

SMLSDPSHITAETAARRLARGSPPSEASSSASQLSAPSLKATCQX

3b.JP.HCV-Tr.D49374

SMLRDPAHITAATAARRLARGSPPSEASSSASQLSAPSLKATCQT

3k.ID.JK049.D63821

SMLQDPSHITVETAKRRLDRGSPPSLASSSASQLSAPSRKATCTT

4a.EG.Eg7.DQ988076

SMLTDPSHITAETASRXLARGSPPSLASSSASQLSAPSLKATCTA

4a._.01-09.DQ418782

SMLTDPSHITAETASRRLARGSPPSLASSSASQLSAPSLKATCTA

4d._.03-18.DQ418786

SMLTDPSHITAEAARRRLGRGSPPSLASSSASQLSAPSLKATCTD

4d._.24.DQ516083

SMLTDPSHITAEAARRRLGRGSPPSLASSSASQLSAPSLKAACSX

4f.FR.IFBT84.EF589160

SMLTDPSHITAETARRRLGRGSPPSLASSSASQLSAPSLKATCPA

4f.FR.IFBT88.EF589161

SMLTDPSHITAEAARRRLARGSPPSLASSSASQLSAPSLKATCTA

5a.GB.EUH1480.Y13184

SMLSDPAHITAETAKRRLNRGSPPSLANSSASQLSAPSLKATCTI

5a.ZA.SA13.AF064490

SMLSDPAHITAETAKRRLDRGSPPSLASSSASQLSAPSLKATCTT

6a.HK.6a77.DQ480512

SMLTDPTHITAETAARRLKRGSPPSLASSSASQLSAPSLKATCTT
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6a.HK.EUHK2.Y12083

SMLTDPTHITAETAARRLKKGSPPSLASSSANQLSAPSLRATCTT

6b._.Th580.NC_009827

SMLTDPSHITAETASRRLKRGSPPSLASSSASQLSAPSLKATCTA

6c.TH.Th846.EF424629

SMXTDPSHITAETAGRRLARGSPPSLASSSASQLSAPSLKGTCTT

6d.VN.VN235.D84263

SMLTDPDHITAETAARRLARGSPPSLASSSASQLSAPSLKATCTT

6e.CN.GX004.DQ314805

SMLSDPAHITAETAGRRLGRGSPPSLASSSASQLSAPSLKATCTI

6f.TH.C-0044.DQ835760

SMLTDPAHITAETAGRRLARGSPPSLASSSASQLSAPSLKATCTT

6f.TH.C-0046.DQ835764

SMLTDXAHITAETAGRRLARGSPPSLASSSASQLSAPSLKATCTT

6g.HK.HK6554.DQ314806

SMLRDPDHITAEEASRRLKRGSPPSLASSSASQLSAPSLKATCTT

6g.ID.JK046.D63822

SMLRDPDHITAEEASRRLKRGSPPSLASSSASQLSAPSLKATCTT

6h.VN.VN004.D84265

SMLIDPSHVTAEAAARRLARGSPPSLASSSASQLSAPSLKATCTM

6i.TH.C-0159.DQ835762

SMLTDPSHVTAEAAARRLARGSPPSLASSSASQLSALSLKGTCTT

6i.TH.Th602.DQ835770

SMLTDXSHVTAETAXRRLARGSPPSLASSSASQLSAPSLKATCTT

6j.TH.C-0667.DQ835761

SMLTDPSHITAETAARRLGRGSPPSLASSSASQLSAPSLKATCTT

6k.CN.KM41.DQ278893

SMLVDPSHITAETAARRLGRGSPPSLASSSASQLSAPSLKATCTT

6k.CN.KM45.DQ278891

SMLVDPSHITAETAARRLGRGSPPSLASSSASQLSAPSLKATCTT

6k.VN.VN405.D84264

SMLVDPSHLTAEAAARRLARGSPPSCASSLASQLSAPSLKATCTT

6l.US.537796.EF424628

SLLVDPSHITAEAAARRLGRGSPPSLAXSSASQLSAPSLKATCTT

6m.TH.C-0185.DQ835765

SMLTDPSHVTAEAAGRRLARGSPPSLASSSASQLSAPSLKATCTT

6n.CN.KM42.DQ278894

SMLTDPSHITAESAARRLARGSPPSLASSSASQLSAPSLKATCTT

6n.TH.D86/93.DQ835768

SMLTDPSHITAESAARRLARGSPPSLASSSASQLSAPSLKATCTT

6o.CA.QC227.EF424627

SMLTDPDHITAEEARRRLARGSPPSLASSSASQLSAPSLRATCTX

6p.CA.QC216.EF424626

SMLSDPSHITAETAARRLARGSPPSLASSSASQLSAPSLRATCTT

6q.CA.QC99.EF424625

SMLTDPDHITAETAGRRLARGSPPSLASSSASQLSAPSLKATCTT

6t.VN.TV249.EF632070

SMLVDPAHITAETARRRLNRGSPPSLASSSASQLSAPSLKATCTT

6t.VN.VT21.EF632071

SMLVDPAHITAESARRRLDRGSPPSLASSSASQLSAPSLKATCTT

7a.CA.QC69.EF108306

QLLTDPSHITAETAARRLRRGSPPSNASSSASQLSAPSLKATHTT

Alignment of HCV genotypes developed using the Los Alamos HCV sequence database22.
The Cys2215 site is shown as white text on a black background.
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Table 2-2B. Conservation of cysteine 2314 in NS5A
1a._.H77.NC_004102

HGCPLPPPRSPPVPPP-RKKRTVVLTESTLPTALAELATKSFGSSSTSGI

1a.US.99_38.DQ889300

HGCPLPPPRXPPVPPP-RRKRTVVLTESNVSTALAELATKSFGSSSTSGV

1a.US.H77-H21.AF011753

HGCPLPPPRSPPVPPP-RKKRTVVLTESTLSTALAELATKSFGSSSTSGI

1b.DE.BID-V502.EU155381

HGCPLPPNKAPPIPPP-RRKRTVVLSESTVSSVLAELATKAFGSSESSAV

1b.DE.Con1.AJ238799

HGCPLPPAKAPPIPPP-RRKRTVVLSESTVSSALAELATKTFGSSESSAV

1b.JP.MD1-911.AF165046

HGCPLPPTKTPPIPPP-RRKKTVVLTESTVSSALAELAVKAFGSSGSSAA

1c.IN.AY051292.AY051292

HGCPLPPPKPTPVPPP-RRKRTVVLDESTVSSALAELATKTFGSSTTSGV

1c.IN.Khaja1.AY651061

HGCPLPPPKPTPVPPP-RKKRTVVLDESTVSSALAELATKTFGSSTTSGV

2a.JP.AY746460.AY746460

AGCALPPPKKTPTPPP-RRRRTVGLSESVVAEALQQLAIKSFGQPPPSGN

2a.JP.JCH-6.AB047645

AGCALPPPKKTPTPPP-RRRRTVGLSESTIGDALQQLAVKSFGQPPPSGD

2a._.G2AK1.AF169003

AGCALPPPKKTPTPPP-RSRRTVGLRESTIGDALQQLAIKTFGQPPPSGD

2b.JP.MD2b1-2.AY232731

LGCALPPTPQAPVPPP-RRRRAKVLTQDNVEGVLREMADKVLSPLQDYND

2b._.JPUT971017.AB030907

LGCALPPTPQAPVPPP-RRRRARVLTQDNVEGVLREMADKVLSPLQDTND

2b._.MD2B-1.AF238486

LGCALPPTPQAPVPPP-RRRRAKVLTQDNVEGVLREMANKVLSPLQDHND

2i.VN.D54.DQ155561

AGCALPPPGQTPVPPP-RRRRTVALDQSTVGEALRELAIKAFGQPPPSGD

2k.MD.VAT96.AB031663

SGCALPPRVTAPTPPP-RRRRALVLSQSNVGEALQALAIKSFGQLPPSCD

3a.CH.452.DQ437509

HGCALPPKGAPPVPPP-RRKRTVQLDGSNVSAALAALAEKSFPSSKLQEE

3a.DE.HCVCENS1.X76918

HGCALPPRGAPPVPPP-RRKRTIQLDGSNVSAALAALAKKSFPSVNPQDE

3a.US.TN78-0.DQ430819

HGCALPPXGAPPVPXP-RXKRTIQLDGSNVSXALAALAEKSFPSSEPQGE

3b.JP.HCV-Tr.D49374

HGCALPPTRPAPVPPP-RRKRTIKLDGSNVSAALLALAERSFPSTKPEGT

3k.ID.JK049.D63821

HGCALPPQKLPPVPPP-RRKRTIVLSESTVSKALASLAEKSFPQPTCSAE

4a.EG.Eg7.DQ988076

HGCALPPSKQTPVPPP-RRKRTVQLTESVVSTALAELAAKTFGHAELSAD

4a._.01-09.DQ418782

HGCALPPSKQPPVPPP-RRKRTVQLTESAVSTALAELAAKTFGQYELGSD

4d._.03-18.DQ418786

HGCALPPDKPTPVPPP-RRKRAVVLSESNISAALASLADKTFSQPGVSSD

4d._.24.DQ516083

HGCALPPDKPTPVPPP-RRKRTVALSESNISEALASLADKTFGQPAASSD

4f.FR.IFBT84.EF589160

HGCALPPSNQPPVPPPRRKKKTVVLSEATVSDALADLAAKSFGRPESEPD

4f.FR.IFBT88.EF589161

HGCALPPSNQPPVPPPRRRKKTVVLSESTVSDALADLAAKSFGRPESEPD

5a.GB.EUH1480.Y13184

WGCPIPPAGPPPVPLPRRKRKPMELSDSTVSQVMADLADARFKVDTPSIE

5a.ZA.SA13.AF064490

SGCPLPPAGLPPVPPPRRKRKPVVLSDSNVSQVLADLAHARFKADTQSIE

6a.HK.6a77.DQ480512

SGCAVAPPKPAPIPPP-RRKRLVHLDESTVSHALAQLADKVFVESGSDPG

6a.HK.EUHK2.Y12083

SGCAVAPPKPAPVPPP-RRKRLVHLDESTVSHALAQLADKVFVESSNDPG
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6b._.Th580.NC_009827

SGCALPPAKPTPIPPP-RRKRLIQLDESAVSQALQQLADKVFVEDTSTSE

6c.TH.Th846.EF424629

HGCALPSKGLPPIPPP-RRKKVVKLDEATAEKVLADLAKKAFTPSSQSSQ

6d.VN.VN235.D84263

HGCALPPKGLPPVPPP-RKKRVVQLDEGSAKRALAELAQTSFPPSTATLS

6e.CN.GX004.DQ314805

SGCALPPKGLTPVPPP-RRKRVVKLDESAAAEALAEMARKSFPLNPSEPE

6f.TH.C-0044.DQ835760

AGCALPPMGQPPVPPP-RRKRTVLLDSSTVSQALAELAQKSFPEGSTASX

6f.TH.C-0046.DQ835764

AGCALPPLGQPPVPPP-RRKRTVLLDSSTVSQALAELAQKSFPEGSTASR

6g.HK.HK6554.DQ314806

SGCALPPQXLPPIPPP-RRKKLVQLDDSVVGHVLAQLAEKSFPATPDQPH

6g.ID.JK046.D63822

SGCALPPQGLPPVPPP-RRKKLVQLDDSVVGHVLAQLAEKSFPATPDQPQ

6h.VN.VN004.D84265

HGCALPPSGPPPIPPP-RRKKVVQLDSSNVSAALAQLAAKTFETPSSPTT

6i.TH.C-0159.DQ835762

HGCALPPPDKPPVPPP-RRRKVVQLDASNVSTVLAQLAEKTFPQPASLTT

6i.TH.Th602.DQ835770

HGCAMPPPDKPPIPPP-RRRKVVQLDASNVSTVLAQLAEATFPQPASLTT

6j.TH.C-0667.DQ835761

HGCALPPLATTPVPPP-RRKKMXQLDSSNVTTVLAQLAEKTXPQPVSSTT

6k.CN.KM41.DQ278893

HGCALPPAGQPPVPPP-RRKKVVRLDESSVVEALADLAKKSFPTPQSPST

6k.CN.KM45.DQ278891

HGCALPPAGQPPVPPP-RRKKVVHLDDSSVAEALAELAKKSFPTQPSPST

6k.VN.VN405.D84264

HGCALPSPVQPPVPPP-RRKSVVHLDDSTVATALAELAEKSFPTQPASTP

6l.US.537796.EF424628

HGCALPPPGPVPIPPX-RRKKVVHLDDSTVSQALAQLAEKSFPTPSTSTT

6m.TH.C-0185.DQ835765

HGCALPPPGNTPVPPP-RRRKVVQLDQSTVALALAQLAEKTFPASSLPST

6n.CN.KM42.DQ278894

HGCALPPQKVTPIPPP-RRKRTIHLDQSTLALALAQLAEKSFPTPSSSST

6n.TH.D86/93.DQ835768

HGCALPPQKVTPIPPP-RRKKTIHLDQSTLPLALAQLAEKSFPTSSSSST

6o.CA.QC227.EF424627

SGCALPPKGLPPVPPP-RRKKVVRLNESSVSTALAEXARKSFPPPSAQSQ

6p.CA.QC216.EF424626

SGCALPPQGVPPVPPP-RRKKVVQLDESSVSQALAELAQKTFPSSSASSQ

6q.CA.QC99.EF424625

AGCALPPKGLPPVPPP-RRKKVVQLDESSASAALAALAFKAFPPDGSGSQ

6t.VN.TV249.EF632070

SGCALPPKGLPPIPPP-RRKKVVQLDDSAAAAALAELARKCFPSETIDSQ

6t.VN.VT21.EF632071

SGCALPPKGLPPIPPP-RRKKVVQLDDSAAAAALAELARKSFPPEPLDSQ

7a.CA.QC69.EF108306

SGCALPPAQTPPVPPPRRKRAVIQLTESAVSTALAELAERSFPKEEAPPS

Alignment of HCV genotypes developed using the Los Alamos HCV sequence database22.
The Cys2314 site is shown as white text on a black background.
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Figure 2-1

Figure 2-1. The NS5A intrinsically disordered domain. (A) Conventionally, the NS5A protein has
been divided into three domains. Domain 1 (blue), proceded by the N-terminal amphipathic helix
(dark blue), Domain 2 (white), and Domain 3 (white). These domains are separated by ‘low
complexity sequence blocks, term LCSI and LCS II (small light blue rectangles). The NS5A protein
sequence numbering (bottom) and polyprotein sequence numbering (top) are based on the Con1
strain of HCV genotype 1b . (B) Proposed NS5A domain organization. Domain 1 (blue), proceded
by the N-terminal amphipathic helix (dark blue), contains the minimal region of the protein
needed for RNA binding, followed by a Ser rich region important in both RNA binding and
determining phospho-forms of NS5A (small light blue rectangle), and the rest of the protein as
the Intrinsically Disordered Domain (white) .
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Figure 2-2

Figure 2-2. Expression and purification of NS5A IDD from E. coli. Coomassie-stained SDSpolyacrylamide (12.5%) gel of NS5A IDD induction and samples from purification steps. Lane 1,
molecular weight markers; lane 2, bacterial lysate before induction; lane 3, bacterial lysate after
auto-induction; lane 4, clarified lysate; lane 5, elution of SUMO-NS5A IDD using 500 mM
imidazole from a Ni-NTA-agarose column; lane 6, SUMO-NS5A IDD sample after cleavage with
ulp1; lane 7, flow through containing NS5A IDD from a second Ni-NTA-agarose column; lane 8,
elution of NS5A IDD using 1 M NaCl from a Q-sepharose column, pH 6.5; lane 9, elution of NS5A
IDD from a S200 gel filtration column; lane 10, final concentrated NS5A IDD sample.
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Figure 2-3

Figure 2-3. NS5A IDD does not display a thermal unfolding transition compared to the fulllength NS5A. The NS5A IDD (blue) does not show a thermal unfolding transition by differential
scanning calorimetry, whereas the full length NS5A protein (black) has a canonical melting curve.
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Figure 2-4

Figure 2-4. NS5A IDD is intrinsically disordered with some -helical structure. Circular dichroism
spectra of NS5A IDD showing a profile typical for an intrinsically disordered domain but with
characteristics suggesting some -helical content. The hallmark minimum at 198 nm is rightshifted, and the typical low ellipticity above 210 nm features a small shoulder at approximately
222nm.
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Figure 2-5

Figure 2-5. HSQC spectrum of NS5A IDD shows typical low dispersion for an intrinsically
disordered protein but few resonances. 1H-15N HSQC spectra of NS5A IDD shows poor chemical
shift dispersion, typical of an intrinsically disordered protein, but also low resolution and few
distinct resonances.
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Figure 2-6

Figure 2-6. DLS shows aggregation of NS5A IDD. (A) Dynamic light scattering (DLS) shows the
majority of the NS5A IDD to have a hydrodynamic radius of approximately 4.7 nm (B) After 3 days
at room temperature, the NS5A IDD shifts completely into an aggregated state with a large
hydrodynamic radius of approximately 28.6 nm.

