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ABSTRACT

We have established a paradigm for studying host-mediated phosphorylation of hepatitis
C virus (HCV) nonstructural protein 5A (NS5A), from mapping phosphorylated residues
on the viral protein, to biochemical analysis of these modifications in vitro, to verification
of biological significance via cell culture- and human liver-based assays.
Using this approach, we have determined protein kinase A (PKA)-mediated
phosphorylation of NS5A impacts accumulation of HCV RNA and other viral proteins.
Through the use of immunological reagents designed to specifically detect PKAphosphorylated NS5A, we have shown this modified form of the protein is a subset of all
NS5A present in cells stably replicating HCV RNA. Further, as the amount of PKAphosphorylated NS5A correlated to the severity of liver fibrosis in biopsy samples, this
may be a novel, noninvasive biomarker for the staging of HCV-induced liver disease.
Our analysis of NS5A phosphorylation by casein kinase 1α (CK1α) has identified
the modification of a previously unidentified serine residue as critical to the formation of
the hyperphosphorylated form of NS5A in vitro, the first time this elusive species of the
viral protein has ever been systematically and reproducibly generated solely with NS5A
and CK1α. Loss of this phosphorylation via phosphoablative substitutions in the HCV
subgenomic replicon permitted persistent replication in the absence of previously
identified cell culture adaptive mutations.
Finally, we provide biochemical analysis suggesting that domain I of the viral
protein may serve as a kinase recruitment domain. Truncations of NS5A lacking domain
I were phosphorylated less efficiently than full-length forms of NS5A, despite the
absence of phospho-residues in this region of the viral protein. RNA-induced
homodimerization of domain I further inhibited phosphorylation of full-length NS5A,
perhaps by blocking residues involved in kinase recruitment.
iii
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CHAPTER 1

Nonstructural protein 5A (NS5A): Swiss army knife of the hepatitis C virus

This chapter was partly adapted from
Cordek, D.G., Bechtel, J.T., Maynard, A.T., Kazmierski, W., and Cameron, C.E.
(2011) Targeting the NS5A protein of HCV: an emerging option. Drugs of the
Future 36, 691-711.

1

HEPATITIS C VIRUS (HCV)

Twenty years ago, the primary causative agent of non-A, non-B hepatitis was
identified as the hepatitis C virus (HCV) (31). Through recombinant immunoscreening
and isolation of complementary DNA (cDNA) clones, it was determined that the 9.6 kb
single-stranded, positive-sense RNA genome of HCV was phylogenetically related to the
existing Flaviviridae family of viruses, but unique enough to warrant classification as a
new distinct genus within the family, designated Hepacivirus (32, 172). Today, seven
genotypes and dozens of serotypes of the virus have been catalogued, making it one of
the most variable viruses known (153).
HCV infects approximately 170 million individuals worldwide. At least 5 million of
these infections are within the United States, five times as many people as those living
with human immunodeficiency virus (HIV) (45). An estimated 500,000 new infections
occur each year, predominantly in developing countries (4, 190). Yet, because the
symptoms associated with HCV infection take anywhere from ten to thirty years to
manifest, even in developed countries less than 25% of those infected realize they
harbor the virus (40). The Centers for Disease Control and Prevention estimate one out
of every twenty infections are actually reported (45). This makes HCV an often “silent”
international health concern. With an uneven global distribution, HCV is most
widespread in regions of northern Africa and Egypt, which account for nearly 20% of the
infected population (190). Genotype frequency also varies tremendously; 75% of all
infections are genotype 1 (66).
The primary mode of transmission of HCV is via exposure to infected blood,
including transfusions/transfections from infected donors and injection drug use (22). It
is estimated that 15% to 30% of all HCV infections will spontaneously clear, but the
remaining 70% to 85% of infections will develop into chronic hepatitis (87, 103). Chronic
2

infections can subsequently lead to steatosis, progressive fibrosis, cirrhosis,
hepatocellular carcinoma (HCC), and ultimately death (180). Among all recognized
positive-sense RNA viruses, the ability to establish a chronic infection that can manifest
as a human cancer is exclusive to HCV, though how the virus mediates persistence
remains unknown (128).
In 2011, it was estimated that approximately 150,000 Americans will die from
viral hepatitis over the next decade (45). The current treatment options for HCV are
relatively poor. The standard of care (SOC) for the last ten years has been an often
grueling 48-week combination of pegylated interferon-α (IFN-α) and ribavirin, effectively
eliminating the virus in less than 50% of genotype 1 infections. Moreover, the $25,000+
regimen often causes significant recurring side-effects, including flu-like symptoms,
anemia, fatigue, and depression (47, 66). Recent studies suggest that both the
genotype of the virus (10, 103) and individual host polymorphisms (60) have significant
influence on the success rate of current therapies. A patient’s ability to clear the virus
following treatment has been directly linked to ethnicity: a 75% success rate has been
reported among patients of Asian descent and 50% among those of European descent,
while less than 20% of African Americans successfully clear the virus (125). Directacting antivirals (DAAs) designed to block specific HCV enzymatic functions have been
intensely studied over the last decade (9), as have small molecule inhibitors targeted
against host factors utilized by the virus for genome replication (143). Effective delivery
methods and overall safety have prevented many of these candidates from progressing
through clinical application. Every single nucleoside analogue designed against the viral
RNA-dependent RNA polymerase (RdRp) that has entered clinical trials has failed
because of serious toxicity to patients. Attention has now been directed at other suitable
viral targets (59). In 2011, two new antivirals targeting the viral protease were approved
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by the U.S. Food and Drug Administration for use in combination therapy with the
current SOC (159).
HCV infections are the leading cause of liver transplants in the world (22). While
the expenses of liver transplants vary substantially, within the United States a
conservative estimate places the cost around $150,000 for the transplant alone, with an
additional $10,000/year for continued post-operative medications and
immunosuppressive expenditures (17). Further, the recurrence of HCV-induced liver
damage post-transplantation is nearly universal (110), making this costly option only a
temporary reprieve. The ability of HCV to re-establish infection has long been a
mystery, with new studies suggesting peripheral B cells (82) and/or endothelial cells (52)
may serve as hidden reservoirs of the virus. The heterogeneous nature of HCV across
the infected population makes creation of a universal vaccine impossible thus far.
Historically, the study of HCV has been hampered by technical difficulties with
studying the virus in cell culture and cost-effective animal models. At present, only one
human hepatoma cell line has been found to support the persistent replication of two of
the seven HCV genotypes (114, 185). While promising small animal models may be on
the horizon (42), the only current option for in vivo study is the costly, often controversial
chimpanzee model (23).

Lifecycle. As a member of the Flaviviridae family, the general lifecycle of HCV is similar
to other viruses of this family. The virus attaches to the host hepatocyte through
interactions with a number of cellular receptors, including low density lipoprotein receptor
(2), scavenger receptor class B type 1 (14, 158), tetraspanin CD81 (141), tight-junction
proteins occludin (142) and claudin-1 (112), and epidermal growth factor receptor and
ephrin receptor A2 (116). Clathrin-mediated endocytosis of the HCV particles permits
the release of the viral genome into the cytoplasm of the target cell (18). Mimicking a
4

host-mRNA, the positive-sense genome is translated by the hijacked cellular machinery
through use of an internal ribosome entry site (IRES) rather than the traditional 5’-cap
structure (73). The single polyprotein undergoes subsequent processing by both cellular
and viral factors (65, 72). Viral proteins involved in replication of the HCV genome
assemble into replicase complexes, where the viral RNA is transcribed (63). The
resulting negative-sense RNA template is generated in much smaller quantity than the
complementary positive-sense RNA, which is used for both translation of more viral
proteins and as the genome to be packaged into mature virions. The endoplasmic
reticulum (ER) serves as the assembly site for HCV virions (13), which are released from
the cell via the secretory pathway, budding from the plasma membrane to further infect
other cells.
Noticeably absent from the remarkably garden variety HCV lifecycle are any
indications of how the virus may cause cancer. While some direct oncogenic properties
of HCV proteins have been documented (20), the leading hypothesis is that HCV is not
an oncogenic virus. Rather, the development of HCC likely arises from cycles of chronic
liver injury and regeneration. Other factors such as oxidative stress and the modulation
of various intracellular signaling pathways may also contribute to hepatocarcinogenesis.

Genome organization. The 9.6 kb single-stranded, positive-sense RNA genome of
HCV includes many features similar to other viruses within the Flaviviridae family (Fig 11). Untranslated RNA elements flank a single open reading frame encoding a
polyprotein of approximately 3,000 amino acids. From amino- to carboxy-terminus of the
polyprotein, three proteins (core, E1, and E2) serve as the major structural components
of the HCV virion, two proteins (p7 and NS2) are involved in viral morphogenesis, and
five proteins (NS3, NS4A, NS4B, NS5A, and NS5B) are required for HCV RNA
replication.
5

RNA elements
The HCV genome contains a 5’- and a 3’-untranslated region (UTR). The 5’-UTR
includes a highly structured IRES critical to the cap-independent initiation of HCV
polyprotein translation (154) and viral genome replication (54). The complex secondary
structure of the IRES allows it to regulate the activity of protein kinase R (PKR), an
important component of the innate immune response. This function may be modulated
by interaction between the IRES and NS5A (181). Efficient translation termination and
possibly ribosome recycling are mediated by the 3’-UTR (97, 98), which also contains
regions required for RNA replication, including a poly(rU) tract (192).
Structural proteins
Core nucleocapsid protein has been found to associate with the surface of
cellular lipid droplets and the ER via a carboxy-terminal amphipathic α-helix (167).
These interactions are linked to assembly and packaging of the HCV genome (127),
virion budding (19, 74) and virus-induced steatosis (161). Palmitoylation of core
regulates association with the ER membranes, and the prevention of this
posttranslational modification reduces viral infectivity (119). Interactions between core
and the carboxy-terminal region of NS5A, perhaps mediated by phosphorylation of the
nonstructural protein, also appear key to the regulation of HCV particle formation (123).
For many years, core has been implicated in the pathogenesis of HCV-induced HCC
(148), though this has never been verified in humans.
Envelope proteins 1 and 2 (E1 and E2) are type 1 transmembrane glycoproteins
that can heterodimerize and form an icosahedral lattice around the HCV nucleocapsid
(35, 39). Together, E1 and E2 initiate fusion of the viral membrane with the membrane
of the host cell (43). Specific roles of E1 are less understood, while E2 may interact with
PKR to inhibit its kinase activity to help the virus evade the cell’s antiviral effects (176).
Glycosylation of E2 has been shown to be essential to infectivity (156).
6

p7 and NS2
The p7 transmembrane protein is dispensable for viral RNA replication, but
required for HCV infectivity (67). Functioning as an ion channel, p7 prevents
acidification of cellular compartments during the HCV maturation process, allowing
production of infectious virus particles (164).
NS2, in conjunction with the amino-terminal protease domain of NS3, selfcleaves from NS3 via a novel cysteine protease (160). NS2 interacts with both structural
and nonstructural proteins to function as an organizer of HCV assembly (84, 117, 193).
Like p7, NS2 is not required for HCV replication, but is needed for virus production (193).
Nonstructural proteins
NS3 serves dual functions. First, the amino-terminal domain is a chymotrypsinlike serine protease, responsible for processing much of the HCV polyprotein (179). The
protease activity is dependent upon a conserved catalytic triad of amino acids, properly
positioned by the NS4A cofactor (51). NS3 protease also cleaves host cell signaling
proteins, antagonizing activation of the RIG-I antiviral pathway (108). The second
function, localized to the carboxy-terminal domain of NS3, includes the NTPase and
helicase activities required for genome replication and virus assembly (44). NS3 can
bind both RNA (90) and DNA (170). While studies have shown the protein may function
as an oligomer (83), it remains unclear what biological purpose the helicase activity
serves in HCV replication.
NS4A is a cofactor of the amino-terminal protease region of NS3, providing
additional structure and assisting in anchoring the NS3/4A complex into membranes,
which is important for assembly of the replication complexes (174). A carboxy-terminal
acidic domain of NS4A has been implicated in RNA replication and, through interaction
with NS4B, assembly of virus particles (140).
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NS4B, with its multiple transmembrane domains (49, 64), oligomerizes to form
membranous webs critical for the assembly of HCV replication complexes (46).
Palmitoylation of NS4B is essential to HCV RNA replication (195), and is suggested to
play a role in mediating interactions with lipid rafts (58), which have also been shown to
be important for viral replication (86).
NS5A is a multifaceted protein that is the topic of this study. It is discussed in
detail in the next section.
NS5B possesses the RNA-dependent RNA polymerase (RdRp) activity needed
to replicate the HCV genome (15). It is capable of initiating both primer-dependent and
primer-independent RNA synthesis in vitro, with the latter mechanism likely correlating to
in vivo synthesis (134). Like other single-stranded, positive-sense RNA viral
polymerases, NS5B contains conserved fingers, palm, and thumb domains (106). The
activity of NS5B may be modulated by phosphorylation by protein kinase C-related
kinase 2 (94), and its RNA-binding activity is stimulated by interactions with cyclophilins
(188). The highly error-prone nature of the RdRp gives rise to the heterogeneity of the
HCV population (122).
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NONSTRUCTURAL PROTEIN 5A (NS5A)

Interacting with a myriad of cellular and viral factors, nonstructural protein 5A
(NS5A) is a phosphoprotein essential to HCV genome replication. Yet, the specific role
of the viral protein in this process remains undefined.

Structure. NS5A contains an amino-terminal amphipathic α-helix and has historically
been considered to have three domains. Domain I was assigned based on
crystallization of this portion of the viral protein, while the remainder of NS5A was
subdivided into two arbitrary domains (178). This study will follow the field in the
designation of the folded region as domain I, but will refer to the remainder of NS5A as
the intrinsically disordered domain (IDD) (Fig 1-2).
Amphipathic α-helix. The first thirty-two amino acids at the amino-terminus of NS5A
comprise the amphipathic α-helix, responsible for anchoring NS5A to the ER and ERderived membranes, including lipid droplets (21, 161). Polar amino acids within the αhelix found at the surface of the membrane may serve as a scaffold for the assembly of
HCV replication complexes (21, 138). Deletion of the α-helix alters subcellular
localization of NS5A from predominantly cytoplasmic membrane-associated to a pattern
of nuclear-associated (21, 157), consistent with the presence of a cryptic nuclear
localization signal (NLS) within the IDD of the nonstructural protein (80). Disruption of
the α-helix inhibits HCV genome replication (48). The solubility of bacterially-expressed
recombinant NS5A is dramatically increased when the α-helix is deleted from the protein
sequence (77).
Domain I. The only portion of the viral protein to be successfully crystallized, domain I
coordinates a single zinc atom via four cysteines (178) and can homodimerize into at
least two unique conformations (115, 178).
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The first reported dimer forms a groove 33 Å long and 16 Å wide between the
two monomers, sufficient to accommodate single- and double-stranded RNA based on
sterics and electrostatic potential (178). This finding validates the NS5A-RNA interaction
published prior to the elucidation of the crystal structure (76). The second dimer does
not form the electrostatic groove, rather charge is distributed evenly across the surface,
with basic charges localized to the amino-termini and acidic charges found at the
carboxy-termini (115). Similarities exist between the two dimers, including the
incorporation of predominantly conserved residues at the dimer interface. Also of note,
the amino-termini of the monomers in each reported dimer are in close proximity,
suggesting perhaps colocalization of the α-helices within the membrane to which each
NS5A molecule is anchored.
Intrinsically Disordered Domain (IDD). The remainder of NS5A is considered to be
intrinsically disordered (70, 109). Intrinsically disordered proteins (IDPs) are those
proteins or regions of proteins which do not adopt a stable secondary or tertiary structure
based on classic biophysical techniques. It is believed that this flexibility may be
conducive to the numerous interactions mapped to this region of the viral protein,
discussed below. Biophysical analysis of portions of the IDD have revealed the ability of
a highly conserved region of the viral protein to adopt an α-helical fold, suggesting it may
serve as a recognition element for interactions (183). All putative phosphorylation sites
of NS5A are located within the IDD, discussed in detail below.