100

Figure 2-7

Figure 2-7. NS5A IDD aggregates under non-reducing conditions. Coomassie-stained SDSpolyacrylamide (15%) gel of NS5A IDD under reducing and non-reducing conditions. Lane 1, NS5A
IDD under non-reducing conditions; lane 2, NS5A IDD at RT for 3 days under non-reducing
conditions; lane 3, NS5A IDD under reducing conditions; lane 4, NS5A IDD at RT for 3 days under
reducing conditions.
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Figure 2-8

Figure 2-8. DLS shows cysteine-to-alanine substitutions in NS5A IDD prevent aggregation at
room temperature. (A) DLS of NS5A IDD C2215A/C2314A shows a majority of the population of
the NS5A IDD does not aggregate, with a hydrodynamic radius of approximately 5.6 nm after
incubation at room temperature for 3 days. (B) Non-substituted NS5A IDD aggregates with a very
large hydrodynamic radius of approximately 28.6 nm after 3 days at room temperature.
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Figure 2-9

Figure 2-9. NS5A IDD C2215A/C2314A does not aggregate under non-reducing conditions.
Coomassie-stained SDS-polyacrylamide (15%) gel of NS5A IDD under reducing and non-reducing
conditions. Lane 1, NS5A IDD at RT for 3 days under non-reducing conditions; lane 2, NS5A IDD
C2215A/C2314A at RT for 3 days under non-reducing conditions; Lane 3, NS5A IDD
C2215A/C2314A at RT for 1 day under non-reducing conditions; lane 4, NS5A IDD at RT for 3 days
under reducing conditions; lane 5, NS5A IDD C2215A/C2314A at RT for 3 days under reducing
conditions; lane 6, NS5A IDD C2215A/C2314A at RT for 1 day under reducing conditions.
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Figure 2-10

Figure 2-10 Alanine substitutions in NS5A IDD promote -helical structure. Circular dichroism
(CD) spectra of NS5A IDD (blue) and NS5A IDD C2215A/C2314A (red). NS5A C2215A/C2314A
shows a more pronounced minimum at 222 nm, indicating increased -helical content.
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Figure 2-11

Figure 2-11. DLS shows cysteine-to-serine substitutions in NS5A IDD prevent aggregation at
room temperature. (A) DLS of NS5A IDD C2215S/C2314S shows that a majority of NS5A IDD does
not aggregate, with a hydrodynamic radius of approximately 4.1 nm after incubation at room
temperature for 3 days.

(B) Non-substituted NS5A IDD aggregates with a very large

hydrodynamic radius of approximately 28.6 nm after 3 days at room temperature.
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Figure 2-12

Figure 2-12 NS5A IDD C2215S/C2314S does not aggregate under non-reducing conditions.
Coomassie-stained SDS-polyacrylamide (12.5%) gel in non-reducing conditions (lanes 1-4). Lane
1, NS5A IDD sample at room temperature (RT) for 3 days; lane 2, NS5A IDD sample at room
temperature for 1 day at RT; lane 3, NS5A IDD C2215S/C2314S sample at RT for 3 days; lane 4,
NS5A IDD C2215S/C2314S sample at RT for 1 day. Coomassie-stained SDS-polyacrylamide (12.5%)
gel in reducing conditions (lanes 5-8). Lane 5, NS5A IDD sample at RT for 3 days; lane 6, NS5A IDD
sample at room temperature for 1 day at RT; lane 7, NS5A IDD C2215S/C2314S sample at RT for
3 days; lane 8, NS5A IDD C2215S/C2314S sample at RT for 1 day.
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Figure 2-13

Figure 2-13 Serine substitutions in NS5A IDD have little impact on the secondary structure
content. CD spectra of NS5A IDD (blue) and NS5A IDD C2215S/C2314S (green). NS5A
C2215S/C2314S shows little change in the spectral profile compared to the WT NS5A IDD.
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Figure 2-14

Figure 2-14. HSQC spectrum of NS5A IDD C2215S/C2314S shows typical low dispersion for an
intrinsically disordered protein. 1H-15N HSQC spectra of NS5A IDD C2215S/C2314S shows low
dispersion of resonances in the proton dimension.
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Figure 2-15
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Figure 2-15. HSQC spectra show NS5A IDD C2215S is not significantly altered in conformation
from NS5A IDD C2215S/C2314S. 1H-15N HSQC spectral overlay of NS5A IDD (red), NS5A IDD
C2215S/C2314S (blue) and NS5A IDD C2215S (green) showing that the single C2215S substitution
is sufficient to alleviate aggregation and produces an HSQC spectrum similar to NS5A IDD
C2215S/C2314S.
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Figure 2-16

Figure 2-16. NS5A IDD has a propensity for -helix formation. Circular dichroism spectra of a
2,2,2-Trifluorethanol (TFE) titration into NS5A IDD C2215S shows an increase in the minima at
208 nm and 222nm, characteristic of an increase in -helical secondary structure.
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Figure 2-17

Figure 2-17. Location of the cysteines in NS5A IDD. The location of conserved cysteines in NS5A
in the conventional domain layout is shown (A) or in the proposed NS5A Intrinsically disordered
domain (B). HCV genotype 1b Con1 NS5A numbering is above and polyprotein numbering below.
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ABSTRACT
It has been well established that the hepatitis C virus (HCV) NS5A protein is important for
all steps of the viral lifecycle. As a phosphoprotein, numerous studies have been conducted to
identify the sites of phosphorylation in NS5A, the kinases responsible for the phosphorylation,
and the effect phosphorylation has on the HCV lifecycle. It is well known that phosphorylation of
NS5A plays an important role in viral replication and pathogenesis.

The majority of

phosphorylation sites in NS5A are located in the Intrinsically Disordered Domain (IDD).
Phosphorylation of an intrinsically disordered protein (IDP) is known to induce and/or stabilize
structure, and post-translational modifications have been demonstrated to regulate interaction
of IDPs through conformational changes. This could be a strategy HCV uses to expand the
function of NS5A. Using PKA phosphorylation as a model, this study demonstrates that a single
phosphorylation event modulates the conformational dynamics of the entire NS5A IDD. This
global effect could not be attributed to changes in oligomer state or isomerization of prolines.
PKA phosphorylation was found to increase the -helical structure content and stabilize structure
in the NS5A IDD. This study provides the first evidence that a single phosphorylation event can
affect the global structure of a viral IDP.
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INTRODUCTION
As a single-stranded RNA virus, hepatitis C virus (HCV) has a limited genomic capacity for
encoding all of its required functions. Despite this, HCV is capable of carrying out complex
interactions with host cells and can establish persistent infections. Compared to acute infecting
RNA viruses of similar size and encoded function, the nonstructural 5A (NS5A) protein stands out
in the HCV proteome as a unique feature.
Two forms of NS5A were identified when the cleavage products of the HCV polyprotein
were characterized 1, 2. These two forms were found to be phosphorylated and differed in their
level of phosphorylation; the 56 kDa form, called p56, was determined to be basally
phosphorylated and the 58 kDa form, called p58, was considered hyperphosphorylated 1. Since
then, phosphorylation of NS5A has been shown to play an important role in HCV viral replication
and pathogenesis and research has focused on identifying the sites of phosphorylation in NS5A
and the kinases responsible for the phosphorylation. The majority of sites of phosphorylation
are located in the NS5A IDD (Table 1-3).
NS5A consists of two domains. Domain 1 is a structured domain, is proposed to dimerize
to bind RNA and participate in replication complex formation on membranes 3-5. The rest of the
protein forms the newly proposed intrinsically disordered domain (IDD). The intrinsically
disordered nature of the IDD has been extensively characterized as two separate domains 6-9 and,
in Chapter 2 of this dissertation, as the entire NS5A IDD.
NS5A is a critical component of the HCV replication complex and interacts with each of
the other non-structural viral proteins. Phosphorylation has been documented to play a role in
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several of these interactions10, 11. NS5A is also known to interact with dozens of host cell factors
to facilitate replication complex formation, virus assembly and release, and cellular modulation.
There have been extensive reviews published documenting these interactions12-14. NS5A’s large
interactome must be regulated somehow. In their recent review, Ross-Thriepland and Harris hypothesized
that NS5A interactions are regulated through different pools of the protein that are separated both
spatially and temporally14. This study suggests phosphorylation could provide an element of regulation
to these different subsets of the protein.

In recent years, a link between post-translational modifications (PTMs), specifically
phosphorylation, and intrinsic disorder has come to be appreciated 15-18. Phosphorylation is a
major regulatory mechanism in globular proteins and its structural consequences are well
understood19. A direct link between phosphorylation and structural changes in IDPs has only
recently been demonstrated. Within the last three years several examples have been published
(Table 1-1), including a recent study showing that phosphorylation can regulate folding of an
entire IDP domain20. NS5A could use a similar mechanism of phosphorylation-dependent
acquisition of structure to regulate its interactions. A specific phosphorylation pattern could
restrict the conformational population of NS5A to favor a particular conformation, subsequently
promoting a certain binding event.
To test this hypothesis, this study used the previously reported PKA phosphorylation
event21 as a model. The host cell kinase PKA was shown to specifically phosphorylate a single
residue, T2332, in the IDD of NS5A. A T2332A substitution reduced steady-state levels of RNA in
genotype 1b HCV and was lethal in genotype 2a. The inability to produce PKA-phosphorylated
NS5A caused a loss in the integrity of the replication organelle. In the study reported here, to
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determine if this important phosphorylation event alters the conformational dynamics of NS5A
IDD, the unphosphorylated and PKA phosphorylated proteins were characterized biophysically.
It was found that PKA phosphorylation alters the conformational dynamics of the entire NS5A
IDD. PKA phosphorylation increases -helical structure content and the presence of folded
structure in the NS5A IDD. The global change in conformation could not be attributed to change
in oligomer state or isomerization of prolines in the NS5A IDD. This study provides the first
evidence that a single phosphorylation event can affect the global structure of a viral IDP,
potentially a conserved strategy for expanding the functional proteome of viruses with limited
coding capacity.

121

MATERIALS AND METHODS

Materials. Information about the reagents used in this study can be found under each of the subheadings below. All reagents with no specific information listed were obtained from VWR, Sigma,
or Fisher.

Expression and purification of NS5A proteins. NS5A IDD proteins were expressed from the
pSUMO-N(His)-NS5A IDD plasmids (encoding residues 2212–2417 of the polyprotein).
Rosetta(DE3) cells containing the expression plasmid were grown in NZCYM supplemented with
25 μg/ml kanamycin (K25) and 20 μg/ml chloramphenicol (C20) at 37 °C to A600=0.8. The culture
was used to inoculate 4 liters of autoinducing medium22 with K25, C20 to A600=0.025. The cells
were grown at 37°C to A600=0.8, cooled to 20°C, grown overnight (~12–16 hours), and then
harvested. The cells were lysed in 100 mM potassium phosphate, pH 8, buffer with 500 mM NaCl,
10 mM βME, 10% glycerol, 20 mM imidazole, and supplemented with protease inhibitors
pepstatin A (10.0 μg/ml), leupeptin (10.0 μg/ml), and one protease inhibitor mixture tablet per 5
g of cell paste (Roche Applied Science, catalog no. 1-873-580) by passing through a French Press
(SIM-AMINCO) twice at 16,000 psi. Immediately after lysis, PMSF was added to a final
concentration of 1 mM, and Nonidet P-40 was added to 0.5% of the final volume. The extract was
clarified by ultracentrifugation for 30 min at 25,000 rpm (75,000 × g) at 4 °C. The clarified lysate
was loaded onto a Ni-NTA-agarose column. The column was washed with 10 column volumes of
5 and 50 mM imidazole. The protein was eluted with buffer containing 500 mM imidazole, and
Ulp1 protease was used to cleave the SUMO tag. The cleaved NS5A IDD protein was purified from
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the SUMO by running the sample over another Ni-NTA-agarose column. The sample was then
passed over a Q-Sepharose, pH 6, column and an S-200 column, equilibrated with 50 mM HEPES,
pH 7.5, 100 mM NaCl, 10 mM βME, and 10% glycerol. The protein was concentrated to 200 μM,
and stored at -80oC. Protein concentration was determined using a Millipore Direct Detect
biomolecular quantitation system.

Expression of 15N-, 13C-labeled NS5A IDD. NS5A IDD was expressed from the pSUMO-N(His)NS5A IDD C2215S/C2314S plasmid (encoding residues 2212–2417 of the polyprotein).
Rosetta(DE3) cells containing the expression plasmid were grown in NZCYM supplemented with
25 μg/ml kanamycin (K25) and 20 μg/ml chloramphenicol (C20) at 37°C to A600=0.8. The culture
was used to inoculate 4 liters of NZCYM with K25 and C20 to A600=0.025. The cultures were grown
at 37°C to A600=0.8 and then harvested and washed with M9 medium without ammonium or
dextrose. The cells were re-suspended in 1 liter of M9 medium with 15NH4Cl, [13C]-glucose, K25,
and C20 and grown at 37°C to A600=5. The cultures were then cooled to 20°C, and 0.8
mM isopropyl 1-thio-β-d-galactopyranoside was added. The cultures were then grown at 20°C
for 12–15 hours and then harvested. Purification of the labeled NS5A IDD proceeded using the
same protocol as the unlabeled NS5A IDD purification.

In vitro PKA phosphorylation assay. PKA mediated phosphorylation of HCV NS5A IDD was
performed in 50 mM HEPES, pH 7.5, 0.5 mM tris(2-carboxyethyl)phosphine, 20 mM MgCl2, 100
mM NaCl, 250 μM ATP, with 100 μM NS5A IDD and 1 μM PKA. For reactions that require use of
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radiolabeled ATP, 0.5 Ci/L [-32P]-ATP (MP Biomedicals) was added. Reactions proceeded for
60 min at 37oC. For PKA phosphorylation reactions to be run on a gel for analysis or MS
processing, the reaction was quenched in an equal volume 2X SDS-PAGE sample buffer and run
on a 12% SDS-PAGE gel. For reactions containing radiolabeled ATP, the gels were analyzed with
the Typhoon phosphor imager (GE) and quantified with ImageQuant software. The amount of
phosphorylation was normalized to the amount of radioactivity present in each lane. PKA
phosphorylated NS5A IDD samples for NMR were desalted using a Zeba column pre-equilibrated
with NMR buffer.

Mass spectrometric mapping of PKA phosphorylation site. Analysis of the PKA-phosphorylated
residue in the NS5A IDD was performed by mass spectrometry with 8 μg of NS5A IDD
phosphorylated by PKA. A sample of the quenched reaction was resolved by 12% SDS-PAGE and
stained with Pro-Q Diamond phosphoprotein gel stain (Invitrogen) to verify that NS5A had been
phosphorylated by PKA. The remaining reaction was resolved by 12% SDS-PAGE, and the NS5A
band was visualized by Coomassie staining. Peptides obtained from in-gel trypsin digestion of the
Coomassie-stained band corresponding to in vitro phosphorylated NS5A IDD were analyzed by
LC/MS/MS. Tandem MS spectra obtained by collision-induced dissociation were acquired using
an LC/MS/MS system that consisted of a Surveyor HPLC pump, a Surveyor Micro AS autosampler,
and an LTQ linear ion trap mass spectrometer (Thermo/Finnigan). The acquired spectra were
processed using Xcalibur version 2.0. The raw tandem MS spectra were also converted to Mascot
generic files (.mgf). Detection and mapping of the phosphorylation site were achieved by
database searching of tandem mass spectra of the proteolytic peptides against a current Swiss124

Prot protein database using the Bioworks version 3.2 and Mascot version 2.2 (Matrix Science)
search engines. The database searches were performed with cysteine carbamidomethylation as
a fixed modification. The variable modifications were methionine oxidation (+16 Da) and
phosphorylation (+80 Da) of Ser, Thr, and Tyr residues. Up to two missed cleavages were allowed
for trypsin digestion. Peptide mass tolerance and fragment mass tolerance were set to 3 and 2
Da, respectively. Tandem MS spectra that are matched to phosphorylated peptides were
manually evaluated at the raw data level with the consideration of overall data quality,
signal/noise ratio of matched peaks, and the presence of dominant peaks that did not match to
any theoretical m/z value.

Circular Dichroism (CD). All CD data were collected on a Jasco J-1500 CD spectropolarimeter.
Measurements were taken from 260 nm to 200 nm with a 0.1 nm interval and a bandwidth of
1 nm at a speed of 50-100 nm/min with 3 accumulations. 2,2,2-trifluoroethanol (TFE)
concentrations ranged from 0% to 30% (v/v). Jasco Spectra Manager Spectroscopy Software was
used for secondary structure analysis.

Differential Scanning Calorimetry (DSC). Differential scanning calorimetry was performed on a
Microcal VP-capillary DSC instrument (MicroCal, Malvern, Inc.); 400 L of protein or reference
buffer were injected into the sample and reference cells. Scanning was performed from 10 oC to
110oC at a rate of 90oC/h with a 5-minute pre-equilibrium phase. The system was under 60 psi
using N2 during measurement. Data analysis was performed using Origin® software to determine
the melting transition midpoint temperature (Tm).
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NMR spectroscopy. Spectra were acquired on uniformly 15N and13C isotope-enriched samples at
a concentration ranging from 0.4 mM to 0.7 mM in 50 mM HEPES buffer (pH 7.5), 100 mM NaCl,
10 mM βME, 10% glycerol, and 10% D2O. NMR experiments were recorded at 11.7 T on a Bruker
AVANCE-3 spectrometer operating at a 1H frequency of 500.13 MHz and equipped with a TCI
cryoprobe. Spectra were collected at 298 K. Typical pulse times were 9.79 and 31 μs for hard 1H
and 15N 90 pulses, respectively, with some sample-based variation in the 1H pulse time. Pulsed
field gradients used in the experiments were applied for 1 ms with a sine shape. In all pulse
sequences, unless otherwise noted by Sahu et al.23, the 90 band-selective 13C pulses have the Q5
shape (or time reversed, Q5tr), and the band-selective 13C 180 pulses use the Q3 shape with
durations of 384 and 307 μs, respectively. The standard 1H,15N HSQC, C_CON, HNCO, and
HNCACO experiments were used from the TopSpin pulse program library. Chemical shift
assignments of residues found in the proline region of the 15N,13C CON were generated as
described by Sahu et al.23. Briefly, several of the proline resonances were uniquely assigned by
their presence in the Ala-specific CON, Ser-specific CON, and TAVI-specific CON spectra.
Additional resonance assignments were generated from (HN-flip)N(CA)CON and (HNflip)N(CA)NCO spectra23. NMR data were processed in TopSpin version 2.1 and converted to
Sparky format for data analysis.

Dynamic Light Scattering (DLS). Dynamic light scattering analysis was performed using a Viscotek
802 instrument (Malvern Instruments) with the associated OmniSIZE software at a protein
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concentration of between 0.5 mg/mL and 2 mg/mL. Protein samples were passed through a 0.1
m 10 mm Whatman filter and degassed before analysis.
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RESULTS

NS5A IDD is phosphorylated specifically on T2332 by the PKA kinase.
To confirm PKA specifically phosphorylates the single T2332 residue in the NS5A IDD as
observed previously in the full-length HCV NS5A protein, NS5A IDD was phosphorylated in vitro
(Fig 3-1A) and mass spectrometry (MS) performed. MS confirmed T2332 as the single residue
phosphorylated in NS5A IDD by PKA (Fig 3-1B)

PKA phosphorylation increases the -helical structure propensity of NS5A IDD.
Circular Dichroism (CD) was used to estimate the average secondary structure of NS5A
IDD in the unphosphorylated (Fig 3-2A) and PKA phosphorylated state (Fig 3-2B). PKA
phosphorylation increased the presence of minima in the CD spectrum at 208 nm and 222 nm
and the phosphorylated IDD CD trace trended towards a maximum at 192 nm, both indicating
increased -helical structure content in the NS5A IDD upon phosphorylation. The CDPro analysis
software was used to determine the predicted fraction of secondary structure within the sample.
NS5A IDD was predicted to contain 20% helical structure content while the NS5A IDD pT2332
showed an increase in predicted helical structure content to approximately 30%.
The organic solvent 2,2,2-trifluoroethanol (TFE) can stabilize transient -helical structure.
The minima at 208 nm and 222 nm increased upon increasing the TFE concentration in the NS5A
IDD sample; the increase in minima was more prominent in the NS5A IDD pT2332 sample,
indicating more presence of -helical structure content in the phosphorylated sample (Fig 3-2).
The CDPro analysis predicted helical structure content of NS5A IDD pT2332 to be approximately
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5-10% more for each concentration point in the TFE titration compared to the NS5A IDD. Taken
together, these data suggest that PKA phosphorylation increases the -helix formation
propensity of NS5A IDD.

PKA phosphorylation induces more secondary structure in the NS5A IDD.
Differential scanning calorimetry (DSC) previously showed that the NS5A IDD does not
unfold upon heating the sample (refer to Fig 2-3 in Chapter 2 of this Dissertation). Under the
same sample conditions and concentration, NS5A IDD pT2332 has a small but reproducible
melting curve in the DSC thermogram (Fig 3-3). This indicates the presence of some folded
structure in the NS5A IDD pT2332.

1H,15N

HSQC NMR spectrum of NS5A IDD pT2332 has a single downfield shifted peak, typical of

a phosphorylated residue.
The 1H,15N HSQC NMR spectra of the PKA phosphorylated NS5A IDD compared to the
unphosphorylated state showed a single residue significantly downfield shifted; a property
typically exhibited by phosphorylated residues (Fig 3-4). The HSQC spectra had low dispersion in
the proton dimension and significant crowding, often seen in intrinsically disordered proteins,
which made comparing the phosphorylated and unphosphorylated NS5A IDD samples
challenging. An alternative NMR experiment was needed to compare the NS5A IDD to the NS5A
IDD pT2332.
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A 13C-detection based NMR platform provides resolution, dispersion, and partial assignment of
resonances for the NS5A IDD.
A 15N,13C CON NMR spectrum records resonances that correlates the carbonyl carbon and
amide nitrogen, whereas a 1H,15N HSQC spectrum correlates the amide nitrogen and proton.
Carbon-based detection methods are a useful platform for NMR spectroscopy of IDPs that
typically have low dispersion and resolution in HSQC-based spectra23. The

15N,13C

CON NMR

spectrum of NS5A IDD shows well dispersed chemical shifts (Fig 3-5A), however far fewer
resonances were observed in the spectrum than the number of residues in the NS5A IDD. Diverse
line widths, and resulting signal intensities, for the resonances are also observed in the spectrum.
In combination with standard triple-resonance NMR experiments using the1H,15N HSQC platform,
the recently developed multidimensional carbon-based platform for assignment of IDPs,
including amino acid-specific 15N,13C CON spectra, was used to achieve partial assignment of the
NS5A IDD. Approximately 65% of the NS5A residues were assigned; the region of residues from
2259L to 2312H accounted for the majority of missing assignments.

PKA phosphorylation globally shifts the conformational ensemble of NS5A IDD.
Many more residues were observable in the

15N,13C

CON NMR spectrum of NS5A IDD

pT2332 compared to unphosphorylated NS5A IDD (Fig 3-5B). The peak height of resonances
increased globally across NS5A IDD upon phosphorylated; the greatest increase was in the region
of the protein adjacent to the PKA phosphorylation site, T2332, and in the N-terminal region of
the protein. (Fig 3-6). This data suggests PKA phosphorylation has a global effect on the
conformational dynamics of NS5A IDD.
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PKA phosphorylation does not significantly affect intermolecular interactions of NS5A IDD.
To determine if the global effect PKA phosphorylation has on the NMR spectrum of NS5A
IDD is due to changing the oligomerization state of the NS5A IDD, DLS was performed. There was
no significant change in dispersion of particle size in the NS5A IDD sample upon phosphorylation
(Fig 3-7A,B). To confirm there was no large change in the NS5A IDD pT2332 hydrodynamic radius,
the translational diffusion constant was measured by Self-Diffusion-NMR and compared to
unphosphorylated NS5A IDD. There was no indication of a change in oligomerization state upon
phosphorylation (Fig 3-7C,D).

PKA phosphorylation does not alter the cis-trans conformation of proline residues that have
visible resonances and are assigned in the unphosphorylated state.
Several proline resonances become visible upon phosphorylation of NS5A IDD. To
determine if the changes in the spectrum of NS5A IDD are due to conformational rearrangement
from a cis-trans conversion of peptide bonds which include the amide nitrogen of proline
residues, CCCON NMR spectra were collected. CCCON spectra give aliphatic carbons side chain
resonances and the side chain carbons of prolines in the cis and trans conformations have distinct
chemical shifts in the spectrum. One proline remote from the PKA phosphorylation site, P2390,
and one proline adjacent to the PKA phosphorylation site, P2322, had visible resonances that
were assigned in both the unphosphorylated and phosphorylated state. Neither proline residues
showed a chemical shift of its aliphatic carbons evident of cis-trans conversion upon
phosphorylation (Fig 3-8).
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PKA phosphorylation does not induce a novel conformation of NS5A IDD
To determine if the new resonances appearing upon phosphorylation are a result of a
novel conformation being induced, a 15N,13C CON NMR spectrum of the unphosphorylated NS5A
IDD was collected at a much higher concentration. The same resonances that appear upon
phosphorylation (Fig 3-9B) become visible at high concentration in the unphosphorylated sample
(Fig 3-9A). This indicates that the average conformations yielding the resonances observed in
the NS5A IDD pT2332 spectrum are not created in response to phosphorylation, since they are
visible in the unphosphorylated NS5A IDD

15N,13C

CON NMR spectrum if the concentration is

sufficiently high.

A glutamic acid substitution at threonine 2332 causes conformational changes that mimic
those seen after PKA phosphorylation of NS5A IDD
Glutamic acid has a net negative charge, similar to the charge change of threonine after
phosphorylation. The NS5A IDD T2332E 15N,13C CON NMR spectrum was indistinguishable from
the NS5A IDD PKA phosphorylated sample spectrum (Fig 3-10). This suggests that NS5A IDD
T2332E phenocopies the conformation of NS5A IDD pT2332.
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DISCUSSION
Intrinsically disordered proteins have now been well established to often contain sites of
post-translational modifications (PTMs) that affect their structure and function17, 24, 25. PTMs can
modulate the function of IDPs by altering their steric, hydrophobic, or electrostatic properties,
by stabilizing or inducing structural elements or enhancing long-range tertiary contacts24. There
are now several examples in the literature showing that phosphorylation can induce and/or
stabilize local structure in IDPs15, 20, 26, 27, for example, phosphorylation can induce structural
changes in IDPs by stabilizing local transient -helical structure28. The C-terminal half of HCV
NS5A is known to be intrinsically disordered7, 8, 29, termed here, the intrinsically disordered
domain (IDD). Binding sites for numerous proteins have been mapped throughout the IDD30 and
it has been well documented that NS5A is phosphorylated within its intrinsically disordered
region14 and phosphorylation likely plays an important role in viral replication and pathogenesis
31, 32.