Interactions. NS5A interacts with many factors, both host and viral, making it the most
connected of the HCV proteins (Fig 1-3 and Tables 1-1 and 1-2).
Viral proteins. As a participant in the HCV replication complex, NS5A interacts
independently with each of the nonstructural proteins, including itself. It also interacts
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with core nucleocapsid protein and NS2, indicating a potential role in virion production
and maturation (Table 1-1).
NS3. Of the interactions between NS5A and each of the other HCV
nonstructural proteins, one of the least explored is the interaction with NS3. Both
nonstructural proteins colocalize at HCV replication complexes and mediate complex
movement via association with microtubules and actin filaments (99). Though NS3 and
NS5A have been shown to crosslink in vitro (41), it remains unclear whether NS5A
associates with the protease domain, the helicase domain, or both domains of NS3.
Likewise, a specific region has yet to be mapped on NS5A that interacts with NS3.
NS4A. A five amino acid stretch from Pro163 to Pro167 in domain I of NS5A
associates with NS4A (8). Neutralization of acidic residues in the carboxy-terminus of
NS4A allows the nonstructural protein to adopt an α-helical conformation, supporting its
interaction with the basic stretch on NS5A (111). Inhibition of this interaction impairs
NS5A phosphorylation, suggesting a role for NS4A in regulating this posttranslational
modification (111).
NS4B. Like the NS3-NS5A interaction, the NS4B-NS5A interaction remains
poorly understood. Despite colocalizing with NS5A at HCV replication complexes (3),
NS4B has yet to be shown to interact with a specific region on NS5A, though both viral
proteins crosslink in vitro (41).
NS5A. Domain I of NS5A can dimerize with itself into at least two unique
conformations (115, 178). The function of this interaction appears to promote RNAbinding based on one of the known structures (178). This observation is validated by the
stimulation of NS5A domain I dimerization in the presence of G/U-rich RNA, whereas
under the same conditions the NS5A IDD does not dimerize (78).
NS5B. Two discontinuous regions of NS5A located in domain I (Asn105-Ala162)
and the IDD (Lys277-Tyr334) have been identified as independently essential to binding
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NS5B (191). NS5A modulates the HCV polymerase in vitro, with NS5B RdRp activity
inhibited by NS5A in a concentration-dependent manner (162). Individual deletions of
the NS5B-binding regions from NS5A both prevent HCV replication, further supporting a
biological significance of these binding sites (191). The region(s) of NS5B that interact
with NS5A have yet to be mapped.
Core. NS5A is likely involved in the production of virus particles via its interaction
with the HCV core nucleocapsid on lipid droplets (161). Three serine residues within the
carboxy-terminus the IDD of the nonstructural protein have been reported to be
important for NS5A-core interactions (123). Alanine substitutions at Ser456, Ser458,
and Ser461 decreased the NS5A-core interaction and disrupted virion production, while
the insertion of glutamic acid residues at these sites partially restored the interaction and
particle assembly (123). As glutamic acids are generally accepted as suitable mimics of
phosphorylated serine residues, this finding supports previous reports that
phosphorylation of this region may be important for virion production (177).
Phosphorylation of NS5A is discussed in detail below.
NS2. Functioning as an organizer of HCV virion assembly, NS2 participates in a
number of protein-protein interactions, including association with NS5A (117). Coimmunoprecipitation and subcellular colocalization studies have confirmed the NS2NS5A interaction on lipid droplets (85). Though it remains unclear which regions of
NS5A bind to NS2, a glycine substitution at Ser168 of NS2 decreases the interaction
efficiency with NS5A (117). Interestingly, this same mutation has also been implicated in
blocking infectious virus production (193), suggesting a potential role for NS5A in
modulating this process as well.
Cellular proteins. Interactions between NS5A and cellular proteins can be grouped into
three categories: those which inhibit the host immune response, those which modulate
the host cell cycle, and those which stimulate the HCV life cycle. Examples from each
12

group are discussed below, though this is not a comprehensive account of each
interaction made between cellular proteins and NS5A listed in Table 1-2.
Inhibition of host immune response. Many viruses establish infection by
inhibiting the host immune response, including blocking the IFN pathway (189). For
HCV, this task can be carried out by NS5A.
Protein kinase R (PKR) is used as an “early warning system” for cells. Activated
by the presence of double-stranded RNA (dsRNA), often indicating viral infection, PKR
phosphorylates eukaryotic initiation factor 2, eventually leading to the shutdown of
cellular protein synthesis and inhibiting viral replication (12). Viruses can evade this
pathway by blocking PKR function. HCV accomplishes this via an interaction between
PKR and the IDD of NS5A (56, 57). The NS5A-PKR interaction may inhibit PKR
activation by inducing dimerization of the kinase (56).
NS5A also interacts with signal transducer and activator of transcription 1
(STAT1) (100). This interaction has been shown to inhibit STAT1 activation by blocking
its phosphorylation, in turn preventing further up-regulation of genes involved in the
immune response (100).
Modulation of host cell cycle. A unique feature of HCV infection is its correlation
with HCC. While other viruses have been identified as direct causative agents of
cancer, HCV stands alone as the only positive-sense RNA virus on this list (128). While
HCV-mediated HCC may be indirect, the ability to use NS5A, capable of interacting with
multiple factors that regulate the host cell cycle, may be a key to better understanding
how the virus induces hepatocarcinogenesis.
The IDD of NS5A has been shown to associate with the p85 regulatory subunit of
phosphoinositide 3-kinase (PI3K) (71, 165). PI3K is known to be involved in a number of
cell signaling pathways, including modulation of apoptosis via the Akt pathway (25). The
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NS5A-PI3K interaction stimulates phosphorylation of Akt, correlating with a reduction in
apoptosis (165), suggesting a possible mechanism for induction of HCC.
The proto-oncogene β-catenin is stabilized by the NS5A-PI3K interaction
described above (126, 166). It has further been shown that NS5A can also physically
associate with β-catenin, stimulating its transcriptional activity (126). As β-catenin levels
are up-regulated by a number of other oncogenic viruses, including Epstein-Barr virus
(129), Kaposi’s sarcoma-associated herpesvirus (55), and hepatitis B virus (26), this
may further contribute to the development of HCV-mediated HCC.
The p53 protein is a well-known tumor suppressor, serving as a checkpoint
during the cell cycle, with its function impaired in the majority of human cancers (107).
Through a series of in vitro and cell culture-based experiments, including
coimmunoprecipitation and colocalization immunofluoresence, it has been shown that
NS5A associates with p53 (120). Interaction between p53 and domain I of NS5A
decreases p53-mediated transcription activity by sequestering p53 in the cytoplasm
(120). This follows the trend of other viral proteins known to block nuclear localization of
p53, including hepatitis B virus X protein (171, 187), and may likewise be a mechanism
used by HCV to induce HCC.
Stimulation of the HCV lifecycle. Like all viruses, HCV has evolved to scavenge
resources from its host cells, hijacking cellular factors to more efficiently progress
through the viral lifecycle.
Tandem affinity purification and mass spectrometric analysis identified the
chaperone heat shock protein 72 (Hsp72) as a protein interacting with the IDD of NS5A
in cells expressing the viral protein (28). Overexpression of Hsp72 increased levels of
HCV RNA and viral proteins, while knockdown of the chaperone reduced HCV
replication (28). Enhanced viral replication may result from an Hsp72-mediated increase
in stability of HCV proteins involved in formation of the replication complex.
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Oxysterol binding protein (OSBP) has been implicated in intracellular trafficking
and cell signaling (104). It has also been shown to interact with the amino-terminal
region of domain I of NS5A (5). Down-regulation of OSBP has no effect on HCV
replication, but does decrease HCV particle release, suggesting a role for the OSBPNS5A interaction in HCV maturation (5).
RNA. NS5A represents a novel structural class of RNA-binding proteins (76, 78), with
the optimal RNA-binding region mapping to domain I and the downstream thirty-four
amino acids of the viral protein, together referred to as domain I-plus (78). In stable cell
lines expressing the HCV replicon, NS5A colocalizes with nascent viral RNA (63). While
the exact purpose of the RNA-binding capability of NS5A has yet to be determined,
some details regarding the interaction point to possible functions within the HCV lifecycle
and/or host cell.
G/U-rich RNA, or G/U-rich elements (GREs), five to six nucleotides in length has
high-affinity binding to NS5A and promotes dimerization of domain I-plus (78). This is
consistent with the NS5A dimer reported by the Rice laboratory (178), with the groove of
positive electrostatic potential of sufficient size to bind RNA, containing residues capable
of hydrogen bonding to the keto and imino moieties of guanine and uracil bases. One
putative viral RNA-binding site for NS5A is the poly(rU) tract in the 3’-UTR of the HCV
genome. Insertion of cytidylate or adenylate residues every four to six nucleotides in this
region impairs replication of HCV RNA, perhaps via disruption of NS5A-binding (194).
The role of NS5A-binding in this region, however, is unclear. NS5A also binds to
domains of the HCV IRES. Domains III and IV of the IRES contain GREs and bind
tightly to NS5A. In contrast, domain II of the IRES does not contain GREs and binds
NS5A less tightly, supporting the GRE-binding preference of NS5A (181). As the HCV
IRES regulates PKR activity, interactions between NS5A and the IRES may modulate
the function of the viral RNA. In mammalian cells, GREs function in posttranscriptional
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regulation of gene expression by modulating the half-life of cellular mRNAs involved in
cell cycle and apoptosis (139, 147). Cellular GRE-binding proteins mediate mRNA
decay of select transcripts (184). NS5A could mimic the cellular proteins, interacting
with GREs to alter the regulation of decay pathways in favor of promoting HCV
replication.
Lipids. Interaction between NS5A and PI3K has been shown to increase kinase activity
and modulate the organization of HCV replication complexes (152), as well as increase
phosphatidylinositol 4-phosphate (PI4P) accumulation (16, 152). The irreversible
binding of NS5A to lipid droplets is believed to be an essential step in the HCV lifecycle
(132).

Phosphorylation. NS5A exists in two forms based on electrophoretic mobility,
designated p56 and p58 in accordance with their respective molecular weights (88). The
p56 form can either be unphosphorylated or basally phosphorylated by a number of
kinases in different regions (see subsections below). Formation of p58 is thought to
arise from hyperphosphorylation of a phosphorylated p56 form, though the modifications
that ultimately comprise p58 are unclear (145, 146). It is only through loss of p58 via the
Ser2204Ile adaptive mutation that efficient replication of the HCV subgenomic replicon
can occur (113, 114), suggesting only p56 is required for HCV genome replication.
Protein kinase A. The first kinase identified to phosphorylate NS5A was cyclic AMP
(cAMP)-dependent protein kinase A, or PKA (79). It was shown that NS5A
coimmunoprecipitated with a kinase from both HeLa and HepG2 cells, which could
phosphorylate the viral protein (79). As the kinase also phosphorylated histone H1 and
casein, two known substrates of PKA, the authors sought to determine if PKA could be
the kinase in question. In vitro phosphorylation assays confirmed that PKA could
phosphorylate NS5A, and this modification could be blocked by the addition of a PKA
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inhibitor (79). The specific NS5A residue(s) phosphorylated by PKA and the biological
relevance of PKA-mediated phosphorylation of the viral protein have yet to be
determined.
Casein kinase 2. It was found that the carboxy-terminus of NS5A associated with and
could be phosphorylated by casein kinase 2 (CK2) when incubated with rat-1 cell extract
(91). This modification, carried out independently of the cell cycle, occurs primarily on
serine residues (91). In vitro phosphorylation assays utilizing NS5A and CK2 have
shown six moles of phosphate incorporated per mole of NS5A, suggesting at least six
possible residues are phosphorylated (77). Though specific sites of modification have
yet to be mapped, a number of serine residues at the carboxy-terminus of NS5A reside
within CK2 consensus motifs. Phospho-ablative and phospho-mimetic substitutions at
some of these residues have been shown to regulate virion production (93, 177).
CK2-mediated phosphorylation of NS5A has been shown to be heterogeneous
among different HCV genotypes, with a higher number of sites phosphorylated in
genotype 3 compared to genotypes 1a or 1b (38). This is of particular interest, as
genotype 3 is typically associated with a 70-85% response rate to current treatments
and overall viral clearance, whereas only a 40-50% success rate is typically seen with
genotype 1 (95).
Casein kinase 1α. The kinase responsible for the hyperphosphorylation of NS5A was
identified through a series of experiments first utilizing a kinase inhibitor screen (145).
Kinase inhibitors specific to the casein kinase 1 (CK1) family were shown to decrease
levels of NS5A p58. Subsequent over-expression and down-regulation via RNA
interference of the various isoforms of CK1 isolated the α isoform as responsible for
NS5A hyperphosphorylation (145). Recombinant CK1α was expressed and purified
from the baculovirus expression system and shown to phosphorylate NS5A in vitro
(146). A specific quantification of phosphate incorporated has never been shown. Pre17

phosphorylated peptides of a highly conserved cluster of serine residues from the IDD of
NS5A have been shown to be suitable substrates for CK1α (146), though specific sites
of modification have never been mapped.
Other kinases and sites of modification. Additional kinases have been shown to
associate with and/or phosphorylate NS5A in vitro (27, 36, 149, 151). For most, the
specific residues phosphorylated and any biological significance of these modifications
have yet to be determined. Likewise, a number of residues have been determined to
play a role in modulating NS5A phosphorylation via site-directed mutagenesis (6, 89,
133, 150, 174), though the kinases that may target these sites have yet to be identified.
It should be noted that all putative phosphorylation sites are localized to the IDD of
NS5A, further supporting the role of phosphorylation in toggling the viral protein between
functions and/or interactions.
Factors that modulate phosphorylation of NS5A. A number of factors have been
implicated in modulating NS5A phosphorylation, including other HCV proteins and
cellular proteins.
Some of the earliest work exploring the hyperphosphorylation of NS5A
determined that NS4A played an important role in regulating p58 formation (8, 88). Later
studies expanded on this finding and now include the entire polyprotein from NS3
through NS5A as required for efficient hyperphosphorylation to occur (96). Mutations
within NS4A and deletions within NS4B were both found to regulate phosphorylation
levels of NS5A (96). It was also shown that NS3 protease activity was critical to p58
formation, as the inability to cleave the polyprotein resulted in total inhibition of
hyperphosphorylation of NS5A (131).
Cellular proteins are also known to modulate NS5A phosphorylation.
Amphiphysin II, which interacts with the IDD of NS5A (124), inhibits phosphorylation of
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the viral protein in vitro (124). The biological significance of this has yet to be
determined.
NS5A phosphorylation state regulates its interactions. The various phosphorylation
states of NS5A have been shown to play a key role in determining what other viral and
cellular factors associate with NS5A.
Interactions between NS5A and human vesicle-associated membrane proteinassociated protein A (hVAP-A) promote efficient HCV RNA replication (50). In particular,
two residues of NS5A, Thr213 and Lys215, immediately upstream of the putative sites
important for hyperphosphorylation, are required to form this interaction (50).
Derivatives of NS5A that failed to undergo hyperphosphorylation stimulate hVAP-A
interaction (50). A possible explanation is that modifications that give rise to p58 induce
conformational changes within NS5A, blocking contact with residues otherwise
accessible in an unphosphorylated or basally phosphorylated state.
Phosphorylation of serine residues in the carboxy terminus of the IDD of NS5A
has also been shown to modulate the interaction between NS5A and the HCV core
protein (123). Alanine substitutions in this region, which decreased basal
phosphorylation of NS5A, reduced the NS5A-core association based on
immunoprecipitation and subcellular localization studies (123). The use of glutamic acid
substitutions as phosphomimetics partially restored NS5A-core interactions (123). This
may suggest that the charge and/or the sterics of the phosphate moiety play a role in
mediating how core associates with NS5A.

Emerging drug target. NS5A is an essential protein for HCV replication. Although the
exact role it plays during the viral lifecycle has yet to be elucidated, the necessity of
NS5A, with its multiple interactions, makes it an attractive target for DAAs.

19

Small molecule NS5A inhibitors: from monomers to dimers. In 2004, Bristol Myers
Squibb (BMS) disclosed substituted iminothiazolidinone-based HCV inhibitors believed
to target NS5A, as mutations within the protein conferred resistance to these
compounds. These small molecule compounds, such as BMS-858, exhibited a
significant potency in replicon-containing cells against HCV genotype 1b, but were
essentially inactive against genotype 1a. Further optimization of BMS-858 resulted in
much more potent analogues, such as BMS-824 (155).
BMS-824 effectively inhibited HCV genotype 1b replication (EC50 = 6 nM), but
had no inhibitory effect toward NS3 protease or NS5B polymerase activities. The
nonstructural coding regions from the polyprotein of HCV RNA-replicating cell lines
resistant to the compound were sequenced to determine the viral target. An amino acid
substitution at Tyr2065 of the polyprotein, corresponding to Tyr93 of NS5A, to either His
or Cys was found in all resistant cell lines. A Tyr93His NS5A derivative was engineered
into the HCV replicon and verified to be sufficient to confer resistance to the compound.
It was also found that BMS-824 inhibited the phosphorylation of NS5A needed for p58
formation, though had no effect on p58 that had already been formed. The Tyr93His
resistant phenotype displayed no inhibition of p58 formation when treated with the
compound (105). Whether the decrease in NS5A p58 is directly related to the
mechanism of action (MOA) of the compound or it is a secondary phenotype has yet to
be explored.
While evaluating the iminothiazolidinone class of compounds, BMS noticed
chemical instability associated with BMS-824, which spontaneously converted to the
unstable thiohydantoin 47 (compound numbering from the original publication) via
oxidative rearrangement and to dimer 48 via oxidative dimerization (Fig 1-4). Further
redesign of dimer 48 and removal of the iminothiazolidinone moiety led to the discovery
of trans-stilbene BMS-346, which is nearly twice as potent as dimer 48, at essentially
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half of its molecular weight. Subsequent optimization of BMS-346 led to BMS-790052,
which entered the clinic in 2008. Remarkably, BMS-790052 increased potency against
genotype 1a >200,000 times, and against genotype 1b >40 times compared to BMS-346
(59, 155).
BMS-790052. Optimization of BMS compounds led to the discovery of BMS-790052, a
molecule currently being tested in clinical trials for the treatment of chronic HCV
infection. The proof of concept (POC) study involved giving a single dose of 1-100 mg
BMS-790052 to genotype 1 treatment naïve HCV patients. The level of HCV RNA was
measured for seven days post dose. Patients receiving a 1, 10 and 100 mg dose of
BMS-790052 showed a dramatic decline in HCV RNA. A 1.8 log10, 3.2 log10 and 3.3
log10 reduction in HCV RNA levels were observed for the 1 mg, 10 mg and 100 mg
doses, respectively (59). The compound is less potent on genotype 1a than 1b replicons
(EC50 = 50 pM and 9 pM, respectively), and the study results showed that genotype 1b
patients had an increased reduction in HCV RNA levels compared to equivalently dosed
genotype 1a patients. The 1b patients also showed a more sustained response of five
days. The compound has since been shown to be inhibitory against HCV genotypes 1a,
1b, 2a, 3a, 4a, and 5a from 9 to 146 pM.
HCV resistance is an important consideration for any HCV therapy, as the virus
grows to high titers and has a high mutation rate. Preclinical characterization of BMS790052, described previously, showed that resistance to the compound mapped to the
first 100 amino acids of NS5A in both genotypes 1a and 1b (59). BMS analyzed the
HCV sequences from the patients treated with BMS-790052 in this single dose trial and
was able to identify the presence of mutations at residues known to be critical for
potency from the in vitro resistance screens.
The resistance profile of BMS-790052 was extended in a later publication, but
the critical residues originally identified, whether alone or in combination, remained the
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key sources of resistance (53). Cell culture experiments with biotinylated analogs from
this series were used to isolate proteins binding to the compound and showed that NS5A
interacted either directly or indirectly with an active compound from the series, while an
inactive compound failed to show binding (59). The binding was visualized by western
blotting with an NS5A antibody.
BMS-790052 has also been shown to alter the subcellular localization and
biochemical fractionation of NS5A (102, 175). Upon treatment of replicon-containing
cells with the inhibitor, NS5A cytoplasmic distribution shifted to centralization at lipid
droplets. Colocalization between NS5A and NS5B was also impaired (175).
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PREVIEW OF THESIS

There is little doubt that the phosphorylation of NS5A plays a key role in
regulating the function(s) of the viral protein. Only a few specific examples of direct
modulation exist (50, 123), though this likely stems from the current disorder of the field.
With over a half dozen kinases implicated in the phosphorylation of NS5A, over twice as
many putative sites of modification, and little overlap between the two groups, the
current understanding of NS5A phosphorylation is lacking. Further, the shotgun
approach to identifying phosphorylated residues and potential kinases of interest has left
incomplete and inconsistent results in its stead. A more direct, systematic technique for
discovering and understanding the biological significance of modified residues is critical
to unraveling the importance of NS5A phosphorylation.
This thesis provides such an approach, from the direct mass spectrometric
mapping of phosphorylated residues, to the bench-top biochemical analysis of how
phosphorylation impacts function in vitro, to the verification of biological significance in
cell-based and HCV-positive human liver biopsy-based assays.
Chapter 2 demonstrates this approach from beginning to end, utilizing the most
straightforward example of one kinase that can phosphorylate one residue on NS5A.
PKA has been known to phosphorylate NS5A for fifteen years (79), yet no sites of
modification have ever been mapped, nor has the biological relevance ever been
determined. Mass spectrometry identified Thr360, Thr2332 of the polyprotein, in the IDD
of NS5A as the target of PKA. Through the use of phosphopeptides, an antibody was
generated against the PKA-phosphorylated residue of NS5A that specifically interacts
with the phosphorylated form of the viral protein, both in vitro and in cells containing the
HCV replicon or infected with the virus. Changing Thr2332 to Ala or Glu negatively
impacted the accumulation of HCV RNA and other nonstructural proteins. Of particular
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interest have been the observations that PKA-phosphorylated NS5A localized to
replication complexes, as measured by the colocalization between NS5A and NS4B.
This localization was perturbed in cells producing NS5A containing the Ala substitution.
The verification of PKA as the kinase responsible for this modification was carried out
through the use of established inhibitors of PKA, which were shown to decrease the
level of NS5A phosphorylated at Thr2332. These inhibitors were also found to destroy
the organization of HCV replication complexes, an observation akin to that made with a
potent anti-HCV agent BMS-790052, which has been shown to target NS5A. In addition,
subcellular localization of the catalytic subunit of PKA was found to be altered from a
primarily Golgi-associated state in mock cells to a more cytoplasmic distribution in cells
replicating HCV RNA. These findings strengthen the hypothesis that phosphorylation of
NS5A may serve as a switch, toggling the viral protein between functions based on its
state of modification.
In Chapter 3, the reagents developed for the study of PKA-mediated
phosphorylation of NS5A in vitro are applied to HCV-infected liver tissue. This is the first
time that such an endeavor has been undertaken, and our proof-of-concept analyses
have yielded many exciting discoveries. We have determined that the major species of
NS5A present in HCV-infected human liver tissue are smaller than those observed in the
cell culture model, and that the major PKA-phosphorylated species of the viral protein
represents a smaller subset of the total NS5A. Our findings have led us to hypothesize
that these truncated forms of NS5A arise from cleavage by caspases. PKA-mediated
phosphorylation of one of these caspase cleavage products induces nuclear localization
of NS5A. Finally, our evidence suggests a correlation may exist between the level of
PKA-phosphorylated NS5A and the level of fibrosis. This could lead to the development
of novel, non-invasive biomarkers for the staging of HCV-induced liver damage.
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Chapter 4 provides an in-depth biochemical analysis of CK1α-mediated
phosphorylation of NS5A. Expression and purification of CK1α from E. coli yielded an
active kinase capable of phosphorylating NS5A in vitro. While PKA phosphorylates
NS5A at one site, CK1α was found to phosphorylate NS5A at ten or more sites, with
some modifications likely a prerequisite for subsequent phosphorylation elsewhere in the
viral protein. Mass spectrometric analysis identified CK1α-targeted residues throughout
the IDD of NS5A. An analysis of the modifications determined phosphorylation of
Ser283, Ser2255 of the polyprotein, to be essential for subsequent p58 formation in
vitro, the first time the hyperphosphorylated form of NS5A has ever been systematically
and reproducibly generated solely with recombinant NS5A and CK1α. Formation of p58
was found to be kinase-specific, with modifications at other phospho-residues within the
IDD of NS5A modulating the amount of p58 formed relative to p56.
Chapter 4 further defines the functional impact and biological relevance of
modifications within the IDD. Phosphorylation was found to regulate the interaction
between NS5A and cyclophilin A (CypA), making it more resistant to disruption by the
CypA inhibitor cyclosporin A (CsA). Addition of CypA or NS5B to in vitro reactions
inhibited CK1α-mediated phosphorylation of NS5A, consistent with these proteins
binding to the IDD of NS5A and blocking access to target phospho-residues. Loss of
phosphorylation in NS5A through phosphoablative substitutions in the HCV subgenomic
replicon permitted persistent replication in the absence of previously identified cell
culture adaptive mutations, providing biological significance for the newly identified
modifications in the IDD.
Chapter 5 highlights a finding inadvertently discovered during the analysis of
CK1α-mediated phosphorylation: domain I of NS5A may serve as a kinase recruitment
domain. In exploring the kinetics of phosphorylation of full-length NS5A compared to an
NS5A truncation lacking domain I, it was found that loss of domain I significantly
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decreased the phosphorylation efficiency despite the absence any phospho-residues.
Titration of domain I into phosphorylation reactions of full-length NS5A or the IDD
inhibited CK1α-, CK2-, and PKA-mediated phosphorylation of the substrate. This
suggested domain I could not toggle the recruited kinases to the target residues in the
IDD when present in trans. As rU15 RNA has been shown to promote the dimerization
of domain I (78), it was hypothesized that RNA may inhibit phosphorylation of NS5A by
preventing the kinase from accessing the putative binding site(s) on domain I. The
addition of RNA to phosphorylation reactions decreased the amount of CK1α-mediated
phosphate incorporation of full-length NS5A, but not the IDD, indicating that blocking
access to domain I resulted in less phosphate incorporation. Together, these results
supported the role of domain I as a kinase recruitment domain.
In Chapter 6, an outlook on future directions based on the data gathered in this
thesis is provided. In particular, discussion focuses on (1) the mechanism of PKAmediated phosphorylation of NS5A, (2) future projects exploring the characterization of
NS5A species in HCV-infected liver tissue, and (3) correlation between the intrinsic
disorder of NS5A and its role as a phosphoprotein.

26

Table 1-1
Table 1-1. Interactions between NS5A and HCV proteins.
protein

NS5A interaction residues

core
NS2
NS3
NS4A
NS4B
NS5A
NS5B

456, 458, 461

a

functional role

ref

163-167

formation of HCV particles
production of infectious virus
modulation of NS5A phosphorylation
modulation of NS5A phosphorylation

36-198
105-162, 277-334

promotion of RNA-binding
modulation of NS5A phosphorylation

(123)
(117)
(41)
(8)
(41)
(78, 178)
(162)

a

NS5A interaction residues, when known, are numbered using genotype 1b (Con1) reference.
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Table 1-2
Table 1-2. Interactions between NS5A and cellular proteins.
protein
2-5AS
actin
AKT
amphiphysin II
ANXA2
apoA1
apoE
Bax
β-catenin
Bin 1
Cdk1
CK1α
CK2
CypA
CypB
FKBP38
FKBP8
Fyn
Grb2
hB-ind1
Hck
HSP27
Hsp72
hTAFII32
hVAP-33
hVAP-A
hVAP-B
ISG-15
karyopherin β3
La
Lck
Lyn
MEK1
MKK6
MyD88
OSBP
p53
p70S6K
PI3K
PI4KIIIα
PKA
PKR
Plk1
PTX1
Raf-1
SRCAP
STAT1
Syk
TBC1D20
TBP
TRADD
TRAF2
tubulin
TβR-I

NS5A interaction
a
residues
1-148

350-356
domain 3
205-280
262-277
1-144
348-356

carboxy-terminus
304-320
310-315
148-236
121
350-356
350-356
350-356
1-181
221-302
175-179
213, 215
66-70, 341-344
379
1-200
1-83
350-356
343-356

functional role

ref

inhibition of IFN signaling
movement of replication complexes

(168)
(99)
(36)
(124, 196)
(11)
(161)
(37)
(34)
(126)
(130)
(7)
(145, 146)
(91)
(69)
(69)
(137, 186)
(135)
(118)
(173)
(169)
(118)
(30)
(28)
(101)
(182)
(50)
(68)
(92)
(33)
(75)
(118)
(118)
(36)
(36)
(1)
(5)
(120)
(36)
(165)
(152)
(79)
(57)
(27)
(61)
(24)
(62)
(100)
(81)
(163)
(144)
(121)
(136)
(99)
(29)

modulation of NS5A phosphorylation
assembly of infectious virus
promotion of HCV-induced steatosis
assembly of infectious virus
inhibition of apoptosis
inhibition of apoptosis
inhibition of apoptosis
modulation of cell cycle
phosphorylation of NS5A
phosphorylation of NS5A

inhibition of apoptosis
stimulation of HCV RNA replication
HCV replication and pathogenesis
disruption of signal transduction pathway
stimulation of HCV RNA replication
HCV replication and pathogenesis
stimulation of HCV RNA replication
membrane association of replication complexes
stimulation of HCV RNA replication
stimulation of HCV RNA replication
ISGylation of NS5A

HCV replication and pathogenesis
HCV replication and pathogenesis

240-280
1-147
1-150

modulation of TLR signaling pathway
HCV particle maturation and release
modulation of cell cycle

270-300

inhibition of apoptosis

237-276
133-220

1-175, 237-302
1-100

148-301
148-238

phosphorylation of NS5A
inhibition of IFN signaling
phosphorylation of NS5A
modulation of IFN activity
stimulation of HCV RNA replication
modulation of cell cycle
inhibition of IFN signaling
inhibition of tumor suppression
stimulation of HCV RNA replication

HCV pathogenesis
movement of replication complexes
modulation of TGF-beta signaling

a

NS5A interaction residues, when known, are numbered using genotype 1b (Con1) reference.
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Figure 1-1

Figure 1-1. The HCV genome is typical of other positive-sense RNA viral
genomes. The translated HCV genome contains structural proteins (C, E1, E2),
proteins involved in virion morphogenesis (p7, NS2), and nonstructural proteins
responsible for HCV genome replication (NS3p, NS3h, NS4A, NS4B, NS5A, NS5B).
NS5A, shown in its dimeric form above, stands out as a unique feature of HCV
compared to other positive-sense RNA viruses.
I. M. Moustafa
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Figure 1-2

Figure 1-2. Structurally, NS5A is composed of two domains. Homodimerization of
domain I (gold), with the intrinsically disordered domain of each monomer (black)
modeled into the figure with dashed lines.
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Figure 1-3

Figure 1-3. NS5A interacts with multiple viral and cellular factors. HCV proteins
(blue) and cellular proteins (black) have been mapped to interact with specific regions of
NS5A domain I and the intrinsically disordered domain (IDD). Other interactions (grey
boxes) remain unmapped to regions of the viral protein. Domain I of NS5A
homodimerizes to bind RNA (red). NS5A also interacts with a number of cellular kinases
(green box), some of which have been shown to phosphorylate the viral protein within
the IDD. See also Tables 1-1 and 1-2.
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Figure 1-4

Figure 1-4. From monomeric to dimeric NS5A inhibitors. A screen of small
molecule inhibitors against HCV resulted in BMS-824. Drug resistance mutations to
BMS-824 arose in NS5A, indicating the viral protein as the target of the compound.
Further optimization of BMS-824 has given rise to the dimeric BMS-790052, inhibitory
against HCV genotypes 1a, 1b, 2a, 3a, 4a, and 5a.
J. T. Bechtel
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CHAPTER 2

Protein kinase A is important for replication of hepatitis C virus RNA in cell culture

Jungwook Hwang, Michele R. Hargittai, David Manna, Hasan Koc, and Craig E.
Cameron will be co-authors on publications stemming from work presented in this
chapter.
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ABSTRACT

The hepatitis C virus (HCV) genome encodes a protein termed nonstructural protein 5A
(NS5A) that is a substrate of numerous cellular kinases, including protein kinase A
(PKA) and casein kinases 1 and 2. The specific sites of phosphorylation by these
kinases have not been directly mapped. However, all sites likely reside within the
intrinsically disordered domain located in the carboxy-terminal half of NS5A. PKA
phosphorylates NS5A on Thr2332 (polyprotein numbering) in vitro. This information
permitted the production of an antibody capable of specifically recognizing the PKAphosphorylated form of NS5A (pT2332-NS5A). The antibody permitted us to show that
pT2332-NS5A is present in Huh 7.5 cells persistently replicating HCV RNA (SI cells).
Changing Thr2332 to Ala or Glu precluded formation of pT2332-NS5A and caused a one
log reduction in the steady-state level of HCV RNA. Consistent with a function in
genome replication, pT2332-NS5A localized to replication complexes as measured by
colocalization of NS5A and NS4B. Importantly, the extent of this colocalization was
perturbed in cells producing T2332A NS5A. That PKA is the kinase responsible for
production of pT2332-NS5A in cells was demonstrated by showing reduction of pT2332NS5A in the presence of an established inhibitor of PKA. The PKA inhibitor was also
able to cause a one log reduction in HCV RNA. Surprisingly, the PKA inhibitor
completely destroyed the organization of replication complexes, an observation akin to
that made with a potent anti-HCV agent shown to target NS5A. This observation
suggested a role for PKA beyond that of NS5A phosphorylation. Interestingly, the
localization of the catalytic subunit of PKA was altered substantially in SI cells relative to
naïve Huh 7.5 cells. Our studies reinforce the critical role of NS5A phosphorylation for
replication of HCV RNA and illuminate a more global function for PKA in the HCV
lifecycle.
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INTRODUCTION