Extensive research has been done to identify specific sites of phosphorylation in NS5A 14

and which kinases are responsible for the phosphorylation33, but few studies have linked a
particular kinase to a specific phosphorylation event and determined the functional outcome.
Previous data from the Cameron lab established that the host cell kinase PKA
phosphorylates NS5A at a conserved T2332 and the NS5A pT2332 species contributes to the form
and function of the replication organelle21. It is possible phosphorylation in NS5A IDD changes
the conformation of the intrinsically disordered domain to regulate binding to its numerous
partners. The PKA phosphorylation event was used as a model in this study to determine if
phosphorylation can affect the conformation of NS5A IDD.
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In this study, it was demonstrated that phosphorylation of a single residue by PKA in NS5A
IDD can increase the -helical structure propensity of the domain (Fig 3-2) and induce more
folded structure (Fig 3-3). These results suggest that upon PKA phosphorylation, transient helical structure in the NS5A IDD is stabilized. It has previously been proposed that phosphate
can stabilize helix dipoles34. Phosphorylation in NS5A IDD could use this mechanism to alter the
hydrogen bond network in the domain to stabilize -helical structure.
While the convention for assigning NMR resonances of a globular protein is based on a
1H-15N

HSQC platform, for the NS5A IDD, and often IDPs in general, the disordered nature of the

domain resulted in very low dispersion in the proton dimension causing extensive overlap. This
made assignment using this method difficult. For better dispersion, an NMR strategy based on
the 15N,13C-CON experiment that uses recently developed multidimensional NMR techniques for
the analysis and chemical shift assignments of IDPs23 was employed. The high chemical shift
anisotropy of the carbonyl carbon causes its chemical shift to be sensitive to minute changes in
local structure23 and therefore provides wider dispersion compared to the proton dimension.
The 15N,13C-CON spectrum of unphosphorylated HCV NS5A IDD showed well dispersed chemical
shifts and better resolved resonances (Fig 3-5A). Many resonances, however, were still absent.
The residues whose resonance are not visible have an intermediate exchange rate, on the order
of milliseconds, where chemical exchange is occurring at the same rate as the NMR observables,
rendering the signal undetectable. The resonances that are visible have diverse line widths (and
resulting signal intensities) spectrum. These results suggest that under the given conditions,
NS5A IDD is undergoing multiple different conformational changes.
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Partial resonance assignment of the NMR spectra of NS5A IDD was achieved. Despite
combining standard proton detect-based platforms with carbon-detected experiments,
approximately 35% of residues could not be assigned to specific resonances. The majority of
missing resonances accounted for a stretch of NS5A IDD that is involved in multiple important
interactions that account for a wide range of functions, including the interaction with CypA 35 ,
the viral polymerase NS5B35 , and PKR36. Since this region is involved in numerous interactions
with discrete function, dynamic exchange of multiple conformations on the millisecond time
scale likely has physiological function37. The NMR experiments conducted in this study were
performed at near physiological conditions (pH 7.5 and 100 mM NaCl). Further experimentation
in different sample conditions, such as low pH or high salt concentration, could provide an
environment where the conformational dynamics in this region are such that the resonances are
visible
The number of observable resonances in the NS5A IDD

15N,13C

CON NMR spectrum

increased significantly upon phosphorylation by PKA (Fig 3-5B), and a global increase in
resonance peak height was observed across the protein (Fig 3-6). In order for a residue’s
resonance to become observable, the chemical exchange must be accelerated or reduced. This
likely means PKA phosphorylation elicits either a reduction in conformational sampling or
accelerates the exchange rate.

DSC data suggests an increase in folded structure upon

phosphorylation, which would coincide with a decrease in conformational sampling.
The global nature in which PKA phosphorylation affects the conformational sampling of
the entire NS5A IDD suggests there is a conformational dynamic that spans across the domain.
This idea is supported by the fact that long-range interactions in an NS5A construct including the
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IDD were recently published29. This study proposed a network of transient electrostatic
interactions between a negatively charged region in the C-terminal portion of the IDD
(canonically termed Domain 3) and positive charges in the N-terminal IDD, or Domain 2. It could
be possible that adding negative charge in the middle of these two regions could change the
overall electrostatic interactions across the domain.
Previously, the Cameron lab showed that HCV replicon encoding a T2332E NS5A variant
replicated as well as wild type suggesting that T2332E phenocopies pT2332 21. Consistent with
this observation, the NS5A IDD T2332E 15N,13C CON NMR spectrum was indistinguishable from
the NS5A IDD pT2332 PKA phosphorylated sample spectrum (Fig 3-10). This suggests that NS5A
IDD T2332E phenocopies the conformation of NS5A IDD pT2332 despite the difference in
functional groups, a net -1 charge in glutamic acid compared to a net -2 net negative charge in
phosphoserine. This would indicate that for any conformational changes that result from
electrostatic differences elicited by phosphorylation, the addition of a single negative charge is
sufficient for the response.
It has been demonstrated in this study that PKA phosphorylation increases the number
of visible resonances in the NS5A 15N,13C CON NMR spectrum. The hypothesis proposed here is
that PKA phosphorylation alters the global conformational dynamics of the domain to promote
sampling of a particular conformation, however, several other possibilities could produce the
same result in the 15N,13C CON NMR spectrum. Changing the oligomer state of the domain would
also significantly impact the number of visible resonances in the spectrum. For example, if the
domain was in a dimeric state, causing significant line broadening of many resonances, and
phosphorylation disrupted the association, this would result in a significant increase in visible
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resonances. Based on the DLS results (Fig 3-7A,B), there was no indication of a change from
dimeric to monomeric state. There was also no significant change in the diffusion coefficient
upon phosphorylation (Fig 3-7C,D). The PKA phosphorylated sample however had less
aggregation compared to the unphosphorylated sample, shown both by DLS and the diffusion
coefficients. Taken together, these data suggest PKA phosphorylation does not alter the
oligomerization state of NS5A IDD, but could be stabilizing the protein in a way that prevents
aggregation.
It has previously been reported that phosphorylation can effect cis-trans isomerization38.
Since the PKA phosphorylation site is adjacent to a polyproline region in NS5A, and many proline
resonances appear upon phosphorylation, another possibility is that PKA phosphorylation is
altering the cis-trans conformation of these proline residues. While the proline residues with
visible resonances in the unphosphorylated and phosphorylated state do not show evidence of
isomerization (Fig 3-8), we cannot conclude what, if any, changes occur in the prolines with
resonances only appearing in the phosphorylated. The peptidyl-prolyl isomerase Pin1 has been
shown to be a cellular factor required for HCV propagation 39. Pin1 has a WW domain that binds
phosphorylated S/T motifs and an isomerase domain that promotes cis-trans isomerization of
the peptide. It has been shown that Pin1 directly interacts with NS5A through GST pull down and
Co-IP assays, and that the interaction is distinct from CypA, another PPIase with a known binding
site on NS5A IDD remote from the PKA phosphorylation site39. While cis-trans isomerization was
not observed based on NMR in our isolated domain, there is a potential for PKA phosphorylation
to affect Pin1 function on NS5A IDD in vivo.
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The increase in visible resonances in the NS5A IDD 15N,13C CON NMR spectrum upon PKA
phosphorylation could also occur if phosphorylation were to induce a completely novel
conformation to the sample population. This possibility seems unlikely since at high
concentration the resonances that appear in the phosphorylated state have enough signal
intensity to be visible in the unphosphorylated state and have the same chemical shift locations
(Fig 3-9). The ability of phosphorylation to bring resonances into view could originate from
increased sampling of that particular conformational state already present at low levels in the
population. This would be consistent with the hypothesis that phosphorylation stabilizes
transient structure in the NS5A IDD seen in the CD and DSC data.
In conclusion, using PKA phosphorylation of NS5A IDD, it was shown that a single
phosphorylation has a global effect on the conformational sampling of the domain. One
possibility for how phosphorylation affects the conformation of the IDD is through altering
electrostatic interaction that stabilize transient -helical structure. After this study began,
another investigation was published, the only one to date, that correlated phosphorylation by
host kinase CK2 to conformational changes in a segment of NS5A that included the IDD 29.
Continued studies to link specific phosphorylation events to unique conformational outcomes
will be needed to support the hypothesis that phosphorylation promotes particular conformation
sampling to creates many forms of NS5A with unique functions to carry out the multifaceted role
of this essential viral protein. The relationship between phosphorylation altered conformational
sampling and what, if any effect it has on NS5A interactions, remains to be determined.
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Figure 3-1
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Figure 3-1 PKA specifically phosphorylates NS5A IDD at threonine 2332.
P (A) Phosphorylation
Domain
1 IDD with PKA
Intrinsically
(IDD)
timecourse of recombinant
NS5A
(top) and Disordered
quantificationDomains
of phosphorylation

timecourse of NS5A IDD with PKA showed one mole of phosphate incorporated per mole of NS5A
(bottom). (B) Mass spectrometry analysis of PKA phosphorylated recombinant NS5A IDD
identified T2332 as the single residue phosphorylated by PKA.

* Mass Spectrometry was performed by Samuel G. Mackintosh and Alan J. Tackett
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Figure 3-2

A

B

140

Figure 3-2 PKA phosphorylation alters secondary structure content of NS5A IDD. Circular
dichroism spectra of a 2,2,2-Trifluorethanol (TFE) titration into NS5A C2215S IDD (A) and NS5A
C2215S IDD pT2332 (B) shows the minima at 208 nm and 222nm increased upon TFE titration,
indicating a propensity for -helical secondary structure. Upon PKA phosphorylation, the
characteristic-helix minima increase.
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Figure 3-3

Figure 3-3 PKA phosphorylation induces more folded structure in NS5A IDD. NS5A IDD (blue)
does not show a thermal unfolding transition by differential scanning calorimetry, whereas the
NS5A IDD pT2332 (red) has a small melting curve indicating more folded structure present in the
sample.
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Figure 3-4
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Figure 3-4 HSQC spectrum of NS5A IDD pT2332 shows a single typical phosphorylated
resonance. 1H-15N HSQC spectrum of NS5A IDD (red) overlayed with the NS5A IDD pT2332 1H-15N
HSQC spectrum (blue). NS5A IDD pT2332 spectrum contains a single resonance downfield shifted
(~9.6 ppm), typical of a phosphorylated residue.
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Figure 3-5
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Figure 3-5 Comparison of the NS5A IDD and NS5A IDD pT2332 CON spectra. (A) 15N-13C-CON
spectrum of NS5A IDD (B) 13C-15N CON spectrum of NS5A IDD (black) overlayed with NS5A IDD
pT2332 (red). The NS5A IDD spectrum (black) globally changes upon PKA phosphorylation (red).
The most notable change is an increase in the number of peaks in the phosphorylated NS5A IDD
spectrum.
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Fold Increase in Peak Height of NS5A IDD pT2332

Figure 3-6

2212

Residue Number

2417

Figure 3-6 Comparison of the NS5A IDD and NS5A IDD pT2332 maximum peak heights. Using
the maximum peak height for each resonance in the NS5A IDD to normalize the maximum peak
height for the same residue in the NS5A IDD pT2332 sample, the fold increase in peak height
upon phosphorylation was determined. Spaces in the graph represent regions in the domain with
no assignment.

* NMR resonance assignment was a collaborative effort with the Scott A. Showalter lab and Zsofia
Sólyom and Bernhard Brutscher
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Figure 3-7
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Figure 3-7 PKA phosphorylation does not significantly affect the hydrodynamic radius of NS5A
IDD. (A) DLS size distribution plot for NS5A IDD. (B) NS5A IDD pT2332 DLS size distribution plot
showing no significant change from the unphosphorylated form. (C) Measurement of the
diffusion coefficient using NMR of the NS5A IDD. (D) Measurement of the diffusion coefficient
using NMR of the NS5A IDD pT2332.

* Diffusion NMR was performed with Eric B. Gibbs and Scott A. Showalter
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Figure 3-8
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Figure 3-8 PKA phosphorylation does not alter the cis-trans state of the NS5A IDD proline
residues with visible assigned resonances. CCCON NMR spectra were collected to obtain
aliphatic carbons side chain resonances for the NS5A IDD and the NS5A IDD pT2332. One proline
remote from the PKA phosphorylation site, P2390, and one proline adjacent to the PKA
phosphorylation site, P2322, had visible resonances that were assigned in both the
unphosphorylated and phosphorylated state.

Both prolines do not show evidence of

phosphorylation causing a shift in the location of the aliphatic carbons side chain resonances,
indicating no isomerization occurred.

* CCCON NMR was performed with the Scott A. Showalter lab
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Figure 3-9
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Figure 3-9 Resonances appearing in the PKA phosphorylated state are visible at high
concentration in the unphosphorylated state. The NS5A IDD CON spectrum at high
concentration (red, (A)) shows an increase number of visible peak over those seen in the normal
concentration range (blue). These peaks are identical in location to those seen upon PKA
phosphorylation (red, (B)).
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Figure 3-10
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Figure 3-10 A glutamic acid substitution at threonine 2332 mimics conformational changes seen
after PKA phosphorylation of NS5A IDD. The 15N,13C-CON spectrum of NS5A IDD T2332E overlays
with the 15N,13C-CON spectrum of NS5A IDD pT2332.
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ABSTRACT
The previous studies presented in this dissertation established that the newly defined
hepatitis C virus (HCV) Nonstructural 5A (NS5A) Intrinsically Disordered Domain (IDD) can be
expressed, purified, and biophysically characterized. Using PKA phosphorylation as a model, it
was established that phosphorylation of T2332 in the NS5A IDD has global consequences on the
conformational dynamics, likely through altering electrostatic interactions within the protein to
promote stabilization of transient helical structure. Now that it has been shown that
phosphorylation can alter conformational sampling of the IDD, the next question is if this has any
effect on the function of the protein. Adjacent to the PKA phosphorylation site in NS5A IDD is a
polyproline region which contains a PPII motif that has been shown to bind the SH3 domain of
several cellular factors. This PPII motif has been found to be essential for HCV replication.
Enrichment of phosphorylation sites within sequence segments that have a high propensity of
PPII motifs has recently been described for eukaryotic genomes, nevertheless, few studies exist
that demonstrate that phosphorylation can modulate SH3 binding. To date, no study has been
published that directly monitored NS5A IDD prolines, and little information is available on the
affinity and thermodynamics of the NS5A-SH3 domain interaction. This study set out to
characterize what, if any, effects PKA phosphorylation has on the interaction of NS5A IDD and
three cellular SH3 domains. Each of the SH3 domains were found to have a unique affinity to
NS5A IDD and phosphorylation had a different impact on each interaction. These results highlight
the complexity a single phosphorylation event can add to a region of an IDP that interacts with
multiple partners. This could be one way the function of intrinsically disordered regions are
regulated by phosphorylation.
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INTRODUCTION
It was previously demonstrated that PKA phosphorylation of NS5A IDD causes global
changes in the conformational dynamics of the domain. This likely occurs by altering electrostatic
interactions within the domain to promote stability of transient helical content already present.
The relationship between phosphorylation-induced altered conformational sampling and what,
if any, effects phosphorylation exerts on the function of NS5A remains to be determined.
In the NS5A IDD, there is a polyproline stretch known to contain a highly conserved
polyproline II (PPII) motif that has been shown to interact with the SH3 domain of multiple host
factors. SH3 domains mediate intracellular protein-protein interactions through recognition of
proline-rich sequence motifs containing a PxxP recognition sequence that forms a PPII helix upon
binding. SH3 domains have a conserved structure which includes the RT and n-Src variable loops
that form a pocket which provides specificity and affinity for different polyproline ligands1.
The first cellular protein containing an SH3 domain that was found to interact with NS5A
was growth factor receptor-bound protein 2 adaptor protein (Grb2)2. Four years later, another
study was published which used Co-IP to show interaction of NS5A with several SH3 domaincontaining Src family kinases, including Hck, Lck, and Fyn3. The first study to demonstrate
different SH3 domains have variable affinities to NS5A used an ELISA method to show, of the
SH3 domain-containing proteins tested, that Lyn has the strongest affinity, followed by Grb2,
and Hck, while Lck had the weakest affinity4. Later, Bin1 was identified to interact with the NS5A
PPII motif, as an important interaction for the HCV lifecycle. Binding of NS5A to Bin1 was shown
to inhibit phosphorylation of NS5A5 and this interaction has been proposed to be important for
apoptosis and infectivity6. In addition to these SH3 domains, it was demonstrated that the C-src
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SH3 domain-containing protein is required for complex formation between NS5A and the viral
polymerase NS5B7.
The NS5A polyproline region has been shown to contain a left-handed polyproline type II
(PPII) helix conformation. The structure is pseudosymmetrical and can be bound in two
orientations. The SH3 domain-containing cellular proteins that have been shown to bind in the
polyproline region of NS5A fall into the Class I category of SH3 domains, those that bind the
consensus sequence with a conserved basic residue in the N-terminal position. Despite being in
Class I, the different SH3 domains have been shown to have slightly different consensus sequence
recognition motifs. For example, the Grb2 N-terminal SH3 domain (Grb2 nSH3) has a consensus
recognition sequences containing an aromatic residue preceding the consensus PLPXLP motif,
whereas closely related Src family members such as Src and Fyn have ligand preferences for
RPLPPLP 8. In addition, both Src, Grb2 nSH3, and Bin1 SH3 domains have been shown to bind in
both the Class I and Class II orientations8.
The first study to structurally characterize SH3 domain binding to NS5A used NMR to show
that Bin1 binds to the PPII motif and, at sufficiently high concentrations, interaction was also seen
in the remote N-terminal region of NS5A IDD9. Since then, the crystal structures of several SH3
domain in complex with a peptide containing the NS5A PPII motif have been solved 10, 11. To date,
there have been no solution structures of a NS5A-SH3 domain complex published that have
directly visualized the NS5A prolines.
Recently, an evolutionary conservation of PPII conformations near phosphorylation sites
in intrinsically disordered protein regions was reported12. It was suggested in this study that the
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ability of phosphorylation to modulate PPII conformation is a conserved tenable mechanism 12;
this has not yet been shown experimentally.
In this chapter, it is shown that the phosphorylation-dependent change in NS5A
conformational dynamics affects the affinity and thermodynamics of the SH3 domains from the
C-src, Bin1, and Grb2 cellular proteins. Furthermore, the affinity of each SH3 domain to NS5A
IDD was different and the effect of phosphorylation was unique for each domain. Based on
models of the PPII motif in complex with the C-src SH3, NMR data for a Bin1-NS5A PPII peptide,
and a gain-of-function SH3 domain mutant, electrostatic interactions likely to play a major role
in determining affinity. Based on the results from this study, an extended SH3 interaction region
in NS5A is proposed. This region includes: the canonical PPII motif that provides a general
interaction with the surface of SH3 domains; a basic patch of residues that provides extra
electrostatic specificity to SH3 domains that contain an acidic pocket in the variable loop of the
protein; and finally, the PKA phosphorylation site that tunes the interactions of NS5A towards
different SH3 domains when phosphorylated.