Viruses are classified into seven groups based on their genetic material: (I)
double-stranded DNA, (II) single-stranded DNA, (III) double-stranded RNA, (IV) positivesense single-stranded RNA, (V) negative-sense single-stranded RNA, (VI) singlestranded RNA-reverse transcribing, or (VII) double-stranded DNA-reverse transcribing.
Cellular kinases can phosphorylate viral proteins from all seven virus groups. These
modifications can regulate viral protein functions at nearly every stage of the viral
lifecycle, including viral uncoating (3), genome replication (33), virion assembly (51),
maturation (68), release from the host cell (70), and infectivity (69). Host kinasemediated phosphorylation of viral substrates has also been shown to modulate unique
aspects of certain viral lifecycles, such as integration into the host genome (48) and
cellular gene regulation (8).
For hepatitis C virus (HCV), a positive-sense single-stranded RNA virus that is a
leading cause of liver diseases and hepatocellular carcinoma (2), host-mediated
phosphorylation has been implicated in the regulation of nuclear localization of HCV core
protein (46), nucleocapsid assembly (47), and RNA-dependent RNA polymerase activity
(37). In addition, many phosphorylation events have been identified on residues within
nonstructural protein 5A (NS5A), a unique feature of the HCV genome compared to
other positive-sense single-stranded RNA viruses. Interest in NS5A has increased
substantially, owing to the revelations that direct-acting antivirals (DAAs) with high
efficacy can be targeted to this protein (21, 40). Structurally, NS5A is composed of two
domains: domain I, which can homodimerize to participate in RNA-binding (31, 67), and
the intrinsically disordered domain (IDD) (26, 42). Capable of interacting with nearly
every HCV protein and approximately fifty known cellular factors, including multiple
kinases (15), NS5A can exist in three forms: unphosphorylated (30), basally
48

phosphorylated, or hyperphosphorylated (34). The unphosphorylated and basally
phosphorylated species migrate at 56 kDa (p56), while hyperphosphorylation induces
formation of a 58 kDa isoform (p58). These modifications and/or the intrinsic disorder of
NS5A may contribute to the myriad interactions observed for the viral protein in cells
persistently replicating HCV RNA or producing infectious virus (15). Inhibition of NS5A
p58 formation permits persistent replication of the HCV subgenomic replicon in cell
culture (45) and attenuates the virus in the chimpanzee model (10). All known
phosphorylation of NS5A is carried out by cellular kinases (15) on residues within the
IDD of the viral protein. However, the effects of most of these modifications on
function(s) of NS5A remain undefined.
The first kinase shown to phosphorylate NS5A was cyclic adenosine
monophosphate (cAMP)-dependent protein kinase A (PKA) (32). PKA is a ubiquitous
heterotetramer, composed of two regulatory subunits (R) and two catalytic subunits (C)
in its inactive state. Two categories of regulatory subunits exist, designated I and II. RII
subunits can undergo autophosphorylation and are organelle-associated. RI subunits
are not autophosphorylated and are localized throughout the cytoplasm (66). PKA is
classified as Type I or Type II depending upon the associated pair of R subunits. Two
categories of catalytic subunit also exist in mammalian cells, Cα and Cβ. Cα is
constitutively expressed in most cells, while Cβ is more tissue-specific (66). Despite
these differences, each of the isoenzymes contains functional sites for ATP-binding,
peptide recognition, and catalysis (66). When the catalytic subunits are bound by
regulatory subunits in the heterotetramer structure, PKA is inactive. Binding of the
regulatory subunits to cAMP molecules induces a conformational change that releases
the active monomeric catalytic subunits (PKAc). The two PKAc subunits bind ATP to
become active and subsequently phosphorylate serine and threonine residues on target
proteins (24). For PKA, the consensus recognition sequence is R/K-R/K-X-S/T (66),
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where two positively-charged amino acids, R/K, precede the target serine or threonine
and are separated from it by at least one additional residue, X. PKA-mediated
phosphorylation of cellular substrates has been linked to cell cycle progression (23),
regulation of gene expression (14), nuclear localization (9), and gluconeogenesis (27).
A common method used to study PKA-mediated cellular signaling pathways is
via PKA inhibitors (PKAi). The two most commonly used pharmacological PKA inhibitors
are N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinoline sulfonamide dihydrochloride
(H89) and (9S,10S,12R)-2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-oxo-9,12epoxy-1H-diindolo[1,2,3-fg:3′,2′,1′-kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid
hexyl ester (KT-5720). H89 and KT-5720 have been used either alone or in combination
in over 2,000 studies (55). The Ki values for H-89 and KT-5720 inhibition of PKA are
0.05 μM (13) and 0.06 μM (36), respectively. Both inhibitors compete with ATP for
space in the active site of the catalytic subunits of PKA. The inability of PKAc to bind
ATP prevents phosphorylation of targeted substrates (55). Both H-89 and KT-5720 have
been shown to inhibit other kinases, albeit at higher concentrations. For example, H-89
inhibits Ca2+/calmodulin-dependent protein kinase II (CaM kinase II) at Ki = 30 μM,
protein kinase C (PKC) at Ki = 32 μM, and casein kinase 1 (CK1) at Ki = 38 μM (11). A
third ATP competitor is 1-(5-isoquinolinylsulfonyl)-2-methylpiperazine dihydrochloride
isoquinoline-5-sulfonic 2-methyl-1-piperazide dihydrochloride (H-7). H-7 is considered
an inhibitor of both PKA and PKC, with Ki values of 3.0 μM and 6.0 μM, respectively
(11). An alternative to ATP competitors is the synthetic form of the endogenous PKA
inhibitor peptide. With the nine residue amino acid sequence G-R-T-G-R-R-N-A-I, the
myristolyated peptide fragment 14-22 inhibits the kinase by binding PKAc in a manner
analogous to how the regulatory subunits interact with PKAc (55). The target threonine
residue is flanked upstream and downstream by positively-charged arginine residues,
making it an ideal substrate of PKA given the consensus sequence of the kinase,
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discussed above. The myristolyated 14-22 peptide has a Ki = 0.04 μM for PKA inhibition
and is highly specific (11).
In addition to modulating host factors and participating in cell signaling pathways,
PKA has been shown to phosphorylate a number of viral proteins and undergo
regulation by viral-induced changes within infected cells. The catalytic subunit of PKA
(PKAc) is packaged in human immunodeficiency virus-1 (HIV-1) virions and is
responsible for the phosphorylation of the gag protein and regulating HIV-1 infectivity
(12). The phosphorylation of a serine residue within the HIV Vpr protein by PKA is
essential for regulation of the G2/M cell cycle arrest, which leads to the death of infected
T cells (5). The Nef protein of HIV also undergoes phosphorylation by PKA, the
abrogation of which has been shown to decrease viral replication (41). The PKA signal
transduction pathway is hijacked by adenovirus type 12 E1A12S protein via interaction
with the regulatory subunits of the kinase, resulting in expression of viral genes essential
for viral replication (20). In hepatitis B virus (HBV), PKA-mediated phosphorylation of a
serine reside within the core protein regulates HBV virion assembly (35). The herpes
simplex virus 1 U(S)3 protein kinase has been suggested to mimic PKA, phosphorylating
cellular substrates to regulate the anti-apoptotic state of the infected cell (6). PKA has
been predicted to phosphorylate residues on the dengue virus E glycoprotein to aid in
viral entry (61). At early stages of Varicella-zoster virus (VZV) infection of host cells,
PKA expression is up-regulated and PKA inhibitors were found to decrease VZV
replication, implicating the kinase in modulating the viral lifecycle (16). In HCV, the
phosphorylation of serine residues within the core protein by PKA has been shown to
modulate nuclear localization (46) and nucleocapsid assembly (47). Additionally, PKAmediated phosphorylation of NS5A has previously been demonstrated to regulate
transcriptional activity of a truncated form of the viral protein (62), though the specific
site(s) of phosphorylation on NS5A have not been identified.
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In this study, we have mapped the site of PKA phosphorylation to threonine
residue 360 within the IDD of NS5A, polyprotein residue 2332 of HCV genotype 1b
(Con1). Using phospho-specific immunological reagents, we have detected this
phosphorylated NS5A species in cells stably replicating HCV RNA using two genotypes
of the virus, genotype 1b (Con1) and genotype 2a (JFH-1). The inability to
phosphorylate residue 2332 by either alanine or glutamic acid substitution decreased
total NS5A level by nearly 60%. We also show that loss of phosphorylation at 2332 via
alanine substitution decreased the localization of NS5A at HCV replication complexes.
While phosphorylation of T2332 did not impact NS5A p58 formation or subgenomic RNA
replication, both alanine and glutamic acid substitutions negatively impacted the level of
HCV RNA and viral proteins. The use of an established PKA inhibitor similarly
decreased HCV RNA levels and was found to destroy HCV replication complex
organization. A screen of other inhibitors of PKA produced similar results, yet an
established PKA activator did not stimulate phosphorylation of NS5A at T2332.
Interestingly, a redistribution of the catalytic subunit of PKA from a Golgi-associated
localization in naïve cells to a diffuse cytoplasmic distribution in cells replicating HCV
RNA was observed. This suggests a more global role of the kinase in regulating HCV
RNA replication. In addition, we showed that a potent HCV inhibitor known to target
NS5A specifically decreased phosphorylation of T2332 at HCV replication complexes.
Taken together, we have developed an approach to study the host-mediated
phosphorylation of NS5A from the initial biochemical analysis to the biological
verification of these modifications in cell culture-based assays.
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MATERIALS AND METHODS

Materials. Specific reagents used in this study and the respective information for each
are listed under each appropriate sub-heading. All other reagents were of the highest
grade available from Sigma, Fisher, or VWR.

Construction of recombinant NS5A plasmids. All DNA oligonucleotides were from
Integrated DNA Technologies (Table 2-1). NS5A 2005-2419 was generated as
described below. Oligos 1 and 2 were used with pET26-Ub-Δ32-NS5A-C(His) (encoding
resides 2005-2419 of the polyprotein) to amplify residues 2194-2419. The NS5A
deletion mutant 2005-2306 was created using oligos 3 and 4. NS5A containing ΔP3,
T2332A, or T2332E were amplified using oligos 2 and 3 on pHCVbart.rep1/Ava-II-ΔP3
(29), pHCVbart.rep1/Ava-II-T2332A, or pHCVbart.rep1/Ava-II-T2332E, generated as
described below. The PCR fragments were digested with NcoI and HindIII and ligated
into the NcoI/HindIII-digested vector. All NS5A derivatives were sequenced at the Penn
State Nucleic Acid Facility to verify the correct sequence.

Construction of NS5A subgenomic replicon plasmids. Oligos 5-8 (Table 2-1) were
used to perform overlap extension PCR on pHCVbart.rep1/Ava-II to create the T2332A
derivative. The overlap PCR fragment was digested with XhoI and MfeI and ligated into
the XhoI/MfeI-digested vector to generate pHCVbart.rep1/Ava-II-T2332A (T2332A). The
T2332E derivative, pHCVbart.rep1/Ava-II-T2332E, was constructed with oligos 7-10
(Table 2-1) in the same manner as the T2332A derivative. Both T2332 derivatives were
also cloned in the context of the NS5A cell culture adaptive mutation S2204I, hereafter
SI, to generate SI/T2332A and SI/T2332E, using pHCVbart.rep1/Ava-II-SI (29), as
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described above. DNA sequencing was performed to verify the presence of the desired
mutations.
To generate the HCV subgenomic replicon containing Tat and 2A for SEAP
assays, the plasmids for SI, SI/T2332A, Pol-, and Tat2A-HCV-N (71) were digested by
AgeI and PmeI. The fragments containing the neomycin resistance gene (NeoR), Tat,
and 2A from En5-3Tat2A replaced the fragments digested from Con1 by the restriction
enzymes. The final constructs have Tat, 2A, and NeoR at the amino-terminus, followed
by Con1 NS3 to NS5B at the carboxy-terminus (Tat2A-Con1-SI, Tat2A-Con1-SI/T2332A
and Tat2A-Con1-Pol-).

Expression and purification of NS5A proteins. All NS5A proteins used in this study
were His-tagged at the carboxy termini and purified as described below.
NS5A derivatives expressed from the pET-26-Ub-based plasmids are fused to
yeast ubiquitin at the amino terminus. Overexpression of protein in this system is
performed in the BL21(DE3)pCG1 strain of E. coli; this strain was derived from
BL21(DE3) cells and carries the pCG1 plasmid, which constitutively expresses a yeast
ubiquitin protease that processes the ubiquitin fusion protein to produce mature protein.
BL21(DE3)pCG1 cells containing the NS5A expression plasmid were grown
overnight in 100 ml of NZCYM supplemented with K25 and C20 at 25 oC to an OD600 =
1.0. The overnight culture was used to inoculate 4 L of K25, C20-supplemented media
to OD600 = 0.05. The cells were grown at 37 oC to an OD600= 0.8, and then cooled to 20
o

C. Isopropyl-D-thiogalactopyranoside (IPTG) was added to a final concentration of 500
M and cells were grown for an additional 4 h at 20 oC. The cells were harvested by

centrifugation, washed once in cold T10E1, centrifuged again, and the cell paste weighed.
Typical yields were 2-3 g of cell paste per liter of culture.
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The cell pellet was suspended in 5 ml buffer A (100 mM Tris, pH 8.0, 200 mM
NaCl, 10 mM BME and 5 mM imidazole) per gram of cells, supplemented with protease
inhibitors pepstatin A (10.0 µg/ml), leupeptin (10.0 µg/ml) and one protease inhibitor
cocktail tablet (Roche) per 4 g cell paste. The protease inhibitor cocktail tablets
substantially enhanced the stability of NS5A. The cell suspension was lysed by passing
through a French Press (SIM-AMINCO) twice at 16,000 psi. PMSF was added to a final
concentration of 1 mM and NP-40 to 0.5%. The extract was clarified by
ultracentrifugation for 30 min at 25,000 rpm (75,000 g) at 4 oC. Typically 40 mg of
protein is obtained in a clarified lysate from 1 g cell paste
The supernatant was loaded onto a diethylaminoethyl (DE52)-cellulose column
(Whatman), with 1 ml packed resin per 5 mg of protein in clarified lysate, connected to a
Ni-NTA-agarose column, with 1 ml packed Ni-NTA resin per 50 mg of protein in clarified
lysate, at a flow rate of 0.5 ml/min. The DE52 column was washed with two column
volumes of buffer B (100 mM Tris, pH 8.0, 200 mM NaCl, 10 mM BME, 0.1% NP-40)
containing 5 mM imidazole. The DE52 column was disconnected and the Ni-NTAagarose column was washed with two column volumes of buffer C (100 mM Tris, pH 8.0,
500 mM NaCl, 10 mM BME, 0.1% NP-40) containing 50 mM imidazole and two column
volumes of buffer C containing 100 mM imidazole. The purified NS5A was eluted by
using buffer C containing 500 mM imidazole. Fractions (one column volume) were
collected and analyzed for purity by SDS-PAGE. The fractions containing the majority of
the protein were pooled and dialyzed against three changes of 1 L 50 mM HEPES, pH
7.5, 100 mM NaCl, 0.1% NP-40 and 10 mM BME (membrane employed a 50,000 Da
MWCO). The dialyzed sample was then passed over a second DE52-cellulose column
(1/10th the size of the original DE52-cellulose column). The DE52 column was then
washed with three column volumes of buffer B (lacking imidazole). Pass-through
fractions (one-half column volume) were collected and analyzed for purity by SDS55

PAGE. Glycerol was added to a final concentration of 20%. The sample was stored in
aliquots at -80 oC. Protein samples from each purification step were monitored by both
Bradford assay and SDS-PAGE analysis.

In vitro phosphorylation assays. PKA or CK2-mediated phosphorylation of HCV
nonstructural proteins was performed in 50 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES), pH 7.5, 0.5 mM tris(2-carboxyethyl)phosphine
(TCEP), 20 mM MgCl2, 100 mM NaCl, 125 μM ATP, 0.5 μCi/μl [γ-32P]-ATP (MP
Biomedicals), and 1 μM NS3, NS5A, NS5A derivative, or NS5B. For reactions that did
not require the use of radiolabeled ATP, the [γ-32P]-ATP was omitted. Reactions
performed in the presence of 50 μM PKA inhibitor KT-5720 (Sigma) or 50 μM NS5A
inhibitor BMS-790052 were incubated with the inhibitor at 37 C for 30 min, after which
point PKA or CK2 (New England Biolabs, Inc.) was added to 1 μM and phosphorylation
proceeded for the specified time. The phosphorylation reaction was quenched with an
equal volume of 2x SDS-PAGE sample buffer. The samples were resolved on an 8%
SDS polyacrylamide gel. Electrophoresis was stopped when the free nucleotide
migrated near the bottom of the 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. Gels of reactions not using radiolabeled ATP were analyzed by
Western blot, as described below.

Mass spectrometric mapping of phosphorylation site. Analysis of the PKAphosphorylated residues on NS5A was performed by mass spectrometry with 8 μg
NS5A phosphorylated by PKA under the conditions listed above. A sample of the
quenched reaction was loaded onto an 8% SDS polyacrylamide gel and stained with
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Pro-Q Diamond Phosphoprotein Gel Stain (Invitrogen) to verify NS5A had been
phosphorylated by PKA when compared to an unphosphorylated NS5A sample (data not
shown). The remaining reaction was loaded onto an 8% SDS polyacrylamide gel and
the NS5A band was visualized by Coomassie staining. Peptides obtained from in-gel
trypsin digestion of in vitro phosphorylated NS5A were analyzed by liquid
chromatography-nanoelectrospray ionization-tandem mass spectrometry (LC/MS/MS)
and the peptides generated were used for DAP3 identification and mapping of the
phosphorylation site.
Detection and mapping of phosphorylation site was achieved by database
searching of tandem mass spectra of proteolytic peptides searched against protein
databases. Tandem MS spectra obtained by fragmenting a peptide by collision-induced
dissociation (CID) were acquired using a capillary LC/MS/MS system that consisted of a
Surveyor HPLC pump, a Surveyor Micro AS autosampler, and an LTQ linear ion trap
mass spectrometer (ThermoFinnigan). The acquired spectra were evaluated using
Xcalibur 2.0 and Bioworks 3.2 software. The raw CID tandem MS spectra were also
converted to Mascot generic files (.mgf) using Extract-MSn software (Thermo). The .dta
and .mgf files were submitted to a site-licensed Sequest and Mascot (version 2.2)
search engines to search against the Swiss-Prot database. 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 the protease of
choice. 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-to-noise of matched peaks, and the presence of dominant peaks that did not
match to any theoretical m/z value.
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NS5A alignment. HCV sequence alignments were performed using The Los Alamos
HCV Sequence Database (39). Genotype references of the NS5A protein sequence
were compared to determine the conservation of the PKA phosphorylation site, residue
T2332.