This study provides an example of how

phosphorylation of a viral IDP can add complexity to a small region of the protein which could
characterize one strategy for expanding the functional proteome of viruses with limited coding
capacity.
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MATERIALS AND METHODS

Materials. Information about the reagents used in this study can be found under each of the subheadings below. All reagents with no specific information listed were obtained from VWR, Sigma,
or Fisher.

Construction of recombinant SH3 plasmids. The plasmids pET26-Ub-Csrc SH3-C(His), pET26-UbGrb2 n-SH3-C(His), and pET26-Ub-Bin1-C(His) (NS5A residues 2005–2419) were sub-cloned from
plasmids purchased from OriGene (BIN1 (NM_139343) Human cDNA Clone, GRB2 (NM_002086)
Human cDNA ORF Clone, and SRC (NM_005417) Human cDNA Clone) using the oligonucleotides
listed in Table 4-1; oligonucleotides 1 and 2 for Bin1 SH3, 3 and 4 for C-src SH3, and 5 and 6 for
Grb2-nSH3 The loop-swapped SH3 domain was constructed using oligonucleotides 7 and 8 in
Table 4-1 in a QuikChange Site-Directed Mutagenesis reaction. Colonies were screened for
mutated plasmids using screening oligonucleotide 9.

Expression and purification of

15N-, 13C-labeled

NS5A IDD. NS5A IDD was expressed from the

pSUMO-N(His)-NS5A IDD C2215S/C2314S plasmid (encoding residues 2212–2417 of the
polyprotein). Rosetta(DE3) cells containing the expression plasmid were grown in NZCYM
supplemented with 25 μg/ml kanamycin (K25) and 20 μg/ml chloramphenicol (C20) at 37°C to
A600=0.8. The culture was used to inoculate 4 liters of NZCYM with K25 and C20 to A600=0.025.
The cultures were grown at 37°C to A600=0.8 then harvested and washed with M9 media without
ammonium or dextrose. The cells were resuspended in 1 liter of M9 medium with 15NH4Cl, [13C]
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glucose, K25, and C20 and grown at 37°C to A600=5. The cultures were then cooled to 20°C, and
0.8 mM isopropyl 1-thio-β-d-galactopyranoside (IPTG) was added. The cultures were then grown
at 20°C for 12–15 hours prior to harvesting. The cells were lysed in 100 mM potassium phosphate,
pH 8, buffer with 500 mM NaCl, 10 mM βME, 10% glycerol, and 20 mM imidazole, supplemented
with protease inhibitors pepstatin A (10.0 μg/ml), leupeptin (10.0 μg/ml), and one protease
inhibitor mixture tablet per 4 grams of cell paste (Roche Applied Science, catalog no. 1-873-580)
by passing through a French Press (SIM-AMINCO) twice at 16,000 psi. Immediately after lysis,
PMSF was added to a final concentration of 1 mM, and Nonidet P-40 was added to 0.5% of the
final volume. The extract was clarified by ultracentrifugation for 30 min at 25,000 rpm (75,000 ×
g) at 4°C. The clarified lysate was loaded onto a Ni-NTA-agarose column. The column was washed
with 5 column volumes of 5 mM and 50 mM imidazole. The protein was eluted with buffer
containing 500 mM imidazole, and Ulp1 protease was used to cleave the SUMO tag. The cleaved
NS5A IDD protein was purified from the SUMO by running the sample over another Ni-NTAagarose column. The sample was then passed over a Q-Sepharose, pH 6, column and an S-200
column. The purified protein was dialyzed into NMR analysis buffer (50 mM HEPES, pH 7.5, 100
mM NaCl, 10 mM βME, 10% glycerol) and brought to a final concentration of 400 μM, and 10%
(v/v) D2O was added right before analysis.

Expression and purification of SH3 domains
SH3 domains were expressed from the pET-Ub-based plasmids that are fused to yeast ubiquitin
at the amino terminus. BL21(DE3) pCG1 cells containing the expression plasmid were grown in
100 ml of NZCYM with K25 and C20 at 37°C to A600=1.0. The culture was used to inoculate 1 liter
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of autoinducing medium with K25, C20 to A600=0.025. The cells were grown at 37°C to A600=0.8
and then cooled to 20°C, grown overnight (∼12–14 hours), then harvested. Cells were lysed by
passing through a French Press as described above. PMSF was added to a final concentration of
1 mM, and Nonidet P-40 was added to 0.5% the final volume. The extract was clarified by
ultracentrifugation for 30 minutes at 25,000 rpm (75,000 × g) at 4°C. The supernatant was loaded
onto a Ni-NTA-agarose column and purified using the standard manufacturer's protocol. Protein
was eluted with 500 mM imidazole and dialyzed into the NMR analysis buffer and brought to a
final concentration of 1 mM and 10% (v/v) D2O.

NS5A PPII peptides. NS5A peptides ‘APPIPPPRRKRTVV’ and ‘APPIPPPRRKRpTVV’ were ordered
for synthesis from GeneScript (Piscataway, NJ, USA). Lyophilized peptides were first brought to
5 mM in ddH2O, followed by dilution to stock concentrations of 500 M with buffer from the
dialysis of the SH3 domains for exact buffer matching. Concentration of the peptides was verified
use a Direct Detect Spectrometer.

In Vitro phosphorylation assays. PKA phosphorylation of NS5A IDD was performed in 50
mM HEPES, pH 7.5, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP), 20 mM MgCl2, 100 mM NaCl,
250 μM ATP, and 100 M NS5A IDD, and 10 M PKA. Reactions proceeded for 60 min.
Phosphorylation reactions were then desalted using a Zeba column pre-equilibrated with NMR
buffer.
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NMR spectroscopy. All spectra were acquired on uniformly 15N and 13C isotope-enriched samples
at a concentration ranging from 0.4 to 0.5 mM in 50 mM HEPES buffer (pH 7.5), 100 mM NaCl,
10 mM βME, 5% glycerol, and 10% (v/v) D2O. All of the NMR experiments were recorded at 11.7
T on a Bruker AVANCE-3 spectrometer operating at a 1H frequency of 500.13 MHz and equipped
with a TCI cryoprobe. All spectra were collected at 298 K. Typical pulse times were 9.79 and 31
μs for hard 1H and 15N 90 pulses, respectively, with some sample-based variation in the 1H pulse
time. All pulsed field gradients used in the experiments were applied for 1 ms with a sine shape.
In all pulse sequences, unless otherwise noted by Sahu et al.13, the 90 band-selective 13C pulses
have the Q5 shape (or time reversed, Q5tr), and the band-selective 13C 180 pulses use the Q3
shape with durations of 384 and 307 μs, respectively. The standard 1H,15N HSQC, C_CON, HNCO,
and HNCACO experiments were used from the TopSpin pulse program library. Chemical shift
assignments of residues found in the proline region of the 15N,13C CON were generated as
described by Sahu et al.13. Briefly, several of the proline resonances were uniquely assigned by
their presence in the Ala-specific CON, Ser-specific CON, and TAVI-specific CON spectra.
Additional resonance assignments were generated from (HN-flip)N(CA)CON and (HNflip)N(CA)NCO spectra13. All NMR data were processed in TopSpin version 2.1 and converted to
Sparky format for data analysis. For the C-Src SH3 titrations (0–2 molar eq), purified C-src SH3
was added to the same sample of 15N-, 13C-labeled NS5A IDD from a 1 mM stock, and the sample
was concentrated back to its original volume, and spectra were collected. All 15N,13C CON spectra
for the C-Src SH3 titrations were collected with 16 scans of signal averaging and 256 increments
in the indirect dimension, yielding a total measurement time of 2 h/spectrum. Final data matrix
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dimensions were 512 × 2,048 points, with sweep widths of 36.00 and 20.00 ppm in the 15N
and 13C dimensions, respectively.

Modeling the NS5A PPII peptide with Bin1 and Grb2. GeNMR was used to predict 28
conformations of the NS5A IDD from chemical shift data available from BMRB 26549. The
predicted structures were aligned with the NS5A PPII peptide from the crystal structure of Fyn
SH3 in complex with the NS5A PPII peptide (PDB 3UA7). The conformation from the GeNMR
ensemble that best aligned with the peptide from the crystal structure was chosen as the base
to model in the extended region of the PPII peptide to include the PKA phosphorylation site (the
Fyn:PPII peptide is APPIPPPR and the modeled peptide is APPIPPPRRKRTVV).

Coot

(Crystallographic Object-Oriented Toolkit) was used to make adjustments to the modeled
peptide to ensure the Class II PPII motif was still in the proper orientation needed for binding.
Rotamers were then selected for the remaining residues of the modeled peptide that provided
the least steric hindrance. The peptide was then modeled into either the Bin1 SH3 (PDB 1BB9)
or Csrc SH3 (4QT7) crystal structures. Final models were then refined using the Yasara force field
to select for an energy minimized structure.

Differential Scanning Calorimetry (DSC). Differential scanning calorimetry was performed on a
Microcal VP-capillary DSC instrument (MicroCal, Malvern, Inc.). 400 L of protein or reference
buffer was injected into the cell. Scanning was performed from 10 to 110oC at a rate of 90oC/h
with a 5 minutes pre-equilibrium phase.

The system was under 60 psi using N 2 during

measurement. DSC of SH3 domain-NS5A IDD complexes were performed on pre-mixed
equimolar ratios of SH3 domain to NS5A IDD, in triplicate.
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Isothermal Titration Calorimetry (ITC). The thermodynamic parameters of SH3 binding to NS5A
IDD or NS5A PPII peptide were assessed at 25 °C with an AutoITC-200 microcalorimeter
(MicroCal). SH3 domains and the NS5A IDD proteins were co-dialyzed in 50 mM HEPES (pH 7.5),
100 mM NaCl, 10 mM ME, and 10%Glycerol at 4oC overnight for exact buffer matching. SH3
domains were placed into the AutoITC-200 syringe at a final concentration of 500 μM. The
concentration of NS5A IDD or PPII peptide in the cell was 50 μM. Binding was analyzed by 38
injections of 0.75 L for 1.5 seconds, with 120 second spacing and a filter period of 5 seconds.
For low affinity interactions, continuous injections were used and raw data combined using
ConCat2 software. Data were processed with Origin 7 (MicroCal). Standard error of
thermodynamic parameters was based on 3-5 replicate for each complex.
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RESULTS
pT2332 shifts the conformational ensemble of the SH3-binding PPII motif in the IDD of NS5A
As shown in Fig 4-1A, the NS5A IDD contains two PPII motifs, which have been termed
PPII.1 and PPII.210, 11, and pT2332 is located adjacent to these motifs. The absence of an amide
proton for prolines located in a polypeptide chain precludes the use of an NMR strategy built
around 1H,15N HSQC experiments for direct visualization of prolines. Therefore an NMR strategy
was built around the 15N,13C CON experiment, using recently developed multidimensional NMR
techniques for the analysis and chemical shift assignments of IDPs that do contain resonances
corresponding to proline residues13. Isotopically 15N-, 13C-labeled NS5A IDD was expressed and
purified, and double and triple resonance spectra were acquired on both the unphosphorylated
and PKA-phosphorylated proteins. The

15N,13C

CON spectrum of unphosphorylated HCV NS5A

IDD shows well dispersed chemical shifts with resolved resonances in the proline region of the
spectrum (Fig 4-1B). Although NS5A IDD has 25 prolines, far fewer proline resonances were
observed in the spectrum. Three resonances in the spectrum of the unphosphorylated protein
were assigned to Pro-2222, Pro-2369, and Pro-2389 (Fig 4-1B); all of these are remote from the
polyproline motif (Fig 4-1A).
Upon phosphorylation by PKA, resonances for many more prolines were observed (Fig 41C). With the assistance of amino acid-specific