Antibodies. Rabbit polyclonal anti-NS5A, anti-NS3, and anti-NS5B were generated
using purified protein immunogens by Covance Research Products, Inc. for our use.
Rabbit polyclonal phospho-specific anti-pT2332 was generated using the synthetic
peptide P-P-R-R-K-R-pT-V-V-L-S-E-S-C conjugated to keyhole limpet hemocyanin by
Covance Research Products, Inc. for our use. Mouse monoclonal anti-NS5A was
purchased from Advanced Immunochemical Services, Inc. Rabbit polyclonal anti-NS4B
was a gift from Kouacou Konan (Albany Medical College). Rabbit polyclonal anti-giantin
and mouse monoclonal anti-β-actin and anti-annexin A2 were purchased from Abcam.
Mouse monoclonal anti-PKAc was purchased from BD Transduction Laboratories.
Mouse monoclonal anti-PI4P was purchased from Echelon. Goat monoclonal anticalnexin was purchased from Origene. Alexa Fluor 488 goat anti-mouse, Alexa Fluor
488 goat anti-rabbit, Alexa Fluor 594 goat anti-rabbit, and Alexa Fluor 594 donkey antimouse IgG were purchased from Invitrogen. The goat anti-rabbit horseradish
peroxidase (HRP), goat anti-rabbit alkaline phosphatase (AP), goat anti-mouse AP,
bovine anti-goat HRP, and bovine anti-goat AP were purchased from Santa Cruz
Biotechnology, Inc.

Cell culture. Huh 7.5 cells were maintained in Dulbeccos’ modified Eagle’s medium
(DMEM) media, as described previously (29). Briefly, cells were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin/streptomycin
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(P/S), and 0.1 mM nonessential amino acids (NEAA). Stable cell lines were maintained
in supplemented DMEM containing 0.5 mg/ml G418. Where specified for various
assays, cells were treated with specified amounts of dimethyl sulfoxide (DMSO), PKA
inhibitor H-7 (Sigma), PKA inhibitor H-89 (Sigma), PKA inhibitor KT-5720 (Sigma), PKA
inhibitor myristolyated peptide fragment 14-22 (Sigma), PKA activator N6,2’-Odibutyryladenosine-3’-5’-cyclic monophosphate (db-cAMP), or NS5A inhibitor BMS790052 for designated periods of time prior to harvesting.
En5-3Tat2A cells (provided by Dr. Stanley Lemon) were maintained in DMEM
containing 2 μg/ml blasticidin and 0.3 mg/ml G418.

Transient transfection of subgenomic RNA and G418 selection. In vitro transcribed
subgenomic RNA was electroporated into Huh 7.5 cells via a Biorad gene pulser or the
TransMessenger transfection system (Qiagen). Briefly, for electroporation, 2 x 106 cells
were resuspended in 400 μl phosphate-buffered saline (PBS) with 5 μg in vitro
transcribed subgenomic RNA in gene pulse cuvette (0.2 cm gap). The cell/RNA mixture
was electroporated by two pulses with 0.13 kV and 125 μFD. Cells were immediately
recovered by 4 ml serum-free DMEM without antibiotics. For TransMessenger
transfection, 1.6 x 106 cells were mixed with 2 μg RNA per the manufacturer’s protocol.
For colony formation assays, 0.5 x 106 cells were plated in 100-mm dishes. Cells were
selected under DMEM containing 0.5 mg/ml G418 for 3 weeks, exchanging G418containing media every three days.

Electroporation of viral RNA into Huh 7.5 cells. Linearized plasmid cDNA constructs
containing JFH1 or JFH1-GND genomes were used for RNA synthesis as previously
described (25). Prior to electroporation, subconfluent Huh 7.5 cells were trypsinized and
resuspended in complete DMEM. The cells were washed three times and resuspended
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at a concentration of 1.25 x 107 cells/ml in PBS. Viral RNA (1 μg) was mixed with 2.5 x
106 Huh 7.5 cells in 0.2 ml ice-cold PBS and electroporated with an
ElectroSquarePorator (BTX) in a 0.2-mm gap cuvette. The electroporator was set at 820
V, 99 μs at 1.1 s intervals and 4 pulses. The cells recovered for 10 min at room
temperature before being diluted into 10 ml of supplemented DMEM. The cells were
seeded into a 100-mm dish and cell lysates were collected in lysate buffer containing
150 mM NaCl, 50 mM tris(hydroxymethyl)aminomethane (Tris), pH 8.0, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1% NP-40 (Nonidet P-40), 0.1% sodium
dodecyl sulfate (SDS), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 2 g/ml leupeptin
at day 3 post-electroporation for western blot analysis.

Western blot analysis. Western blotting was performed as described previously (31).
Briefly, recombinant proteins or cell extracts from transiently transfected cells or stable
cell lines were separated on 8% SDS polyacrylamide gels and transferred to
nitrocellulose membrane. Membranes were probed with rabbit polyclonal anti-NS3, antiNS5A, anti-pT2332, or anti-NS5B (generated by Covance Research Products, Inc. for
our use) and either goat anti-rabbit horseradish peroxidase or alkaline phosphatase
(Santa Cruz). The β-actin monoclonal antibody (Abcam) and goat anti-mouse alkaline
phosphatase (Santa Cruz) were used to detect β-actin. Calnexin antibody (Origene) and
bovine anti-goat horseradish peroxidase or alkaline phosphatase (Santa Cruz) were
used to detect calnexin. The proteins were detected by ECL, enhanced
chemiluminescence, (Millipore) or ECF, enhanced chemifluorescence, (GE Healthcare)
western blot detection reagents. ECF-detected blots were visualized by the Typhoon
imager (Molecular Dynamics) and quantified using ImageQuant software.
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Immunofluoresence. Cells were seeded on coverslips in 6-well plates. After
designated time and any specified treatment, the cells were washed 1x 5 min with
phosphate buffered saline (PBS) and fixed for 15 min in 4% formaldehyde in PBS. Cells
were washed 3x 5 min with PBS, permeabilized for 5 min in 0.05% TritonX-100 in PBS,
and washed 4x 5 min with PBS. The cells were blocked with 3% bovine serum albumin
(BSA) in PBS for 15 min and double stained by incubation for 1 h each with primary
antibody “A” followed by primary antibody “B”. Cells were incubated for 1 h each with
Alexa-488 or -594 conjugated secondary antibodies (Invitrogen). After each staining,
PBS was used to wash the cells 3x 5 min. The coverslips were mounted on glass slides
in Vectashield with DAPI (Vectashield Laboratories, Inc., Burlingame, CA) and sealed
with nail polish. Immuno-stained samples were analyzed by fluorescence microscopy
(Zeiss Axiovert 200 M) with a 63x lens and digital images were taken with an Axiocam
MRm CCD camera. Optical sections were deconvolved using Axiovision software.

Confocal microscopy. Slides prepared for immunofluoresence were also used for
confocal microscopy. Confocal analysis was performed on an Olympus Fluoview 1000
with an Olympus IX70 inverted microscope with fluorescence burner and four single-line
lasers with individual shutters that are software-controlled for sequential acquisition:
violet (405nm, 10mW), blue argon (488nm, 10mW), green HeNe (543nm, 10mW), and
red HeNe (633nm, 10mW). Images were taken using the PlanApo 60X/1.4oil objective
and the 2-dimensional X-Y scanning mode. Data was analyzed with the Olympus
Fluoview 3.0a software. Quantification was performed using the Pearson’s coefficient of
colocalization between the green (NS5A) and red (NS4B) channels, and the statistical
significance was calculated using a two-tailed paired t test. Colocalization of NS5A and
NS4B was calculated using twenty cells per cell line from three independent
experiments.
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Secreted alkaline phosphatase (SEAP) assay. The SEAP assay was performed as
specified by the manufacturer (Roche). En5-3 cells (kindly provided by Dr. Stanley
Lemon, UNC Chapel Hill) were maintained in DMEM containing 2 μg/ml blasticidin and
0.3 mg/ml G418. Briefly, 0.5, 1.0, and 5.0 x 104 En5-3Tat2A cells were seeded in 96well plates. After incubation, 10 μl cells was mixed with 30 μl dilution buffer and
incubated at 65 °C for 30 min and 10 μl inactivation buffer was added. After 5 min
incubation at room temperature, 10 μl substrate reagent was added and incubation
continued for 10 min. Emission light was detected by the luminometer at 477 nm.

qRT-PCR. Total RNA was extracted from subgenomic replicon transfected Huh 7.5
cells by the RNeasy Plus RNA extraction system (Qiagen). The qRT-PCR was
performed by Dr. Deborah Grove at the Nucleic Acid Facility at the Pennsylvania State
University. Oligos 11 and 12 (Table 2-1) were used for reverse transcription. The
Taqman primer 5'-CGC CGC CAA GCT CTT CAG CAA-3' was used on an Applied
Biosystem 7300. In vitro transcribed RNA was used to quantify the copy number in
cells.

Northern blot analysis. For northern blotting, 0.5 μg and 2.0 μg of total RNA from
stable cell lines were separated on a 0.6% agarose gel of 0.8 M formaldehyde in 20 mM
3-(N-morpholino)propanesulfonic acid (MOPS) buffer containing 5 mM sodium acetate
and 1 mM EDTA and transferred to a nylon membrane in 150 mM sodium chloride, 15
mM sodium citrate, pH 7.0 (SSC). Additionally, 0.5, 1.0, 5.0, and 10.0 ng of in vitro
transcribed subgenomic replicon RNA was used as a positive control. The RNA was UV
crosslinked to the membrane and incubated with radiolabeled probes for 12 h. The
probes were generated by PCR using oligos 13 and 14 (Table 2-1) with
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pHCVbart.rep1/Ava-II and labeled with [α-32P]-dATP (MP Biomedicals). RNA was
visualized by the Typhoon imager (Molecular Dynamics) and quantified using
ImageQuant software.

Cycloheximide (CHX) treatment. Huh 7.5 cells stably replicating the SI, SI/T2332A,
and SI/T2332E subgenomic replicons were incubated in the presence of 100 μg/ml CHX
for 48 h and harvested every 12 h for analysis via northern and western blotting,
described above.

Cell viability assay. 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4sulfophenyl)-2H-tetrazolium, inner salt (MTS) assays were used to detect the number of
viable cells and performed as specified by the manufacturer (Promega).

Calculation of IC50 values of PKA inhibitors. Phosphorylation of NS5A in the
presence of specified PKA inhibitors was performed in 50 mM HEPES, pH 7.5, 0.5 mM
TCEP, 20 mM MgCl2, 100 mM NaCl, 50 μM ATP, 0.5 μCi/μl [γ-32P]-ATP, and 0.005 μM
PKA. Reactions were incubated with final concentrations of 0, 0.05, 0.1, 0.5, 1.0, 5.0,
10, or 50 μM of PKA inhibitor H-7 dihydrochloride, H-89 dihydrochloride, KT-5720, or the
myristolyated peptide fragment 14-22 (all from Sigma), each in a final DMSO
concentration of 2.5% in the reaction, at 37 C for 30 min. After 30 min, NS5A was
added to 0.5 μM and phosphorylation proceeded for 30 min. The phosphorylation
reaction was quenched with an equal volume of 2x SDS-PAGE sample buffer. The
samples were resolved on an 8% SDS polyacrylamide gel and quantified as described
above. Data were fit to one phase exponential decay curves to calculate the respective
IC50 for each inhibitor.
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RESULTS

PKA selectively phosphorylates NS5A on residue T2332. Using the NetPhosK 1.0
Server with a 0.5 threshold setting to predict kinase-specific eukaryotic phosphorylation
sites, the number of predicted PKA phosphorylation sites within HCV viral proteins NS3,
NS5A, and NS5B were found to be seven, one, and seven, respectively. Threonine
residue 2332 of the HCV polyprotein was identified as a putative PKA-phosphorylation
site within NS5A (data not shown).
Recombinant NS5A was phosphorylated in vitro by PKA under conditions that
allowed for the stoichiometry of phosphate incorporation to be quantified. It was
calculated that one mole of phosphate was incorporated per mole of viral protein (Fig 21A). To verify the specificity of this phosphorylation, the purified recombinant
nonstructural proteins NS3 and NS5B were subjected to in vitro phosphorylation by PKA
under the same conditions as NS5A, however only NS5A showed significant levels of
phosphorylation (Fig 2-1B).
In order to ascertain the target(s) of PKA-mediated phosphorylation on NS5A,
truncations of the viral protein were phosphorylated by the kinase under the same
stoichiometric conditions, yielding a loss of phosphate incorporation following deletion of
residues 2307-2419 (Fig 2-2A). Site-specific identification of amino acid T2332 as the
NS5A residue phosphorylated by PKA was performed via mass spectrometry on gelisolated, PKA-phosphorylated NS5A (Fig 2-2B). To confirm T2332 as the residue
phosphorylated by PKA in vitro, phospho-ablative alanine (T2332A) and phosphomimetic glutamic acid (T2332E) substitutions were engineered. Along with wt NS5A, the
T2332A and T2332E NS5A derivatives were incubated in the presence of PKA, with only
phosphorylation of wt NS5A observed (Fig 2-2C).
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T2332 is conserved across HCV genotypes of significant morbidity. Based on
phylogenetic analysis, HCV is categorized into seven genotypes, denoted numerically 17, and multiple subtypes, denoted by a letter following the genotype. Sequence
alignments from the HCV Sequence Database (39) confirmed that T2332 is conserved
among HCV genotypes 1, 2a, 3, and 4a (Table 2-2).

NS5A is phosphorylated at T2332 in cells stably replicating HCV RNA. An antibody
against phosphorylated T2332 (hereafter pT2332) was generated using the phosphopeptide P-P-R-R-K-R-pT-V-V-L-S-E-S-C conjugated to keyhole limpet hemocyanin. This
peptide corresponds to residues 2226-2338 of NS5A. It was determined that antipT2332 specifically recognized the PKA-phosphorylated wt NS5A, but not
unphosphorylated wt NS5A or wt NS5A phosphorylated by CK2 (Fig 2-3A). The
antibody also did not interact with the unphosphorylated T2332A or T2332E NS5A
derivatives, or either of these derivatives phosphorylated by PKA or CK2 (Fig 2-3A).
Applying the immunological reagent to western blots of extract from naïve Huh
7.5 cells and cells stably replicating HCV subgenomic replicon RNA containing the
S2204I (hereafter SI) cell culture adaptive mutation, it was found that anti-pT2332
interacted with NS5A in the SI cell extract, but not in the SI/T2332A or SI/T2332E cell
extracts (Fig 2-3B). This verified residue T2332 can undergo phosphorylation in the
HCV genotype 1b subgenomic replicon. Re-probing the blot with anti-NS5A confirmed
the presence of NS5A in all lanes of extract from cells stably replicating HCV RNA,
though the T2332 phospho-ablative and phospho-mimetic substitutions revealed a
decrease in total NS5A level (Fig 2-3B). Quantification of the western blot confirmed
only about 20% of the total NS5A in SI replicon-containing cells is phosphorylated at
T2332, and that abrogation of phosphorylation by either alanine or glutamic acid
substitution each decrease total NS5A by nearly 60% (Fig 2-3B).
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The immunological reagent was also applied to extract from HCV genotype 2a
JFH-1-infected cells collected 3 days post-transfection. Western blots probed with antipT2332 showed reactivity with both the p56 and p58 isoforms of NS5A from infected
cells, but no reactivity with extract from replication-deficient virus (GND)-infected cells
(Fig 2-3C). These data confirmed that both the p56 and p58 isoforms of NS5A contain
species of the viral protein phosphorylated at residue T2332. The data also verify the
specificity of anti-pT2332 across HCV genotypes 1 (Fig 2-3B) and 2 (Fig 2-3C).
Immunofluorescence analysis of naïve Huh 7.5 cells (mock) or cells stably
expressing the SI, SI/T2332A, or SI/T2332E subgenomic replicons verified that our
polyclonal antibody against NS5A detected the viral protein in all cells replicating HCV
RNA (Fig 2-4, in green). The antibody against pT2332-NS5A reacted nonspecifically
with a cellular protein in the nucleus of Huh 7.5 cells, but also detected a species of
NS5A in the SI replicon-containing cells that was absent in mock cells and cells
replicating the SI/T2332A and SI/T2332E subgenomic replicons (Fig 2-4, in red). The
puncta visualized with anti-pT2332 colocalized with the puncta observed with anti-NS5A
in the SI cells (Fig 2-4, in yellow). This finding validated the existence of a form of
NS5A phosphorylated at T2332 in cells replicating HCV RNA.

Phosphorylation of T2332 regulates NS5A localization at HCV replication
complexes. Immunofluorescence analysis was performed on naïve Huh 7.5 cells
(mock) and on cells stably expressing the SI, SI/T2332A, and SI/T2332E HCV
subgenomic replicons to determine if phosphorylation of T2332 regulated subcellular
localization of the phosphorylated NS5A species. Cells were double-stained with NS5A
(green) and NS4B (red), a viral protein involved in formation of membranous webs that
serve as a scaffold for HCV replication complexes. In SI cells, colocalization between
NS5A and NS4B is nearly ubiquitous, however, in SI/T2332A and, to a lesser extent
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SI/T2332E replicon-containing cells, colocalization between NS5A and NS4B decreased
(Fig 2-5A).
Confocal microscopy analysis was performed on twenty cells from each of the
three cell lines replicating HCV RNA from three independent experiments in order to
calculate the amount of colocalization between the viral proteins by the Pearson’s
coefficient. This method confirmed the degree of colocalization of NS5A and NS4B
varied significantly between cells replicating SI and SI/T2332A HCV RNA, with p < 0.001
(Fig 2-5B). Colocalization of the two viral proteins between SI and SI/T2332E repliconcontaining cells varied with p = 0.008 (Fig 2-5B). On average, cells replicating SI HCV
RNA were more consistent in the amount of colocalization calculated from cell to cell
(Fig 2-6A). By comparison, cells replicating SI/T2332A HCV RNA varied in the amount
of colocalization between NS5A and NS4B, with values ranging from 0.286 to 0.609 in a
single field of view (Fig 2-6B).
The effect of phosphorylation of NS5A at residue T2332 on the colocalization
between NS5A and other viral protein was also explored by immunofluorescence
analysis. Naïve Huh 7.5 cells (mock) and cells stably expressing the SI, SI/T2332A, and
SI/T2332E subgenomic replicons were double-stained with NS5A (green) and NS3 (red),
the HCV helicase known to localize to HCV replication complexes. Colocalization
between NS5A and NS3 was observed in SI replicon-containing cells, but was
decreased in cells replicating SI/T2332A and SI/T2332E HCV RNA (Fig 2-7). In
addition, cells were also double-stained with NS5A (green) and NS5B (red), the HCV
viral RNA-dependent RNA polymerase (RdRP). NS5B staining was very diffuse in all
cells replicating HCV RNA relative to staining of viral proteins localized to the HCV
replication complexes (Fig 2-8). Very little colocalization between NS5A and NS5B was
observed in SI cells, and this was completely abolished in SI/T2332A and SI/T2332E
replicon-containing cells (Fig 2-8). Taken together, these data suggest the
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phosphorylation of NS5A at T2332 may help to stabilize the viral protein at HCV
replication complexes.

Stable subgenomic replicon replication is not affected by phosphorylation of
residue T2332. Having shown phosphorylation of T2332 may help stabilize NS5A at
HCV replication complexes, we sought to determine if inhibition of phosphorylation at
this site negatively impacted replication of the HCV subgenomic replicon.
To determine if phosphorylation of residue T2332 is involved in p58 formation,
the loss of which has been shown to enhance replicon replication (44), transient
transfection of naïve Huh 7.5 cells with wt NS5A, T2332A, and T2332E subgenomic
replicons was performed and levels of p56 and p58 were quantified by western blot (Fig
2-9A). Cells transfected with wt NS5A typically express the p56 and p58 isoforms of the
viral protein in a 1:1 ratio. No significant difference between the p56:p58 ratio was
calculated among the NS5A derivatives, indicating phosphorylation of T2332 does not
contribute directly to p58 formation (Fig 2-9A), though the T2332-phosphorylated
species was shown to exist in both the p56 and p58 isoforms (Fig 2-3C).
The impact of phosphorylation at T2332 on subgenomic replicon replication was
measured by colony formation assays under G418 selection. Huh 7.5 cells transfected
with wt NS5A and the T2332A and T2332E subgenomic replicon derivatives did not
replicate in the presence of G418, while SI, SI/T2332A, and SI/T2332E derivatives
produced colonies with similar transfection efficiencies (Fig 2-9B).
A modified HCV subgenomic replicon was employed to test the effect of
phosphorylation of residue T2332 on the rate of HCV replication. This subgenomic
replicon encoded the human immunodeficiency virus (HIV) Tat protein driven by the
HCV 5’-UTR (71). When expressed in En5-3 cells, Tat binds to the HIV long terminal
repeat (LTR) promoter in the nucleus, which regulates secreted alkaline phosphatase
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(SEAP) expression (Fig 2-9C). Expression of HCV nonstructural proteins from NS3 to
NS5B was controlled by the encephalomyocarditis virus (EMCV) internal ribosome entry
site (IRES). Three constructs, Tat2A-Con1-SI, Tat2A-Con1-SI/T2332A, and Tat2ACon1-Pol-, were electroporated and SEAP activity was measured daily. Tat2A-Con1Pol- contained a defective HCV NS5B polymerase (Pol-) and was used as a negative
control. No difference was observed between Tat2A-Con1-SI and Tat2A-Con1SI/T2332A (Fig 2-9D).

Phosphorylation of T2332 regulates the accumulation of HCV subgenomic
replicon RNA and nonstructural proteins. A more detailed examination was
performed to determine the role of phosphorylation of T2332 in the replication process.
Quantitative RT-PCR (qRT-PCR) of total RNA extracted from cells stably expressing the
SI/T2332A or SI/T2332E subgenomic replicons revealed a 6- or 8-fold decrease,
respectively, in levels of subgenomic RNA compared to levels calculated from cells
stably expressing the SI replicon (Fig 2-10A). These findings were further verified by
northern blotting (Fig 2-10B). Sequencing of the replicons did not reveal any additional
mutations within NS5A for the respective cell lines studied (data not shown).
The replicon copy number was followed by qRT-PCR over passages of the SI,
SI/T2332A, and SI/T2332E cell lines. Interestingly, the copy number did not markedly
differ between the cell lines until passage 5, at which point the SI replicon number
increased exponentially, while the SI/T2332A and SI/T2332E derivatives did not (Fig 210C). By passage 7, the SI replicon number reached 35 x 106 copies/μg of total RNA,
while SI/T2332A and SI/T2332E replicon numbers were each less than 10 x 106
copies/μg of total RNA.
In order to determine if the decrease in RNA copy number correlated with a lower
expression of HCV nonstructural proteins, the effect of the T2332A and T2332E NS5A
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derivatives on viral protein expression was investigated via western blotting. Relative to
levels of NS3, NS5A, and NS5B observed in SI replicon-containing cells, extract from
cells replicating SI/T2332A and SI/T2332E replicons revealed a decrease in levels of all
three viral proteins (Fig 2-10D). Levels of β-actin were equally detected across extract
from SI, SI/T2332A, and SI/T2332E replicon-containing cells (Fig 2-10D).

Stable cell lines containing T2332A or T2332E derivatives retain similar stability of
HCV subgenomic replicon and nonstructural proteins relative to T2332. In order to
prove that phosphorylation on T2332 does not function in either viral RNA or
nonstructural protein stability, cells expressing the SI, SI/T2332A, or SI/T2332E HCV
subgenomic replicons were treated with the translation inhibitor cycloheximide (CHX).
Subgenomic replicon RNA increased over time in the absence of CHX (Fig 2-11A, top
panel), however, decreased at equal rates in SI, SI/T2332A, and SI/T2332E repliconcontaining cells treated with CHX (Fig 2-11A, bottom panel). The similar decay rates
suggested that subgenomic replicons in T2332A and T2332E derivatives had similar
stability compared to T2332 (Fig 2-11B).
To rule out the degradation of viral proteins in this process, HCV nonstructural
proteins in cells treated with CHX were detected by western blotting. Like HCV RNA,
nonstructural protein decay occurred at a similar rate across SI, SI/T2332A, and
SI/T2332E under CHX treatment (Fig 2-11C and 2-11D). These results suggested that
the phosphorylation of residue T2332 does not affect viral RNA or protein stability.

Inhibition of PKA decreases the level of phosphorylation of NS5A at residue T2332
and HCV RNA level. To verify PKA was the kinase responsible for the detected
phosphorylation of residue T2332, naïve Huh 7.5 cells and cells replicating the SI
subgenomic replicon were treated for 48 h with 1% DMSO or 10 μM of the PKA inhibitor
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(PKAi) KT-5720. Western blots of cell extract showed a loss of reactivity between NS5A
from cells treated with KT-5720 and anti-pT2332 (Fig 2-12A). Quantification of the
western blots confirmed a 30% decrease in T2332-phosphorylated NS5A from cells
treated with PKAi compared to those under DMSO treatment relative to cells prior to
treatment (0 h) (Fig 2-12B). Treatment of cells with the PKAi had no effect on the levels
of total NS5A, NS5B, or on a non-specific cellular protein, calnexin (Fig 2-12A and 212B).
To determine if the loss of PKA phosphorylation via the PKAi had any effect on
HCV replicon level, total RNA was extracted from cells stably expressing the SI
subgenomic replicon treated for 48 h with 1% DMSO or 10 μM PKAi KT-5720. Cells
treated with the PKAi showed an 11.3-fold decrease in replicon number relative to cells
treated with DMSO (Fig 2-12C). Surprisingly, cells expressing the SI/T2332A or
SI/T2332E subgenomic replicon showed a 2.7- or 2.2-fold decrease in replicon number,
respectively, when treated with 10 μM KT-5720 compared to DMSO treatment after 48 h
(Fig 2-12C). As the PKA inhibitor had no effect on cell viability (Fig 2-12D), this
decrease in RNA level observed in the SI/T2332A and SI/T2332E cells indicated PKA
phosphorylation may play a role in HCV RNA replication beyond the modification of
NS5A.

Inhibition of PKA destroys HCV replication complex organization.
Immunofluorescence analysis was performed on cells stably expressing the SI,
SI/T2332A, and SI/T2332E subgenomic replicons in the presence of 1% DMSO or 10
μM PKAi KT-5720. It was found that the treatment of all three cell lines with PKAi
severely disrupted HCV replication complexes relative to cells treated with DMSO, as
determined by cells double-stained for NS5A (green) and NS4B (red) (Fig 2-13). The
distinct puncta of NS5A observed in cells treated with DMSO became more diffuse
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following PKAi treatment, and the amount of colocalization between the viral proteins
decreases relative to cells treated with DMSO. The same phenotype was observed
when SI, SI/T2332A, and SI/T2332E replicon-containing cells were double-stained for
NS5A (green) and NS3 (red). The PKAi treatment resulted in diffuse staining of both
viral proteins relative to cells treated with DMSO (Fig 2-14). A timecourse of PKAi
treatment of cells replicating SI HCV RNA determined that the disruption of NS5A puncta
was observed by 12 h (Fig 2-15). This apparent destruction of the HCV replication
complexes further suggested PKA may serve a global role in HCV RNA replication.

PKA inhibitors block PKA-mediated phosphorylation of NS5A and disrupt HCV
replication complexes. A panel of commercially available PKA inhibitors was selected
to determine if similar inhibition of PKA-mediated phosphorylation could be achieved.
The two most commonly used PKA inhibitors are KT-5720, used above, and H-89,
together utilized in over 2,000 studies (55). Both inhibitors compete with ATP for the
active site of the kinase. The in vitro IC50 values for KT-5720 and H-89 have been
previously reported at 0.06 μM (36), and 0.05 μM (13), respectively. A third ATP
competitor, H-7, with an IC50 of 15 μM (49) was also selected. Finally, a non-ATP
competitor, the myristolyated synthetic PKA inhibitor peptide fragment 14-22, with a
reported IC50 of 3 μM (1) was chosen.
The four PKA inhibitors were used to calculate the IC50 values for inhibition of
PKA-mediated phosphorylation of NS5A in vitro. Under catalytic conditions, the
calculated IC50 values were 5.3 μM for H-7 (Fig 2-16A), 0.1 μM for H-89 (Fig 2-16B), 0.2
μM for KT-5720 (Fig 2-16C), and 0.7 μM for 14-22 (Fig 2-16D).
Cells replicating SI HCV RNA were treated for 24 h with 10x IC50 values
calculated for each PKA inhibitor. Western blots of cell extract confirmed a decrease in
NS5A phosphorylated at T2332 for cells treated with H-89, KT-5720, and 14-22, but not
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H-7, relative to cells treated with DMSO (Fig 2-17A and 17B). The level of total NS5A
and the cellular protein calnexin were unaffected by any inhibitor treatment (Fig 2-17A
and 17B).
To determine if treatment with the selected PKA inhibitors also resulted in a
similar destruction of HCV replication complexes as reported above (Fig 2-13 and 2-14),
immunofluoresence analysis was performed on SI cells treated for 24 h with 10x IC50 of
each PKA inhibitor. Cells were double-stained with NS5A (green) and NS4B (red).
Distinct NS5A and NS4B puncta were observed cells treated with DMSO, with nearly
100% colocalization between the viral proteins (Fig 2-17C). NS5A and NS4B in cells
treated with H-7 were similar in staining pattern to the viral proteins in DMSO-treated
cells (Fig 2-17C). HCV replication complexes were severely altered to a more diffuse
pattern in cells treated with H-89, KT-5720, and, though to a lesser extent, 14-22 (Fig 217B).

PKA activator db-cAMP does not increase the level of NS5A phosphorylated on
residue T2332. N6,2’-O-dibutyryladenosine-3’-5’-cyclic monophosphate (db-cAMP) is
an analogue of the natural signaling molecule cyclic AMP, which binds the regulatory
subunits of PKA to release the activate catalytic subunits of the kinase. We employed
db-cAMP as a means of increasing PKA activity in cells stably expressing the HCV
subgenomic replicon to determine if this up-regulation correlated to an increase in the
level of PKA-phosphorylated NS5A, as detected using our phospho-specific
immunological reagent. Our results suggested that db-cAMP did not significantly
increase PKA-phosphorylated NS5A relative to cells treated for equal time with DMSO
(Fig 2-18A and 2-18B). Treatment with db-cAMP had no effect on cell viability (Fig 218C).
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Cells replicating HCV RNA induce relocalization of the catalytic subunit of PKA.
Based on the effect of PKA inhibition on HCV replication complex organization, the
impact of replication of HCV RNA on the localization of the kinase relative to naïve Huh
7.5 cells was addressed. Via immunofluorescence analysis, it was observed that the
typical Golgi-associated localization of the catalytic subunit of PKA (PKAc) in naïve Huh
7.5 cells (mock) was altered to a more diffuse cytoplasmic distribution in cells replicating
the SI, SI/T2332A, and SI/T2332E HCV subgenomic replicons (Fig 2-19). PKAc was
found to only slightly colocalize with NS5A.
Naïve Huh 7.5 cells and cells replicating SI HCV RNA were treated with the PKA
inhibitor KT-5720 and double-stained with the Golgi-marker giantin (green) and PKAc
(red). The Golgi-associated localization of PKAc in DMSO-treated naïve Huh 7.5 cells
became more diffuse and less abundant following PKAi treatment (Fig 2-20). PKAc in
SI replicon-containing cells did not localize to the Golgi, but was dispersed throughout
the cytoplasm (Fig 2-20). PKAi treatment of cells replicating SI HCV RNA was also
found to decrease the PKAc level (Fig 2-20). To verify that the observed alteration to
PKAc was not a result of Golgi rearrangement in cells replicating HCV RNA, naïve Huh
7.5 cells (mock) and cells containing SI, SI/T2332A, and SI/T2332E replicons were
double-stained with NS5A (green) and giantin (red). The replication of HCV RNA was
not found to alter the Golgi structure relative to naïve cells (Fig 2-21). The redistribution
of PKAc in cells replicating HCV RNA further implicated the kinase in regulating HCV
replication.

Phosphorylation of NS5A at T2332 does not determine colocalization with PI4P.
Recently, NS5A has been shown to increase the expression level and interact with
phosphatidylinositol-4-phosphate (PI4P), which is essential to formation of HCV
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replication complexes (7, 43, 59). We sought to determine if phosphorylation of T2332
would impact PI4P expression and/or NS5A colocalization with PI4P.
Immunofluoresence analysis of naïve Huh 7.5 cells (mock) and cells replicating
the SI, SI/T2332A and SI/T2332E HCV subgenomic replicons was performed, staining
the cells for NS5A (green) and PI4P (red). In naïve cells, PI4P expression was lower
than in replicon-containing cells (Fig 2-22). Across all cells replicating HCV RNA, the
level of PI4P was consistent despite a decrease in NS5A expression in SI/T2332A and,
to a lesser extent, SI/T2332E-replicon containing cells, relative to SI cells (Fig 2-22).
Colocalization of NS5A and PI4P was not obvious in SI cells as previously reported for
cells replicating HCV RNA (28, 59), and the inhibition or mimicking of phosphorylation at
reside T2332 did not increase or decrease the colocalization level (Fig 2-22).

Phosphorylation of T2332 may regulate NS5A colocalization with annexin A2.
Annexin A2 has been identified as a host protein essential to the formation of HCV
replication complexes (63) and the assembly of infectious HCV particles, interacting with
a sub-domain of NS5A that overlaps the T2332 region of the viral protein (4). We
performed immunofluoresence analysis to address how phosphorylation of T2332 may
impact colocalization with annexin A2.
Naïve Huh 7.5 cells (mock) and cells replicating HCV subgenomic replicons were
stained with NS5A (green) and annexin A2 (red). Relative to mock cells, the level of
annexin A2 in cells replicating SI HCV RNA was substantially diminished (Fig 2-23).
Interestingly, this decrease in annexin level was not observed in cells replicating
SI/T2332A or SI/T2332E HCV RNA (Fig 2-23). The binding of NS5A to annexin A2 may
mask the epitope recognized by the antibody to the cellular protein, and insertion of
alanine or glutamic acid substitutions at T2332 may disrupt the interaction to allow the
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antibody to bind. No correlation was observed between the level of NS5A and annexin
A2 in HCV replicon-containing cells (Fig 2-23).