15N,13C

CON spectra13, three of these new

resonances were assigned to Pro-2315, Pro-2322, and Pro-2325; these residues are suitable
probes for the PPII motifs (Fig 4-1A). It appears that the average conformations yielding the
resonances observed in the pT2332 spectrum are not created in response to phosphorylation,
because they are seen in the unphosphorylated IDD spectrum if the concentration is sufficiently
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high (Fig 4-2). Interestingly, an IDD with the T2332E substitution was indistinguishable from the
IDD phosphorylated on Thr-2332 (Fig 4-1D), suggesting that NS5A IDD T2332E phenocopies the
conformation of NS5A IDD pT2332.
To determine the impact of SH3 domain binding to the PPII motifs of NS5A, the SH3
domain from C-Src was expressed and purified. Evaluation of NS5A IDD pT2332-SH3 complexes
produced at different molar ratios of the SH3 domain showed that the resonances induced by
phosphorylation disappear in the presence of the SH3 domain (red resonances are not present
for any of the prolines labeled green in Fig 4-1E). In contrast, none of the resonances remote
from the PPII motifs are affected by the presence of the SH3 domain (red resonances are present
for all of the prolines labeled black in Fig 4-1E). Comparing the peak heights for NS5A IDD pT2332
and the NS5A IDD pT2332-C-src SH3 complex to those of the unphosphorylated NS5A IDD (Fig 43) shows an effect on the signal intensity not only in the polyproline region, but also for several
residues in the N-terminal region of the NS5A IDD.
Performing the same NMR experiment with NS5A IDD T2332E yielded the same result as
observed for NS5A IDD pT2332 (Fig 4-4A) and titrating the SH3 domain into unphosphorylated
NS5A IDD showed no perturbations in the spectrum (Fig 4-4B). Taken together, these data show
that the C-src SH3 interacts with NS5A IDD in the polyproline region and that PKA
phosphorylation effects the conformational dynamics of the same residues that are involved in
SH3 domain interactions
Because of the unique location of phosphothreonines in spectra produced by performing
1H,15N

HSQC experiments, the resonance for the pT2332 residue could be assigned (Fig 4-1F). In

the presence of the SH3 domain, there was a chemical shift perturbation followed by loss of the
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resonance. This observation suggests a possible interaction of pT2332 with the SH3 domain.
Given the substantial structural overlap that exists between SH3 domains, a model of the C-Src
SH3 domain bound to the PPII.2 motif was constructed based on a structure of this motif bound
to the Fyn SH3 domain (Fig 4-1G) (PDB 3UA7). This model places both Pro-2322 and Pro-2325
within the C-Src SH3 domain and suggests that pT2332 should be close enough to interact with
the SH3 domain as well.

PKA phosphorylation increases affinity of NS5A IDD to the C-src SH3 domain.
Isothermal Titration Calorimetry (ITC) was used to determine thermodynamic parameters
for NS5A IDD binding to the C-src SH3 domain. C-src SH3 has high micromolar affinity, 68.5 M
± 3.5 M, to the NS5A IDD (Fig 4-5A). Upon phosphorylation, the affinity of NS5A IDD to the Csrc SH3 domain increases to 19.5 M ± 2.9 M (Fig 4-5B). Based on the previous results that PKA
phosphorylation increased the -helical content of NS5A IDD and induced more folded structure,
the entropic term for C-src binding in the unphosphorylated and phosphorylated state was
determined by ITC. It was found that there was an increase in the entropy term of the interaction
upon phosphorylation (Table 4-2). This created a change in G from -5678 cal/mol to -6408
cal/mol, consistent with a more favorable interaction of the NS5A IDD with the C-src SH3 domain
in the PKA phosphorylated state.

The NS5A IDD has different affinities for different SH3 domains.
Several other SH3 domains have been shown to interact with NS5A. To determine the
affinity of other SH3 domains to NS5A IDD, the Bin1 SH3 domain and the Grb2 nSH3 domain were
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used. The NS5A IDD had substantially different affinities for the Bin1 SH3 (Fig 4-6A) and Grb2 nSH3 (Fig 4-7A). While the affinity for Grb2 n-SH3, at 28 M ± 3.4 M is three-fold tighter than
the C-src SH3, the affinity for Bin1 is in the nanomolar range, and over 900 fold tighter. This
indicates that despite overall structural similarity between SH3 domains, binding to the NS5A IDD
is quite different for each.

PKA phosphorylation affects binding to different SH3 domains uniquely.
To determine if PKA phosphorylation affects binding of other SH3 domains in a similar
manner to the C-src SH3 domain, the Bin1 SH3 and the Grb2 nSH3 domains were again used. The
NS5A IDD pT2332 was found to have a more than 20-fold decrease in affinity, at 1.69 ± 0.073 M,
compared to the unphosphorylated NS5A IDD to Bin1 SH3(Fig 4-6B). On the other hand, PKA
phosphorylation did not have a statistically significant impact on NS5A IDD binding to the Grb2
n-SH3 (Fig 4-7B). There were also no significant changes in the thermodynamics parameters for
the NS5A IDD pT2332 interaction with Grb2 n-SH3 compared to the unphosphorylated form of
NS5A IDD, whereas the Bin1 interaction with phosphorylated NS5A showed the enthalpic term
become more positive, consistent with a decrease in affinity (Table 4-2).

A NS5A PPII motif peptide mimics interaction profiles with the C-src SH3, Bin1 SH3, and Grb-2
n-SH3 domains.
To determine if interactions remote from the SH3 binding site contribute to the
differences in binding affinity and effect of PKA phosphorylation, a peptide was synthesized
containing the NS5A IDD PPII motif and the PKA phosphorylation site, 2310-APPIPPPRRKRTVV171

2334, for both the phosphorylated and unphosphorylated states. Repeating the ITC binding
experiment with each of the SH3 domains of Bin1 (Fig 4-8A,B), C-src (Fig 4-9A,B), and Grb2 n-SH3
(Fig 4-10A,B), the affinity and thermodynamic properties of binding remained consistent with the
NS5A IDD and NS5A IDD pT2332 parameters and are summarized in Table 4-2 and Fig 4-11. These
results suggest that differences in interaction between the NS5A IDD in the PKA phosphorylated
or unphosphorylated state arise from a mechanism lying within the peptide region.
The NS5A PPII peptides had no detectable unfolding event by DSC and thus were used to
compare the stability of the complexes formed between the unphosphorylated and
phosphorylated NS5A PPII and each of the SH3 domains. The Bin1 SH3-NS5A PPII complex had an
increase in the Tm of the melting curve by 8oC compared to Bin1 SH3 alone (Fig 4-12A). The Bin1
SH3-NS5A pPPII only had a 2oC increase in Tm compared to Bin1 SH3 alone (Fig 4-12A), indicating
interaction between the NS5A pPPII peptide and Bin1 SH3 is not as stable as the complex formed
with the unphosphorylated peptide. C-src SH3-NS5A PPII complex and pPPII complex showed no
change in the Tm of the melting curve compared to the C-src SH3 alone (Fig 4-12B). This suggests
that there is little change in the stability of the complexes formed between the NS5A PPII
peptides and C-src. For the complexes between the Grb2 n-SH3 and the NS5A PPII peptides, the
phosphorylated peptide showed a slight increase in Tm compared to the unphosphorylated
peptide, suggesting a slightly more stable complex (Fig 4-12C). Taken together, these results
demonstrate differential binding of a single PPII motif to several SH3 domains which are affected
differently by phosphorylation of a site adjacent to the binding region. These differences are
predominantly due to a mechanism within the binding region and adjacent PKA phosphorylation
site, rather than to allosteric effects.
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Modeling the complex of a high and low affinity SH3 domain-NS5A PPII motif interaction.
Using an available crystal structure for the Fyn SH3-NS5A PPII motif, that does not include
the PKA phosphorylation site (PDB3UA7), and a GeNMR predicted conformational ensemble of
the NS5A IDD, a model was created in COOT, which was further refined using the online Yasara
force field for the full length PPII motif used in this study. The constructed peptide was then
modeled into crystal structures of Bin1 (PDB 1BBP) and C-src (PDB 4QT7) and again refined in the
Yasara force field (Fig 4-13A,C). The major difference between the high affinity Bin1 SH3-NS5A
PPII modeled complex and the C-src SH3-NS5A PPII modeled complex is the number of
electrostatic interactions available between the Bin1 RT-loop and the basic stretch of residues
following the PPII motif in the NS5A IDD which are not present in the C-src SH3-NS5A PPII complex
(Fig 4-13B,D). The Bin1 RT-loop has a 12-residue extension that includes several acidic residues
compared to the C-src RT-loop (Fig 4-14A). Both the acidic residues in the Bin1 RT-loop and the
basic residues following the NS5A PPII motif are highly conserved (Fig 4-14B,C) suggesting that
electrostatic interactions between these regions could be a mechanism for high affinity specificity
between the NS5A IDD and Bin1.

Acidic residue resonances in the 15N-HSQC are affected by PKA phosphorylation of
NS5A PPII.
Based on the models of the Bin1 SH3:NS5A PPII complex and C-src SH3:NS5A PPII
complex, three acidic residues in Bin1 not present in C-src (E556, D559, and E560) could form
electrostatic interactions with a conserved basic patch in the NS5A PPII peptide to provide higher
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affinity. PKA phosphorylation was determined to decrease the affinity of Bin1 SH3 for the NS5A
PPII peptide. To determine if phosphorylation of NS5A T2332 is affecting interaction of these
acidic residues in Bin1 with NS5A, 15N-HSQC spectra were collected of Bin1 in the presence of
unlabeled NS5A PPII and NS5A PPII pT2332 peptides. Several residues in the 15N-HSQC spectrum
of Bin1 showed different chemical shift perturbations for the phosphorylated and
unphosphorylated peptide (Fig 4-15).

Specifically, E556, D559, and E560 showed altered

chemical shifts for the addition of the phosphorylated or unphosphorylated sample (Fig 4-16).
Taken together, these data suggest that the proposed acidic residues unique to Bin1 in
comparison to C-src are interacting with the NS5A PPII motif, and the presence of pT2332 in the
NS5A peptide alters the interaction of the NS5A PPII peptide with these residues.

Swapping the Bin1 SH3 variable loop into C-src SH3, increases the C-src SH3 domain’s affinity
for the NS5A PPII peptide.
To support the hypothesis that the high affinity Bin1 SH3 has for NS5A is based on
additional electrostatic interactions between acidic residues in the variable loop of Bin1 and a
basic patch following the canonical PxxP motif in NS5A, a loop swap was performed between the
low affinity C-src SH3 domain and Bin1 SH3. A C-src construct that contains the Bin1 variable
loop instead of wild increased affinity by four-fold, but was still 800-fold weaker than the Bin1
SH3 domain (Fig 4-17).
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DISCUSSION
Reverse-genetic, biochemical, and biophysical studies have implicated a polyproline
region of NS5A in binding to a variety of cellular SH3 domains2, 3. However, no study has
monitored the PPII motifs directly. By assessing the prolines directly, it could be possible to
determine whether pT2332 impacts the PPII motifs and how these motifs interact with an SH3
domain. The recent realization that many of the phosphorylation sites in cellular IDPs are located
adjacent to a PPII motif expanded the relevance of studying the relationship between PPII motifs
and phosphorylation12.
The absence of an amide proton for prolines located in a polypeptide chain precluded the
use of an NMR strategy built around 1H,15N HSQC experiments for direct visualization of these
prolines. Using a recently developed carbon detect-based NMR platform13, resonances
corresponding to prolines could be visualized. Although NS5A IDD has 25 prolines, far fewer
proline resonances were observed in the spectrum (Fig 4-1B). The absence of resonances for
many of the prolines is probably due to conformational exchange of the proline-rich region within
the IDD between multiple conformations on the millisecond time scale. Additional evidence
supporting this conclusion is provided by the diverse line widths (and resulting signal intensities)
of the proline resonances that are retained in the spectrum.
Upon phosphorylation by PKA, resonances for many more prolines were observed and
located to the polyproline region (Fig 4-1C). The average conformations yielding the resonances
observed in the pT2332 spectrum are not created in response to phosphorylation, as they are
also seen in the unphosphorylated IDD spectrum if the concentration is sufficiently high (Fig 42). Therefore, it is likely that the ability of phosphorylation to bring resonances of the PPII motifs
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into view originates from a reduction in the conformational sampling of this region of the IDD.
Interestingly, an IDD with the T2332E substitution was indistinguishable from the IDD
phosphorylated on T2332 (Fig 4-1D), suggesting that NS5A IDD T2332E phenocopies the
conformation of NS5A IDD pT2332.
NS5A interacts with several SH3 domain-containing proteins3. Recently, it has been shown
that the NS5A PPII motif is essential for replication of genotype 2a12. To determine the impact of
an SH3 domain on the PPII motifs of NS5A, the SH3 domain from C-src was expressed and
purified. This interaction is relevant as there is evidence that the NS5A-C-Src complex is important
for replication7. Evaluation of NS5A IDD pT2332-SH3 complex titrations showed that the
resonances induced by phosphorylation disappear in the presence of the SH3 domain (Fig 4-1E).
In contrast, none of the resonances remote from the PPII motifs were affected by the presence
of the SH3 domain (Fig 4-1E). Performing this experiment with NS5A IDD T2332E yielded the same
result as observed for the NS5A IDD pT2332, and no perturbations were seen in the spectrum for
the unphosphorylated protein. The fact that the same resonances that are affected by PKA
phosphorylation are those affected by C-src SH3 domain titration suggests that PKA
phosphorylation affects the conformational dynamics of the same residues that contribute to
interactions with SH3 domains.
Previous data suggested that PKA phosphorylation induced more -helical content and
more folded structure in the NS5A IDD. This study showed the impact of PKA phosphorylation on
conformation affects residues that are involved in SH3 domain binding. These results would
suggest an effect by PKA phosphorylation on the entropic penalty of the interaction with C-src
SH3. To determine the affinity and thermodynamic parameters of binding, ITC was used. ITC
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showed that phosphorylation increased the affinity of NS5A IDD and C-src SH3, however there
was a slight increase in entropy, rather than a decrease which would be expected for an increase
in affinity (Table 4-2, Fig 4-11). It could be possible that increasing the entropy allows for more
frequent sampling of the conformation of NS5A IDD that readily interacts with C-src SH3. Fig 43 shows several residues whose resonance peak height was affected by more than 1 standard
deviation in the N-terminal region of the IDD. These remote perturbations could be indicative of
global changes in conformation that contribute towards an increase in entropy.
Several other SH3 domains have been shown to interact with NS5A. Two additional SH3
domains from cellular proteins known to be important in the HCV lifecycle were chosen to be
characterized. The N-terminal Grb2 SH3 domain was one of the first SH3 domain-containing
proteins identified to interact with the NS5A PPII motif2, and this interaction has been shown to
perturb Grb2-mediated signaling pathways in the cell2. The Bin1 SH3 domain was also chosen,
since it has been shown that the N-terminal BAR domain of Bin1 can sense and induce membrane
curvature, which the presence of PI(4,5)P2 activates, and Bin1 interaction with NS5A inhibits
NS5A phosphorylation5. Previous published studies of SH3-NS5A interactions have surveyed
multiple different SH3 domains via pull-down assays and Co-IP, and in general, have
characterized SH3 interactions with NS5A binarily; either an SH3 domain interacts or it doesn’t.
The ITC studies presented here highlight the complexity and nuances of multiple different SH3
domains interacting with the same polyproline region of NS5A. Each SH3 domain studied showed
a different affinity for the NS5A IDD and PKA phosphorylation affected binding of each uniquely
(Table 4-2, Fig 4-11).
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Bin1 SH3 has several orders of magnitude greater affinity for NS5A IDD than C-src SH3 or
Grb2 nSH3. Modeling the peptide interaction with both the high affinity Bin1 and low affinity Csrc showed a difference in the number of potential electrostatic interactions (Fig 4-13). These
possible electrostatic interactions occur between a conserved basic patch between the PPII motif
and PKA phosphorylation site in the NS5A peptide and a conserved acidic region in the variable
loop of Bin1. The loop contains a 12-residue insertion, including two glutamic acids and an
aspartate, that is not found in C-src. These additional interactions could provide higher affinity
for Bin1.
Fyn SH3 has been shown to have nanomolar affinity for NS5A, which has been attributed
to an acidic cluster of amino acids in the Fyn variable loop interacting with the basic residues in
NS5A14. Recently, it was reported that the NSP3 protein from Alphaviruses bind Bin1 with
unusually high affinity15. The high affinity binding was attributed to interactions between basic
residues in NSP3 and the extensive negatively charged binding surface of Bin1 15.
Phage library screens have demonstrated that substitution of two or three residues in an
SH3 domain is sufficient to alter its specificity16. Substituting the Bin1 variable loop into the Csrc SH3 domain did provide an increase in affinity but still was orders of magnitudes lower affinity
than Bin1 SH3 (Fig 4-17). This suggests that there are other mechanisms involved in addition to
the interactions provided by the Bin1 variable loop that are contributing towards the high affinity.
PKA phosphorylation was shown to affect interaction of the SH3 domains with NS5A.
Since a peptide containing the polyproline region and PKA phosphorylation site elicited the same
response in the phosphorylated and unphosphorylated state as the NS5A IDD, 15N-HSQC spectra
of Bin1 with unlabeled peptide were conducted to determine if different chemical shift
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perturbations could be seen in the phosphorylated state. PKA phosphorylation seemed to affect
the same acidic residues in Bin1 that were proposed to provide higher affinity for the SH3
domains (Fig 4-16). This would suggest that PKA phosphorylation is altering the electrostatic
interactions of NS5A IDD and Bin1 SH3 in such a way that it weakens binding. The PxxP core motif
is the core recognition sequence of SH3 domains. Consensus sequences surrounding this core
region have been determined to provide further specificity to different SH3 domain classes 8.
While discreet consensus sequences have been determined for different SH3 domains, published
studies continue to find that a given SH3 domain class can recognize distinct unrelated peptides
and possess multiple modes of binding. It has been suggested that SH3 domains may possess
the most diverse specificity among interaction domains17. Large-scale mapping has shown that
a given SH3 domain can potentially interact with a few to several dozen different peptide
ligands17. While emphasis has been placed on understanding the promiscuity and complexity of
SH3 domains for recognizing multiple ligand motifs, little information can be found in the
literature on the evolution of polyproline regions for binding multiple SH3 domains. The vast
number of SH3 domain-containing proteins present in a eukaryotic genome would likely favor
many PPII motif-containing protein regions to be tuned to a specific subset of interactions in
order to maintain specificity of the many signaling pathways. There likely are other instances
where a single polyproline region would evolve to bind multiple different SH3 domains. This
could be favored in a viral system where interaction with many signaling pathways in the host is
needed, but genomic size is limited. For Alphaviruses, the electrostatic forces involved in SH3
domain specificity were found to be dynamic and transient15 which would support the idea that
the same polyproline region could be routed towards binding different SH3 domains.
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This study provides evidence of phosphorylation of an intrinsically disordered domain in
a viral protein adding complexity to a single binding region of the protein. In addition to the HCV
NS5A model presented here, Alphaviruses seem to have conserved a similar polyproline region18.
Interestingly, using the online kinase specific phosphorylation site predictor, GPS, both
Chikungunya and Sinbis virus NSP3 proteins have a threonine within 5 amino acids of the Bin1
SH3 binding site that the program predicted to be phosphorylated by PKA. This could be one way
many RNA viruses can expand their functional proteome.
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Table 4-1