NS5A inhibitor (NS5Ai) BMS-790052 indirectly inhibits PKA-mediated
phosphorylation of NS5A. Destruction of HCV replication complexes has previously
been reported to occur in cells treated with the potent anti-HCV agent BMS-790052,
which targets NS5A (65). Given our similar observation using the PKA inhibitor, we
sought to determine if PKA-mediated phosphorylation of NS5A was inhibited by BMS790052.
Immunofluoresence analysis of cells replicating SI HCV RNA treated with DMSO
or 1 nM NS5Ai for 3, 6, and 9 h was performed, and cells were double-stained for NS5A
(green) and pT2332-NS5A (red) (Fig 2-24). At each time point, the size of pT2332NS5A puncta was equal to total NS5A puncta in DMSO-treated cells. For cells treated
with NS5Ai, at 3 h, a slight decrease in the size of pT2332-NS5A puncta was observed
relative to total NS5A puncta. The size of the pT2332-NS5A puncta was approximately
25% of the total NS5A at 6 h. By 9 h, the pT2332-NS5A staining was almost entirely
diffuse, yet the total NS5A retained distinct puncta shape.
To quantify how the NS5Ai impacted the level of pT2332-NS5A and total NS5A,
cells stably replicating the SI subgenomic replicon were treated with DMSO or 1 nM
NS5Ai for 3, 6, and 9 h and the extract was analyzed by western blot. Blots probed with
anti-pT2332 showed no decrease in the level of phosphorylated NS5A in NS5Ai-treated
cell extract compared to phosphorylated NS5A levels in cells treated with DMSO (Fig 225A and 2-25B). Treatment of cells with NS5Ai also had no effect on total NS5A level
(Fig 2-25A and 2-25B).
The specificity of BMS-790052 as an inhibitor of PKA-mediated phosphorylation
of NS5A was assayed via in vitro phosphorylation reactions. No significant difference
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was observed between PKA phosphorylation of NS5A under standard conditions, in the
presence of 1% DMSO, or in the presence of 50 μM NS5Ai (Fig 2-25C). In contrast, a
detectable level of phosphate incorporation was completely abolished when PKA
phosphorylation of NS5A was carried out in the presence of 50 μM PKA inhibitor (PKAi)
KT-5720 (Fig 2-25A). These findings suggest the NS5Ai may abrogate PKA-mediated
phosphorylation of NS5A via an indirect mechanism.

A working model of PKA-mediated phosphorylation of NS5A. Based on the work
presented in this chapter, we have designed a working model of how PKA-mediated
phosphorylation of NS5A promotes HCV RNA and nonstructural protein accumulation in
replicon-containing cells (Fig 2-26). Preventing modification of NS5A at T2332 via
alanine/glutamic acid substitutions and/or commercially available PKA inhibitors results
in a decrease in formation of stable HCV replication complexes. This subsequently
leads to less HCV RNA and viral nonstructural proteins.

77

DISCUSSION

NS5A has emerged as a provocative drug target for the treatment of HCV, with
its dozens of interactions (15) and its essential, yet undefined, role(s) in viral genome
replication. Though NS5A possesses no known enzymatic function, it is highly
phosphorylated by a number of cellular kinases (15), and one of the most promising antiHCV DAAs targeting NS5A, BMS-790052, markedly decreases some of these
phosphorylation events (21, 40). Whether inhibition of NS5A phosphorylation is a part of
the mechanism of the compound or an indirect effect of inhibitor treatment remains
unclear. While phosphorylation has been hypothesized as a means of toggling NS5A
between functional states, few studies have demonstrated a direct relationship between
the modification and an altered role of the viral protein (18, 50), despite the
documentation of many putative phosphorylation sites (15). A compound that could
modulate the phosphorylated state of NS5A could prevent formation of isoforms needed
for key aspects of the viral lifecycle or could trap NS5A in a state of phosphorylation,
thereby preventing it from carrying out necessary function(s). This study provides a
paradigm for studying phosphorylation of NS5A, from biochemical analysis to cell culture
studies, in order to ascertain the biological significance of cellular kinase-mediated
phosphorylation of the viral protein.
The first kinase found to phosphorylate NS5A was PKA (32). Fifteen years later,
the site(s) on NS5A modified by PKA remain unknown. We have determined that PKA
specifically phosphorylates NS5A at one residue (Fig 2-1), which we identified as T2332
through deletion analysis, mass spectrometry, and site-directed mutagenesis (Fig 2-2).
This residue is conserved across genotypes and serotypes of HCV that cause significant
morbidity and mortality worldwide, suggesting an important role of PKA-mediated
phosphorylation of NS5A in the HCV lifecycle (Table 2-2).
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Previously, PKA has been shown to play a role in HCV infection (19). The
inhibition of PKA resulted in redistribution of claudin-1 on the plasma membrane of Huh
7.5 cells, where it serves as an integral host factor for HCV entry, to an intracellular
location, thereby reducing viral entry and infectivity (19). While the study did not
specifically address PKA-mediated phosphorylation of viral proteins, it determined that
treatment of HCV-infected cells with the commercially available PKA inhibitor H-89
decreased NS5A expression relative to untreated HCV-infected cells (19).
To further address the details of this discovery and utilize our finding that PKA
phosphorylated NS5A at T2332, we developed an antibody capable of specifically
recognizing the species of NS5A phosphorylated at T2332 (pT2332-NS5A). This is the
first time in the HCV field that a phospho-antibody has been generated against NS5A
based on the phosphorylation state of the viral protein. We demonstrated the ability of
this immunological reagent to detect recombinant NS5A phosphorylated by PKA, but
neither unphosphorylated NS5A nor NS5A phosphorylated by a different kinase, CK2
(Fig 2-3). We also verified the specificity of the phospho-antibody in cells stably
replicating HCV RNA from genotype 1b (Con1) and genotype 2A (JFH-1) by western
blotting (Fig 2-3). A quantitative analysis determined that 20% of total NS5A in HCV
replicon-containing cells is phosphorylated at T2332. Blocking phosphorylation via
alanine substitution decreased the level of total NS5A by nearly 60%. A glutamic acid
substitution, meant to mimic phosphorylation at T2332, was unable to restore the level of
the viral protein. This makes sense, given that only 20% of the total NS5A is
phosphorylated at T2332. Generating an entire population of either completely
unphosphorylated, via alanine substitution, or completely “phosphorylated”, via glutamic
acid substitution, will not achieve the balance present in cells replicating NS5A that can
undergo authentic phosphorylation at this residue.
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Application of our phospho-antibody to immunofluoresence studies allowed us to
determine that colocalization between total NS5A and pT2332-NS5A was nearly 100%
in cells replicating the SI HCV subgenomic replicon (Fig 2-4). Alanine or glutamic acid
substitution at T2332 abrogated detection of the pT2332-NS5A puncta. Given our ability
to analyze a specific form of NS5A in cells replicating HCV RNA based on the
phosphorylation state of the viral protein, we sought to address whether phosphorylation
of T2332 regulated localization of NS5A at HCV replication complexes. Co-staining SI
replicon-containing cells with NS5A and NS4B, the viral protein responsible for the
formation of membranous webs that serve as a scaffold for HCV replication, we
observed that NS5A colocalized well with NS4B (Fig 2-5A). In cells replicating the
SI/T2332A or SI/T2332E replicon, however, colocalization between the viral proteins
visibly decreased (Fig 2-5A). Confocal microscopy was used to quantify the
colocalization based on the Pearson’s coefficient, which was found to vary significantly
between cells replicating SI and SI/T2332A HCV RNA, with p < 0.001, and between
those replicating SI and SI/T233E HCV RNA, with p = 0.008 (Fig 2-5B). In addition, SI
replicon-containing cells were typically found to have consistently high levels of
colocalization between NS5A and NS4B (Fig 2-6A), whereas SI/T2332A repliconcontaining cells in a single field of view had levels of colocalization that varied
significantly (Fig 2-6B). We also showed that phosphorylation of T2332 regulates NS5A
localization with NS3, the viral helicase (Fig 2-7) and NS5B, the viral RNA-dependent
RNA polymerase (Fig 2-8). Taken together, these findings suggested that
phosphorylation of T2332 may help to stabilize NS5A at the sites of HCV genome
replication, with completely abrogating or constitutively mimicking phosphorylation both
resulting in decreased colocalization. This is the first time that NS5A subcellular
localization has ever been analyzed based on phosphorylation state, and the first time
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phosphorylation has ever been found to promote NS5A colocalization with other HCV
nonstructural proteins.
Given that blocking phosphorylation of T2332 was found to decrease NS5A
localization at HCV replication complexes, we wanted to address how this may impact
subgenomic replication. While basal phosphorylation of NS5A is carried out by multiple
kinases (15), hyperphosphorylation and subsequent formation of a 58 kDa species of the
viral protein has been shown to be mediated by casein kinase 1α (57, 58). This 58 kDa
species has been shown to be inconsistent with subgenomic replicon replication, with
abrogation essential for persistent replication to occur. We found in this study that,
though pT2332-NS5A existed in both the basally phosphorylated 56 kDa species and
the 58 kDa species, neither the phospho-ablative T2332A nor the phospho-mimetic
T23332E substitutions had any effect on hyperphosphorylation (Fig 2-9A). Likewise,
alanine and glutamic acid substitutions at T2332 had no effect on HCV subgenomic
replication, as determined by colony formation assay (Fig 2-9B), nor did the T2332A
substitution decrease replication rate, as determined by SEAP assay (Fig 2-9C and 29D). Loss of phosphorylation via the T2332A substitution, however, was found to
decrease the level of HCV RNA by nearly 80% relative to the HCV RNA level calculated
for cells replicating the SI subgenomic replicon (Fig 2-10A). As expected, the T2332E
substitution, meant to mimic phosphorylation, did not rescue the loss of HCV RNA
resulting from blocking phosphorylation with the alanine substitution. This finding once
again suggested that creating a population of either constitutively “off” or constitutively
“on” substitutions at T2332 does not achieve the balance of unphosphorylated and
phosphorylated NS5A species calculated in cells replicating NS5A.
The alanine and glutamic acid substitution-induced decrease in HCV RNA level
was further confirmed by northern blotting (Fig 2-10B). The level of HCV RNA for each
cell line was found to be consistent until approximately the fifth or sixth passage
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following transfection, however, by passage seven cells replicating the SI replicon had
nearly four times the level of HCV RNA as those cells replicating either the SI/T2332A or
SI/T2332E replicons (Fig 2-10C). This can likely be attributed to the higher level of HCV
RNA and HCV nonstructural proteins (Fig 2-10D) present in SI replicon-containing cells
relative to those with the alanine and glutamic acid substitutions. The more components
of the HCV replication complexes that are present and active in a cell replicating HCV
RNA, the higher the level of product. To rule out that loss of phosphorylation at T2332
had any effect on HCV RNA or nonstructural protein decay rates, the level of viral RNA
and NS5A were calculated in the presence of cycloheximide (Fig 2-11). Both HCV RNA
and NS5A were found to have similar stability across cell lines replicating the SI,
SI/T2332A, and SI/T2332E HCV subgenomic replicons.
To verify that PKA was the kinase responsible for the phosphorylation of T2332
in cells replicating HCV RNA, we employed KT-5720, an inhibitor vetted by the literature
to be PKA-specific (22, 38, 56, 64). The level of NS5A phosphorylated at T2332 was
found to decrease by 30% in cells treated with the PKA inhibitor relative to cells treated
with DMSO, while the level of total NS5A, NS5B, and the cellular protein calnexin were
unaffected by PKA inhibitor treatment (Fig 2-12A and 2-12B). We further showed that
the PKA inhibitor decreased the level of HCV RNA in SI replicon-containing cells by over
11-fold relative to cells treated with DMSO (Fig 2-12C). This is consistent with the
decrease we calculated in HCV RNA level in cells replicating the SI/T2332A and
SI/T2332E HCV replicons relative to the SI replicon (Fig 2-10A). Surprisingly, KT-5720
also decreased HCV RNA levels in the SI/T2332A and SI/T2332E cell lines relative to
DMSO-treated cells (Fig 2-12C), but was not found to affect cell viability (Fig 2-12D).
These findings suggested that PKA may play a more global role in regulating HCV RNA
level beyond just the phosphorylation of NS5A.
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We also addressed whether PKA inhibitor treatment would decrease the
colocalization between NS5A and other HCV nonstructural proteins, as seen in cell lines
expressing the SI/T2332A and SI/T2332E HCV subgenomic replicons (Fig 2-5).
Surprisingly, we observed by immunofluorescence analysis that HCV replication
complexes were essentially destroyed in SI, SI/T2332A, and SI/T2332E repliconcontaining cells treated with KT-5720 relative to DMSO-treated cells (Fig 2-13 and 214). Both the level of HCV nonstructural protein puncta and the colocalization between
NS5A and NS4B or NS5A and NS3 were significantly decreased following PKA inhibitor
treatment. A timecourse of treatment with KT-5720 determined that diffusion of NS5A
puncta was observed by 12 h (Fig 2-15). To determine if other PKA inhibitors similarly
blocked PKA-mediated phosphorylation of NS5A and resulted in the destruction of HCV
replication complexes observed with KT-5720 treatment, we performed a screen of
commercially available PKA inhibitors. The inhibitors were tested using our standard
PKA-mediated phosphorylation of NS5A assay. The calculated IC50 values were as
follows: H-7 dihydrochloride = 5.3 μM (Fig 2-16A), H-89 dihydrochloride = 0.1 μM (Fig
2-16B), KT-5720 = 0.2 μM (Fig 2-16C), and the myristolyated peptide fragment 14-22 =
0.7 μM (Fig 2-16D). SI replicon-containing cells were treated with 10x IC50 of each
inhibitor for 24 h to determine the effect on pT2332-NS5A. Relative to DMSO-treated
cells, it was calculated that H-89, KT-5720, and 14-22 decreased the level of pT2332NS5A by 20%, 30%, and 10%, respectively (Fig 2-17A and 2-17B). The H-7 PKA
inhibitor did not decrease the level of pT2332-NS5A. Total NS5A and the cellular protein
calnexin were calculated to be essentially equal across all samples studied (Fig 2-17A
and 2-17B). Finally, we also performed immunofluoresence analysis of SI repliconcontaining cells treated with 10x IC50 of each PKA inhibitor for 24 h to determine the
effect of the inhibitors on HCV replication complex organization. We observed that
relative to DMSO-treated cells, in which NS5A and NS4B colocalization was nearly
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100%, cells treated with H-89 and KT-5720 had almost no colocalization between the
viral proteins (Fig 2-17C). The distinct puncta of the viral proteins observed in the
control cells were severely altered to a more diffuse staining. Cells treated with 14-22
also displayed decreased NS5A colocalization with NS4B, though distinct puncta were
still visible (Fig 2-17C). Relative to DMSO-treated cells, those treated with H-7 had very
little change in NS5A or NS4B puncta and colocalization between the viral proteins (Fig
2-17C). These data confirm that most commercially available PKA inhibitors disrupt
HCV replication complexes and underscore a global role of PKA in formation and/or
stabilization of the complexes.
Given that PKA inhibitors decreased the pT2332-NS5A level in HCV repliconcontaining cells, we asked whether the PKA activator db-cAMP would stimulate pT2332NS5A formation. SI replicon-containing cells treated for 24 or 48 h in the presence of
0.1 m db-cAMP had no increase in pT2332-NS5A or total NS5A relative to DMSOtreated cells, and db-cAMP did not affect cell viability (Fig 2-18). It may be possible that
a threshold of PKA-phosphorylated NS5A is already reached in cells replicating HCV
RNA. To verify this hypothesis, the level of a PKA-phosphorylated cellular protein would
need to be measured in cells replicating HCV RNA in the absence and presence of the
PKA activator db-cAMP. If the level of PKA-phosphorylated cellular substrate increases
under db-cAMP treatment, then we can be sure the activator is being taken up by the
cells and increasing PKA activity. Additionally, other cellular and/or viral factors may
regulate PKA phosphorylation of NS5A, and so increasing PKA activity may not be
directly observed via NS5A phosphorylation by the kinase.
To further address the global role of PKA in HCV genome replication,
immunofluoresence analysis was performed to determine how replication of HCV RNA
may impact localization of the catalytic subunit of PKA (PKAc). Surprisingly, cells
replicating the SI, SI/T2332A, and SI/T2332E HCV subgenomic replicon were found to
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have redistribution of PKAc relative to naïve Huh 7.5 cells (Fig 2-19). In naïve cells,
PKAc localized to the Golgi, whereas in cells replicating HCV RNA, PKAc was more
diffuse. Treatment of naïve Huh 7.5 cells with KT-5720 resulted in the more diffuse and
less abundant staining of PKAc relative to DMSO-treated cells (Fig 2-20). Replication of
HCV RNA was not found to have any effect on the staining of the Golgi structure, as
demonstrated by the Golgi marker giantin (Fig 2-21). Thus, the redistribution of PKAc
may be an intentional HCV-induced rearrangement meant to benefit the replication of
the viral genome via formation and/or stabilization of HCV replication complexes. Taken
together, these data further emphasize the role of PKA in the HCV lifecycle.
Recently, interest in lipids as contributing factors to the formation and
stabilization of replication complexes of positive-strand RNA viruses has increased
substantially (28). It has been shown that NS5A increases the level of PI4P lipids and
colocalizes with PI4P in cells replicating HCV RNA (7, 28, 43, 59). Though this
interaction has been shown to be mediated via domain I of the viral protein (59), we
asked whether PKA-mediated phosphorylation of NS5A may impact colocalization with
PI4P. Immunofluoresence analysis was performed with naïve Huh 7.5 cells and cells
replicating the SI, SI/T2332A, and SI/T2332E HCV subgenomic replicons. We show that
relative to naïve cells, all cells replicating HCV RNA induced PI4P expression level,
regardless of NS5A expression level (Fig 2-22). While colocalization of NS5A and PI4P
has been reported as nearly 100% (28) to approximately 20% (59), we were unable to
accurately visualize colocalization in our studies. Thus, we are unable to verify whether
inhibiting or mimicking phosphorylation at residues T2332 has any substantial impact on
colocalization between NS5A and PI4P.
The cellular annexin proteins interact with negatively-charged lipids and serve as
a “bridge” between the lipids and other proteins (53). Annexins also play a role in the
secretory pathway (17). Both of these functions have been shown to be influenced by
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phosphorylation of annexins by cellular kinases, including PKA and PKC (54, 60, 72).
Recently, annexin A2 has been implicated in formation of HCV replication complexes
(63) and assembly of infectious HCV particles via interaction with a region on NS5A
overlapping residue T2332 (4). Expression and phosphorylation of annexin A2 have
also been shown to be increased in hepatocellular carcinoma (52). We hypothesized
that the destruction of HCV replication complexes observed under PKAi treatment may
result from decreased phosphorylation of annexin A2, which is essential to HCV
replication complex formation (63). To address this, we asked if phosphorylation of
T2332 would impact colocalization between annexin and NS5A. To our surprise, relative
to naïve cells and cells replicating the SI/T2332A or SI/T2332E HCV subgenomic
replicon, those cells replicating the SI subgenomic replicon had substantially decreased
levels of annexin A2 (Fig 2-23). This is inconsistent with previous reports suggesting
HCV replication increases annexin A2 levels (63). A possible explanation for our
observation is that the annexin A2 antibody recognizes an epitope that is masked by
NS5A-annexin A2 interaction. Preventing this interaction, as may result in SI/T2332A or
SI/T2332E replicon-containing cells, allows the epitope to be recognized and thus the
protein is detected at higher levels than in SI replicon-containing cells. An antibody
against a different region of annexin A2 may help to address this issue.
Our observation that the PKA inhibitors destroyed the HCV replication complex
organization was similar to the finding that the promising NS5A-targeted antiviral BMS790052 likewise decreased colocalization between NS5A and NS5B, the HCV
polymerase (65). BMS-790052 has been shown to inhibit HCV replication with high
potency (21, 40). Though the mechanism of action remains unclear, the inhibitor blocks
formation of the hyperphosphorylated isoform of NS5A (40) and alters the subcellular
localization of the nonstructural viral protein (65). To determine if the NS5A inhibitor
targeted PKA phosphorylation of NS5A, we treated cells stably replicating the SI
86