Table 4-1. Oligonucleotides used in this study.
No.
1
2
3
4
5
6
7

Name
Bin1SH3_BamHI_FOR
Bin1SH3_HindIII_REV
CsrcSH3_BamHI_FOR
Csrc SH3_HindIII_REV
Grb2nSH3_BamHI-FOR
Grb2n SH3_HindIII_REV
SH3loopswap_FOR

8

SH3loopswap_REV

9

SH3_swap_Seq_FOR

Sequence
5’-AAA GGA TCC TCT GGT CCC CCA GGT TTC ATG TTC-3’
5’-TCT AAG CTT CTA TTA TGG GAC CCT CTC-3’
5’-AAA GGA TCC TCT GGT GCC GGT GGA GTG ACC ACC-3’
5’-TCT AAG CTT CTA TTA CTC CTC AGC CTG -3’
5’-AAA GGA TCC TCT GGT GAA GCC ATC GCC AAA TAT-3’
5’-TCT AAG CTT CTA TTA CCA CGG ATG TGG-3’
5’-GAG CGG CTC CAG ATT GTC CCC TTC CAG AAC CCT GAA GAG
CAG GAT GAA GGC TGG TGG CTG GCC CAC TCG-3’
5’-CGA GTG GGC CAG CCA CCA GCC TTC ATC CTG CTC TTC AGG
GTT CTG GAA GGG GAC AAT CTG GAG CCG CTC-3’
5'-AGA ACC CTG AAG AGC AGG-3’
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Table 4-2
Table 4-2. Summary of ITC determined affinity and thermodynamic parameters
N

Kd (M)

H (cal/mol)

S (cal/mol/deg)

Bin1 SH3:NS5A IDD
Bin1 SH3:NS5A IDD pT2332

1.04
0.963

0.0752 ± 0.024
1.69 ± 0.073

-8190 ± 230
-5260 ± 540

5.37 ± 1.7
8.78 ± 1.8

Bin1 SH3:NS5A PPII peptide
Bin1 SH3:NS5A PPII pT2332 peptide

0.973
0.942

0.0138 ± 0.0014
1.05 ± 0.036

-7720 ± 0.010
-5650 ± 0.024

10.1 ± 0.24
8.43 ± 0.13

Csrc SH3:NS5A IDD
Csrc SH3:NS5A IDD pT2332

1.19
0.774

68.5 ± 3.5
19.5 ± 2.9

-5370 ± 340
-4750 ± 390

1.05 ± 1.3
5.66 ± 1.6

Csrc SH3:NS5A PPII peptide
Csrc SH3:NS5A PPII pT2332 peptide

0.905
0.840

31.0 ± 2.3
19.4 ± 0.65

-7480 ± 470
-4480 ± 310

-3.51 ± 1.6
5.64 ± 1.2

Grb N-term SH3:NS5A IDD
Grb N-term SH3:NS5A IDD pT2332

0.957
0.943

28.3 ± 3.4
39.2 ± 6.1

-6730 ± 120
-9136 ± 291

-1.73 ± 4.3
-10.4 ± 10.1

Grb N-term SH3:NS5A PPII peptide
Grb N-term SH3:NS5A PPII pT2332 peptide

1.06
0.855

12.2 ± 1.2
12.1 ± 5.3

-5740 ± 250
-3520 ± 550

3.26 ± 1.0
10.9 ± 2.8

Complex
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Figure 4-1

Figure 4-1 Phosphorylation of T2332 shifts proline residues of the NS5A polyproline motif that
contribute to interaction with the SH3 domain of C-src. (A) Schematic of NS5A IDD construct
studied by NMR. Proline residues (black, boldface type) were observed in the unphosphorylated
IDD. Residues of the two type-II polyproline motifs, PPII.1 and PPII.2, are indicated. Proline
residues (green) were observed only in the pT2332 and T2332E IDDs. The location of pT2332 is
indicated. (B) Prolines in NS5A IDD can be detected by NMR. Shown is the 15N,13C CON spectrum
of unphosphorylated NS5A IDD (proline region). Resonances observed represent a very small
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subset of the proline residues in the IDD. Three were assigned as indicated; none were in PPII. (C)
Phosphorylation of IDD increases the number of proline resonances detected. Shown is
the 15N,13C CON spectrum with PKA-phosphorylated IDD (NS5A IDD pT2332; green). The
spectrum was overlaid with that of the unphosphorylated IDD (NS5A IDD; black). Many new
resonances were observed. Three could be assigned, and these mapped to PPII. (D) NS5A IDD
T2332E mimics pT2332. The spectrum for NS5A IDD T2332E (purple) superimposes with that of
NS5A IDD Thr(P)-2332 (green). (E) Titration of the SH3 domain into NS5A IDD pT2332 leads to
loss of resonances induced by T2332 phosphorylation. Shown are 15N,13C CON spectra of NS5A
IDD pT2332 with 0–2 eq of unlabeled C-src SH3. The absence of red resonances at positions
where green resonances are visible indicates a dynamical response to the presence of C-src. (F)
Chemical shift perturbation of pT2332 in response to the presence of C-src. 1H,15N HSQC spectra
are zoomed in on the pT region for NS5A IDD pT2332 with 0–2 eq of unlabeled C-src SH3. This
resonance is also sensitive to the presence of C-src. (G) Molecular model of C-src SH3 domain in
complex with NS5A PPII peptide, APPIPPPR. The model was derived from a structure of FYN-SH3
domain in complex with NS5A PPII peptide (PDB 3UA7) and structure of C-src SH3 domain (PDB
4QT7). Proline residues whose resonances appear in the presence of phosphorylation and
disappear in the presence of C-src are clearly capable of binding to the protein. The pT2332 would
be predicted to be close enough to the protein surface for interaction.
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Figure 4-2

Fig 4-2 PKA phosphorylation alters the observed resonances for NS5A IDD. Shown is a
comparison of NMR spectra for unphosphorylated and PKA-phosphorylated NS5A IDD. In the left
panel is the 15N,13C CON spectra of NS5A IDD (black) overlaid with the

15N,13C

CON spectra of

NS5A IDD pT2332 (green) zoomed to the proline region of the spectrum. The proline residue
resonances that appear upon phosphorylation are indicated with green letters. In the right panel
is the 15N,13C CON spectra of NS5A IDD (black) overlaid with 15N,13C CON spectra of NS5A IDD at
high concentration (red). Only at very high concentrations of unphosphorylated NS5A IDD do
resonances begin to appear that are similar to resonances observed for PKA-phosphorylated
NS5A IDD (resonances labeled with the same letter code as in the left panel but in red).
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Figure 4-3

Fig 4-3 Peak height of the NS5A IDD pT2332 and the NS5A IDD pT2332-C-src SH3 complex
compared to unphosphorylated NS5A IDD. Plotting the 13C,15N CON resonance maximum peak
height for each of the assigned residues of NS5A IDD pT2332 (red) shows a significant increase in
peak height. NS5A IDD pT2332-C-src complex (blue) shows several resonances decrease in
maximum peak height when the complex is formed. Cyan lines indicate resonances in the NS5A
IDD pT2332-C-src complex that have increased more than 1 SD compared to the NS5A IDD
pT2332. Pink lines indicate NS5A IDD pT2332-C-src complex resonances that have decreased
more than 1 SD compared to the NS5A IDD pT2332. Gaps in the graph represent regions in NS5A
IDD that have no assigned resonances.

186

Figure 4-4

Fig 4-4 Binding of SH3 domain favors interaction with PKA-phosphorylated NS5A IDD. (A)
The 15N,13C CON spectra of NS5A IDD T2332E with 0 (purple), 1 (pink), and 2 (red) eq of unlabeled
SH3 added zoomed to the proline region of the spectrum. (B) The 15N,13C CON spectra of
unphosphorylated NS5A IDD with 0 (black), 0.5 (cyan), 1 (pink), and 2 (red) eq of unlabeled SH3
domain added zoomed to the proline region of the spectrum.
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Figure 4-5
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-5370 ± 340 cal/mol
1.05 ± 1.3 cal/mol/deg

N
Kd
H
S

0.974
19.5 ± 2.9 M
-4750 ± 390 cal/mol
5.66 ± 1.6 cal/mol/deg

Fig 4-5 C-src SH3 domain titrated into NS5A IDD and NS5A IDD pT2332 analyzed by ITC. Using
Isothermal Titration Calorimetry (ITC) to determine affinity and thermodynamics for the NS5A
IDD binding to the C-src SH3 domain, it was found that C-src binding to the unphosphorylated
NS5A IDD has high micromolar affinity at 68.5 M ± 3.5 M (A). Upon phosphorylation, the
affinity of NS5A IDD to C-src SH3 domain increases to 19.5 M ± 2.9 M (B).
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Figure 4-6
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Fig 4-6 Bin1 SH3 domain titrated into NS5A IDD and NS5A IDD pT2332 analyzed by ITC. Using
Isothermal Titration Calorimetry (ITC) to determine affinity and thermodynamics for the NS5A
IDD binding to the Bin1 SH3 domain it was found that Bin1 binding to the unphosphorylated NS5A
IDD has sub-micromolar affinity at 0.0752 M ± 0.024 M (A). Upon phosphorylation, the affinity
of NS5A IDD to Bin1 SH3 domain decreases to 1.69 M ± 0.073 M (B).
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Figure 4-7
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-1.73 ± 4.3 cal/mol/deg

0.943
39.2 ± 6.1 M
-9136 ± 291 cal/mol
-10.4 ± 2.8 cal/mol/deg

Fig 4-7 Grb2 n-SH3 domain titrated into NS5A IDD and NS5A IDD pT2332 analyzed by ITC. Using
Isothermal Titration Calorimetry (ITC) to determine affinity and thermodynamics for the NS5A
IDD binding to the Grb2 n-SH3 domain it was found that Grb2 binding to the unphosphorylated
NS5A IDD has micromolar affinity at 28.3 M ± 3.4 M (A). Upon phosphorylation, the affinity of
NS5A IDD to Grb n-SH3 domain has no significant change (B).

190

Figure 4-8
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Fig 4-8 Bin1 SH3 domain titrated into NS5A PPII and NS5A pT2332 PPII peptide analyzed by ITC.
Using Isothermal Titration Calorimetry (ITC) to determine affinity and thermodynamics for the
NS5A PPII peptide binding to the Bin1 SH3 domain it was found that Bin1 SH3 binding to the
unphosphorylated PPII has nanomolar affinity at 0.0138 M ± 0.0014 M (A). The NS5A PPII
pT2332 peptide had a decreased affinity for the Bin1 SH3 domain, 1.05 ± 0.036 M (B).

191

Figure 4-9
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Fig 4-9 C-src SH3 domain titrated into NS5A PPII and NS5A PPII pT2332 analyzed by ITC. Using
Isothermal Titration Calorimetry (ITC) to determine affinity and thermodynamics for the NS5A
PPII peptide binding to the C-src SH3 domain, it was found that C-src SH3 binding to the
unphosphorylated peptide has micromolar affinity at 31.0 ± 2.3 M (A). The phosphorylated
peptide has increased affinity for C-src SH3 domain at 19.4 ± 0.65 M (B).
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Figure 4-10
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10.9 ± 2.8 cal/mol/deg

Fig 4-10 Grb2 n-SH3 domain titrated into NS5A PPII and NS5A PPII pT2332 analyzed by ITC.
Using Isothermal Titration Calorimetry (ITC) to determine affinity and thermodynamics for the
NS5A PPII peptide binding to the Grb2 n-SH3 domain, it was found that Grb2 binding to the
unphosphorylated peptide has micromolar affinity at 12.2 M ± 1.2 M (A). The phosphorylated
peptide had no significant change in affinity (B).
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Figure 4-11
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Fig 4-11 Summary of SH3 domain interactions with the NS5A IDD. Affinity (Kd), change in
enthalpy (H), and change in entropy (S) for the interaction between the unphosphorylated IDD
or the phosphorylated pIDD of NS5A with SH3 domains from Bin1, C-src, and Grb2 (A). Kd, H
and S of the interaction between the unphosphorylated NS5A PPII peptide or phosphorylated
variant (pPPII) with SH3 domains from Bin1, C-src, and Grb2 (B). P < 0.05 denotes significant
statistical variance.
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Figure 4-12

A
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Fig 4-12 DSC of SH3-NS5A IDD complexes. With no unfolding events detectable for the NS5A PPII
peptides, the stability of the complex formed between the unphosphorylated and
phosphorylated peptide with each of the SH3 domains compared to the SH3 domain alone could
be determined using DSC. (A) Binding of Bin1 SH3 to the NS5A PPII peptide increases the Tm of
the melting curve. The complex between the NS5A pPPII shows a small increase in Tm. (B) The
complex between the C-src SH3 and either the unphosphorylated or phosphorylated NS5A
peptide showed no change in the Tm of the melting curve. (C) The complex between the Grb2 nSH3 and the NS5A PPII peptides, the phosphorylated peptide showed a slight increase in Tm
compared to the unphosphorylated peptide.
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Figure 4-13
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Bin1 SH3
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Fig 4-13 Modeling the NS5A PPII peptide with Bin1 and C-src. GeNMR was used to predict 28
conformations of the NS5A IDD from chemical shift data available from BMRB 26549. The
predicted structures were aligned with the NS5A PPII peptide that is in a crystal structure complex
with Fyn SH3 (PDB 3UA7). The conformation from the GeNMR ensemble that best aligned with
the peptide from the crystal structure was chosen to build the modeled PPII peptide from. Coot
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was used to make adjustments to the modeled peptide to ensure the Class II PPII motif was still
in the proper orientation needed for binding. Rotamers were then selected for the remaining
residues of the modeled peptide that provided the least steric hindrance. The peptides were
then modeled into either the (A) Bin1 SH3 (PDB 1BB9) or (B) Csrc SH3 (4QT7) using Coot followed
by Yasara refinement. (C) Zoomed in view of the PPII peptide modeled in Bin1 SH3 showing
extensive electrostatic interactions. (D) Zoomed in view of the PPII peptide modeled in C-src SH3
showing only the canonical positively charged arginine of the PPII motif interacting with the Csrc.
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Figure 4-14

A
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Fig 4-14 Conservation of extended acidic surface in Bin1 and basic amino acid stretch in NS5A.
(A) Sequence alignment of Bin1 and C-src SH3 showing additional amino acids present in the
variable loop of Bin1 compared to C-src, including several glutamic acids. (B) Consurf estimated
evolutionary conservation of residues in Bin1 show high conservation of acidic residues (magenta
– most conserved, cyan – least conserved). (C) WebLogo generated amino acid sequence
alignment of all seven genotypes of NS5A shows the basic residues following the polyproline
motif are highly conserved.
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Figure 4-15

Bin1
Bin1:PPII 1:2
Bin1:pPPII 1:8

Fig 4-15 Overlay of 15N-HSQC of Bin1 SH3 and NS5A PPII peptide complexes. 15N-HSQC of Bin1
SH3 domain (blue) overlayed with the 15N-HSQC of a 1:2 molar ratio of Bin1 SH3 and the NS5A
PPII peptide (red), and the 15N-HSQC of a 1:8 molar ratio of Bin1 SH3 and the NS5A PPII pT2332
peptide (green). Residues in Bin1 that showed different chemical shift perturbation for the
phosphorylated peptide compared to the unphosphorylated peptide are labeled.

*This experiment was performed by collaborators Elina Sievanen and Permi Perttu
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Figure 4-16

Bin1
Bin1:PPII 1:2
Bin1:pPPII 1:8

E556

D559

E560

Fig 4-16 Overlay of 15N-HSQC of Bin1 SH3 and NS5A PPII peptide complexes zoomed in to Bin1
SH3 residues proposed to form electrostatic interactions with the NS5A peptide. 15N-HSQC of
Bin1 SH3 domain (blue) overlayed with the 15N-HSQC of a 1:2 molar ratio of Bin1 SH3 and the
NS5A PPII peptide (red), and the 15N-HSQC of a 1:8 molar ratio of Bin1 SH3 and the NS5A PPII
pT2332 peptide (green) zoomed in to three acidic residues in Bin1 SH3 proposed to form
electrostatic interactions with NS5A PPII peptide.
*This experiment was performed by collaborators Elina Sievanen and Permi Perttu
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Figure 4-17

A

C-src SH3

N
Kd
H
S

0.905
31.0 ± 2.3 M
-7480 ± 470 cal/mol
-3.51 ± 1.0 cal/mol/deg

B

C
Bin1 SH3

N
Kd
H
S

0.973
0.0138 ± 0.0014 M
-7720 ± 0.01 cal/mol
10.1 ± 0.24 cal/mol/deg

C-src SH3:Bin1 Loop

N
Kd
H
S

0.855
8.28 ± 0.41 M
-10270 ± 0.011 cal/mol
-11.2 ± 0.5 cal/mol/deg

Fig 4-17 C-src SH3 domain with a Bin1 Loop Swap gained affinity for NS5A PPII peptide analyzed
by ITC. Using Isothermal Titration Calorimetry (ITC) to determine affinity and thermodynamics
for the NS5A PPII peptide binding to the C-src SH3 domain (A), the Bin1 SH3 domain (B), and the
C-src SH3 domain with a Bin1 loop swap (C). The C-src SH3 loop-swapped domain increased in
affinity compared to the intact C-src SH3, but did not have complete gain-of-function to the Bin1
SH3 domain affinity strength.
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CHAPTER 5

Conclusions and Future Directions
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Despite their genome size, often more than 2,000-fold smaller than that of their host,
RNA viruses are capable of carrying out complex functions and maintaining a large interactome
with their host. In order for a virus to establish these dynamic and complex interactions, such as
persistent infection, it likely must expand its functional capabilities beyond single function genes
encoded in the genome. One way to accomplish this could be to acquire proteins that contain
intrinsically disordered regions (IDR).
Proteins that contain intrinsically disordered regions are key in eukaryotic systems for
managing large complex interactomes1-5. Over the past decade, the number and importance of
intrinsically disordered proteins (IDPs) found throughout all kingdoms of life has greatly
expanded1, 2, 6-9. Viruses could also use IDPs to expand their functional capabilities. Myriad singlestranded RNA viruses have acquired a protein that contains a long intrinsically disordered region
(Table 1-2). All of these viral IDPs are found to be critical to the virus’s replication and often have
unknown essential functions for the virus10-16. This points towards viral IDPs playing a large role
in multiple complex interactions with both host and other viral proteins.
A single IDP has the potential to establish a large number of functions, therefore it is likely
a regulation mechanism exists. There is increasing evidence for a link between post-translational
modifications (PTMs), specifically phosphorylation, and intrinsic disorder1, 17-20. All of the viral
proteins shown in Table 1-2 contain sites of phosphorylation. Phosphorylation could be a general
strategy to regulate the conformation and/or function of intrinsically disordered domains for
these RNA viruses. Understanding the role phosphorylation plays in the function of viral IDPs will
not only shed light on a potentially conserved regulation mechanism, but help in understanding
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one possible way viruses from both current and emerging epidemics establish complex
interactions with their host.
In order to fully characterize the relationship between phosphorylation and viral IDP
function, a model system would need to have tractable structural information and the ability to
measure functional outcomes of phosphorylation induced changes.

Studies that link

phosphorylation to structural changes which elicit a functional outcome have not been
conducted in a viral system and are only beginning to be published in the intrinsically disordered
field at large. The viral model system chosen for this study was the HCV NS5A protein. It is a
multifunctional protein that contains an extended region of intrinsic disorder. The intrinsically
disordered regions contain multiple sites of phosphorylation which participate in dozens of
interactions. NS5A has a demonstrated ability to be phosphorylated in vitro, for the structure to
be studied by NMR, and has a tractable genetic system. These features make the HCV NS5A
protein an ideal model for characterizing the role phosphorylation plays in viral IDP function.
The hypothesis proposed in this study was that in the unphosphorylated state, NS5A
Intrinsically Disordered Domain (IDD) can sample multiple different conformations. Once a
phosphorylation event occurs, the conformational is funneled towards a specific conformation.
The preferred conformation can readily interact with a specific substrate. Based on this
hypothesis, one could imagine a “phosphorylation code” exists to perpetuate the multitude of
NS5A interactions. The studies presented in this dissertation provide the first evidence that
phosphorylation in an intrinsically disordered region of a viral protein can alter the
conformational dynamics of the region, which in turn affects the protein-protein interactions of
the viral protein.
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The NS5A IDD had never been recombinantly expressed and purified prior to the work
presented in Chapter 2 of this dissertation. Here it was demonstrated that the IDD of NS5A can
be purified to a concentration and purity suitable for downstream applications and for successful
characterization of the protein. To obtain the protein sample, a C2215S substitution was required
to prevent aggregation. The fact that the two cysteines present in the NS5A IDD construct are
highly conserved, suggests that disulfide oligomerization could have functional relevance in vivo.
While the region containing C2215S was found to be dispensable for viral replication, the
potential function of disulfide bond formation in other aspects of the HCV lifecycle could still be
relevant. In the future, determining any functional relevance of these cysteines could help to
understand any impact they have on oligomerization states, and validate the relevancy of the
conformational dynamics determined in these studies. These future studies could be supported
by determining the effects cysteine substitutions in the full length-NS5A have on the dimer state
of the whole protein and if they affect functions such as RNA-binding.
After successful purification of the NS5A IDD, PKA phosphorylation was used as a model
to demonstrate that a single phosphorylation event can have global impacts on the conformation
and dynamics of an IDP. PKA phosphorylation was found to induce expanded -helical structure
propensity in the IDD and a more folded structure. The changes induced by PKA phosphorylation
seems to alter the sampling of the conformational population that is already present in the
population. The next step for this study would be to complete the NMR resonance assignments.
The region with the majority of missing resonances is in an important part of the protein involved
in numerous binding events. Clearly there is some intrinsic nature of the conformational
dynamics in this area of the protein that is causing the extensive line broadening in the NMR
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signal. One possibility for approaching complete resonance assignment would be to alter the
sample conditions away from near-physiological, such as low pH or alternative temperatures. The
conformational dynamics will change in an altered environment that may allow the missing
resonances to be visible. It also could be possible to study the protein in complex with an
unlabeled ligand that binds in the region of missing resonances, such as CypA or NS5B. In the
bound form, the conformational dynamics of the region will likely change and possibly become
visible. In both cases, it will be important to consider how to transfer the resonances assignments
in the altered conditions to the unmodified NS5A IDD.
PKA phosphorylates a single residue in the NS5A IDD and was the most simplistic model
to study. To confirm the presence of a “phosphorylation code” for NS5A, this model needs to be
expanded to more complex phosphorylation events. Many other kinases are known to
phosphorylate NS5A in vitro, including CK1 and CK2. Both of these kinases modify more than
one site in NS5A. A systematic approach to study multiple phosphorylation sites needs to be
generated. While glutamic acid seems to mimic the effect of PKA phosphorylation, this may not
be the case for other phosphorylation events. One possibility would be to use amber codon
suppression technology to incorporate phospho-residues during mRNA translation21.
Alternatively, a “Tag-and-Modify’ approach22 could be used to incorporate phosphorylated
amino acids at specific sites in the protein. It could also be possible to use chemical ligation to
assemble a synthesized peptide fragment, containing the phosphorylated residue, into the NS5A
IDD23.
PKA phosphorylation was shown to alter the conformational dynamics of NS5A IDD. The
next step was to determine if this had any functional implications. Many host proteins that
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contain SH3 domains are known to bind in the vicinity of the PKA phosphorylation site. This study
demonstrated that phosphorylation affected NS5A IDD interaction with three unique SH3
domains in different ways. Based on modeling, and supported by NMR studies in the Perttu lab,
electrostatic interactions play a big part in the affinity differences of different SH3 domains to
the NS5A IDD. Swapping the charged region of the Bin1 variable loop into C-src increased the
affinity of C-src significantly, but did not provide complete gain of function. This suggests there
is more contributing to affinity that these local electrostatic interactions. Future studies would
need to be completed in order to understand all of the allosteric interactions contributing to
affinity and phosphorylation-response differences.
The studies presented here demonstrated that a single phosphorylation event can have
an impact on the conformational dynamics of a viral IDP and can add intricacy to a region of the
protein that has multiple binding partners. The complexity and number of factors that are now
known to be involved in NS5A phosphorylation, are unfavorable to the idea of a simple two state
system, a basally phosphorylated protein and a hyperphosphorylated form. Studies done in the
Cameron lab using two-dimensional gel electrophoresis showed Huh-7 cells replicating a
subgenomic replicon contained multiple species of NS5A, including unphosphorylated 24,
suggesting many more forms of NS5A could exists besides p56 and p58. Defining the NS5A
phosphoproteome is important not just on the fundamental level, but could help to understand
the mechanism of action of direct acting antivirals (DAAs) targeting NS5A. One of the most
effective DAAs to NS5A, daclatasvir, alters the phosphorylation state of NS5A 25 but the
mechanism of action is not known. The strong potency of daclatasvir and its effect on
phosphorylation of NS5A could be because daclatasvir targets a specific low abundance, but
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essential, phospho-form of NS5A. With over 10 phosphorylation sites present in NS5A, there is a
possibility for more than 1000 combinations of phosphorylation. This ‘phosphorylation code’
could be large enough to the regulate and tune the dozens of interactions and functions NS5A is
responsible for. In the future, the HCV NS5A phosphoproteome can continue to serve as a model
for exploring the role of phosphorylation in regulating the function of intrinsically disordered
proteins. Understanding this role is not only important for many eukaryotic systems, for which
few tractable model systems exist, but also a relatively unexplored, potentially ubiquitous,
system viruses use to expand their functional proteome.
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