subgenomic replicon with BMS-790052. Interestingly, we observed by
immunofluoresence that the NS5A inhibitor (NS5Ai) decreased the pT2332-NS5A
puncta over 9 h relative to the pT2332-NS5A puncta in DMSO-treated cells (Fig 2-23).
In our in vitro kinase assays, however, we found that NS5Ai did not inhibit PKA-mediated
phosphorylation of recombinant NS5A, where as the PKA inhibitor KT-5720 completely
abrogated detectable phosphate incorporation (Fig 2-24A). Quantification of the levels
of pT2332-NS5A and total NS5A from SI-replicon containing cells treated with NS5Ai
were nearly equal to levels from cells treated with DMSO (Fig 2-24B and 2-24C). These
findings suggest that BMS-790052 may specifically inhibit PKA-mediated
phosphorylation of NS5A at HCV replication complexes, but not the bulk NS5A present
in replicon-containing cells.
In conclusion, this work provides a systematic approach for mapping cellular
kinase-mediated phosphorylation of viral proteins and determining the biological
significance of these posttranslational modifications. It also underscores the potential of
more global roles of cellular kinases in the HCV lifecycle beyond phosphorylation of viral
proteins. Future development of HCV antivirals that specifically target phosphorylated
NS5A species may prove useful in preventing phospho-regulated functions of the viral
protein.

87

Table 2-1
Table 2-1. Oligonucleotides used in this study.
no. name

sequence

1
2
3
4
5
6
7
8
9
10
11
12
13
14

5'-CGC GCC ATG GAT CCT CTG GTT CTC CCC CCT CCT TGG-3'
5'- GGT ACC AAG CTT CTA TTA GCA GCA GAC GAC GTC CTC-3'
5'-GCG GGT ACC CCA TGG ATC CTC TGG TGG AGT CCC CTT-3'
5'-GGC AAG CTT CTA TTA GTA GTC CGG GTC CTT CCA-3'
5'-CCA CGG AGG AAG AGG GCG GTT GTC CTG TCA GAA-3'
5'-TTC TGA CAG GAC AAC CGC CCT CTT CCT CCG TGG-3'
5'-GCG AAA TTC CCT CGA GCG ATG CCC ATA-3'
5'-GCG GGT GGT GTC AAT TGG TGT CTC-3'
5'-CCA CGG AGG AAG AGG GAG GTT GTC CTG TCA GAA-3'
5'-TTC TGA CAG GAC AAC CTC CCT CTT CCT CCG TGG-3'
5'-GGA AGC GGT CAG CCC AT-3'
5'-GCG TTG GCT ACC CGT GAT-3'
5'-GGG TGC TTG CGA GTG CC-3'
5'-GGC CAG TAA CGT TAG GGG-3'

HCV-NS5A-2194-NcoI-for
HCV-NS5A-HindIII-rev
HCV-Δ32-NS5A-NcoI- for
HCV-NS5A- 2307-HindIII-rev
HCV-NS5A-T2332A-for
HCV-NS5A-T2332A-rev
HCV-NS5A-XhoI-for
HCV-NS5B-MfeI-rev
HCV-NS5A-T2332E-for
HCV-NS5A-T2332E-rev
HCV-rep-RT-PCR-for
HCV-rep-RT-PCR-rev
HCV-Northern-for
HCV-Northern-rev
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Table 2-2
Table 2-2. Conservation of PKA phosphorylation site in NS5A residues 2319-2364.
1a._.H77.NC_004102
1a.US.H77-H21.AF011753
1a.US.99_38.DQ889300
1b.DE.BID-V502.EU155381
1b.TR.HCV-TR1.AF483269
1b.JP.MD1-911.AF165046
1c.ID.HC-G9.D14853
1c.IN.AY051292.AY051292
2a.JP.JCH-6.AB047645
2a._.G2AK1.AF169003
2a.JP.AY746460.AY746460
2b.JP.MD2b1-2.AY232731
2b._.MD2B-1.AF238486
2b._.JPUT971017.AB030907
2c._.BEBE1.D50409
2i.VN.D54.DQ155561
2k.MD.VAT96.AB031663
3a.DE.HCVCENS1.X76918
3a.US.TN78-0.DQ430819
3a.CH.452.DQ437509
3b.JP.HCV-Tr.D49374
3k.ID.JK049.D63821
4a._.01-09.DQ418782
4a.EG.Eg7.DQ988076
4d._.03-18.DQ418786
4d._.24.DQ516083
4f.FR.IFBT84.EF589160
4f.FR.IFBT88.EF589161
5a.GB.EUH1480.Y13184
5a.ZA.SA13.AF064490
6a.HK.6a77.DQ480512
6a.HK.EUHK2.Y12083
6b._.Th580.NC_009827
6c.TH.Th846.EF424629
6d.VN.VN235.D84263
6e.CN.GX004.DQ314805
6f.TH.C-0044.DQ835760
6f.TH.C-0046.DQ835764
6g.HK.HK6554.DQ314806
6g.ID.JK046.D63822
6h.VN.VN004.D84265
6i.TH.C-0159.DQ835762
6i.TH.Th602.DQ835770
6j.TH.C-0667.DQ835761
6k.CN.KM41.DQ278893
6k.CN.KM45.DQ278891
6k.VN.VN405.D84264
6l.US.537796.EF424628
6m.TH.C-0185.DQ835765
6n.CN.KM42.DQ278894
6n.TH.D86/93.DQ835768
6o.CA.QC227.EF424627
6p.CA.QC216.EF424626
6q.CA.QC99.EF424625
6t.VN.VT21.EF632071
6t.VN.TV249.EF632070
7a.CA.QC69.EF108306

PRSPPVPPP-RKKRTVVLTESTLPTALAELATKSFGSSSTSGITGDNPRSPPVPPP-RKKRTVVLTESTLSTALAELATKSFGSSSTSGITGDNPRXPPVPPP-RRKRTVVLTESNVSTALAELATKSFGSSSTSGVXGDSNKAPPIPPP-RRKRTVVLSESTVSSVLAELATKAFGSSESSAVDSGTTKAPPIPPP-RRKRTVVLTESTVSSALAELATKTFGSSGSSAVDSGTTKTPPIPPP-RRKKTVVLTESTVSSALAELAVKAFGSSGSSAADSGTPKPTPVPPP-RRKRTVVLDESTVSSALAELATKTFGSSTTSGVTSGEPKPTPVPPP-RRKRTVVLDESTVSSALAELATKTFGSSTTSGVTSGEPKKTPTPPP-RRRRTVGLSESTIGDALQQLAVKSFGQPPPSGDSGLSPKKTPTPPP-RSRRTVGLRESTIGDALQQLAIKTFGQPPPSGDSGLSPKKTPTPPP-RRRRTVGLSESVVAEALQQLAIKSFGQPPPSGNSGLSTPQAPVPPP-RRRRAKVLTQDNVEGVLREMADKVLSPLQDYNDSGHSTPQAPVPPP-RRRRAKVLTQDNVEGVLREMANKVLSPLQDHNDSGHSTPQAPVPPP-RRRRARVLTQDNVEGVLREMADKVLSPLQDTNDSGHSPGTTPVPPP-RRRRAVVLDQSNVGEALKELAIKSFGCPPPSGDPGHSPGQTPVPPP-RRRRTVALDQSTVGEALRELAIKAFGQPPPSGDSGHSRVTAPTPPP-RRRRALVLSQSNVGEALQALAIKSFGQLPPSCDSGRSRGAPPVPPP-RRKRTIQLDGSNVSAALAALAKKSFPSVNPQDENSSSXGAPPVPXP-RXKRTIQLDGSNVSXALAALAEKSFPSSEPQGENSSSKGAPPVPPP-RRKRTVQLDGSNVSAALAALAEKSFPSSKLQEENSSSTRPAPVPPP-RRKRTIKLDGSNVSAALLALAERSFPSTKPEGTGTSSQKLPPVPPP-RRKRTIVLSESTVSKALASLAEKSFPQPTCSAEDESTSKQPPVPPP-RRKRTVQLTESAVSTALAELAAKTFGQYELGSDSGADSKQTPVPPP-RRKRTVQLTESVVSTALAELAAKTFGHAELSADSGTGDKPTPVPPP-RRKRAVVLSESNISAALASLADKTFSQPGVSSDSGAADKPTPVPPP-RRKRTVALSESNISEALASLADKTFGQPAASSDSGAASNQPPVPPPRRKKKTVVLSEATVSDALADLAAKSFGRPESEPDSGAGSNQPPVPPPRRRKKTVVLSESTVSDALADLAAKSFGRPESEPDSGAGAGPPPVPLPRRKRKPMELSDSTVSQVMADLADARFKVDTPSIEGQDSAGLPPVPPPRRKRKPVVLSDSNVSQVLADLAHARFKADTQSIEGQDSPKPAPIPPP-RRKRLVHLDESTVSHALAQLADKVFVESGSDPGPSSDS
PKPAPVPPP-RRKRLVHLDESTVSHALAQLADKVFVESSNDPGPSSDS
AKPTPIPPP-RRKRLIQLDESAVSQALQQLADKVFVEDTSTSEPSSGL
KGLPPIPPP-RRKKVVKLDEATAEKVLADLAKKAFTPSSQSSQEESGK
KGLPPVPPP-RKKRVVQLDEGSAKRALAELAQTSFPPSTATLSEDSGR
KGLTPVPPP-RRKRVVKLDESAAAEALAEMARKSFPLNPSEPEESGVMGQPPVPPP-RRKRTVLLDSSTVSQALAELAQKSFPEGSTASXAESGI
LGQPPVPPP-RRKRTVLLDSSTVSQALAELAQKSFPEGSTASRAESGI
QXLPPIPPP-RRKKLVQLDDSVVGHVLAQLAEKSFPATPDQPHTNSDQGLPPVPPP-RRKKLVQLDDSVVGHVLAQLAEKSFPATPDQPQTNSDSGPPPIPPP-RRKKVVQLDSSNVSAALAQLAAKTFETPSSPTTGYGSPDKPPVPPP-RRRKVVQLDASNVSTVLAQLAEKTFPQPASLTTGCGSPDKPPIPPP-RRRKVVQLDASNVSTVLAQLAEATFPQPASLTTGYGSLATTPVPPP-RRKKMXQLDSSNVTTVLAQLAEKTXPQPVSSTTGYGXAGQPPVPPP-RRKKVVRLDESSVVEALADLAKKSFPTPQSPSTDSDSAGQPPVPPP-RRKKVVHLDDSSVAEALAELAKKSFPTQPSPSTDSDSPVQPPVPPP-RRKSVVHLDDSTVATALAELAEKSFPTQPASTPDSDSPGPVPIPPX-RRKKVVHLDDSTVSQALAQLAEKSFPTPSTSTTDPDSPGNTPVPPP-RRRKVVQLDQSTVALALAQLAEKTFPASSLPSTDQDSQKVTPIPPP-RRKRTIHLDQSTLALALAQLAEKSFPTPSSSSTDPDSQKVTPIPPP-RRKKTIHLDQSTLPLALAQLAEKSFPTSSSSSTGPDSKGLPPVPPP-RRKKVVRLNESSVSTALAEXARKSFPPPSAQSQESSGX
QGVPPVPPP-RRKKVVQLDESSVSQALAELAQKTFPSSSASSQGDSGA
KGLPPVPPP-RRKKVVQLDESSASAALAALAFKAFPPDGSGSQAESGK
KGLPPIPPP-RRKKVVQLDDSAAAAALAELARKSFPPEPLDSQGGSAT
KGLPPIPPP-RRKKVVQLDDSAAAAALAELARKCFPSETIDSQGGSVT
AQTPPVPPPRRKRAVIQLTESAVSTALAELAERSFPKEEAPPSDSAI-

HCV genotypes aligned using Los Alamos HCV Sequence Database (39). PKA phosphorylation
site is shown as white text on black background. Numbers are genotype 1b (Con1) reference.
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Figure 2-1

Figure 2-1. PKA specifically phosphorylates NS5A in vitro. (A) Top, stoichiometric
phosphorylation timecourse of recombinant NS5A with PKA. Bottom, quantification of
phosphorylation assay showed one mole of phosphate incorporated per mole of NS5A.
(B) Left, purified recombinant HCV nonstructural proteins with 1 μg loaded per lane.
Right top, stoichiometric phosphorylation of HCV nonstructural proteins by PKA showed
specificity of the kinase for NS5A. Right bottom, quantification of top panel with
numbers corresponding to the amount of phosphate incorporated per mole of viral
protein after 60 min.
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Figure 2-2

Figure 2-2. PKA phosphorylates NS5A at T2332. (A) Top, schematic representation
of the NS5A constructs used to determine the site of PKA phosphorylation in NS5A.
Full-length NS5A consists of amino acids 1973-2419 of the HCV polyprotein using Con1
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numbering. NS5A contains three clusters of highly conserved serine-rich regions,
denoted P1 (2194-2210), P2 (2246-2269), and P3 (2380-2409). The amino-terminal 32
amino acid amphipathic α-helix was removed for purification purposes, yielding (1) Δ32NS5A (2005-2419). Truncations of this construct included (2) 2194-2419, (3) 20052306, and (4) ΔP3. Bottom, stoichiometric phosphorylation of NS5A truncations with
PKA indicated the target residue was located within 2307-2419, but not within P3, based
on a lack of phosphate incorporation using NS5A truncation 2005-2306 (lane 3). (B)
Mass spectrometric analysis of PKA-phosphorylated Δ32-NS5A (2005-2419) identified
T2332 as the residue phosphorylated by PKA. (C) Alanine or glutamic acid
substitutions at T2332 abrogated PKA phosphorylation of NS5A.
A – M. Hargittai
B – M. Hargittai and H. Koc
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Figure 2-3

Figure 2-3. NS5A from HCV genotypes 1b and 2a is phosphorylated at T2332. (A)
Following incubation for 60 min at 37 °C, equal amounts of wt NS5A, T2332A, or
T2332E ± PKA or CK2 were analyzed by western blot. Top, anti-pT2332 interacted with
PKA-phosphorylated wt NS5A, but not unphosphorylated NS5A or NS5A phosphorylated
by CK2. Anti-pT2332 also did not interact with either T2332A or T2332E derivatives of
NS5A ± PKA or CK2. Bottom, the same blot probed with anti-NS5A. (B) Top left, antipT2332 interacted with phosphorylated NS5A in cell lines stably expressing the HCV
genotype 1b S2204I (SI) subgenomic replicon, but not SI/T2332A or SI/T2332E. The
upper band seen in all cell extract samples is likely a phosphorylated cellular protein with
a similar phospho-target sequence to that in NS5A. Bottom left, the same blot probed
with anti-NS5A. Right, quantification of average molecules of NS5A phosphorylated at
pT2332 and total molecules of NS5A in SI, SI/T2332A, and SI/T2332E repliconcontaining cell lines indicated 20% of NS5A in SI replicon-containing cells is
phosphorylated at T2332. A nearly 60% decrease in total NS5A was observed when
phosphorylation at T2332 was prevented via alanine or glutamic acid substitution. (C)
Top, mock GND or JFH-1-infected cell lysates probed with anti-pT2332 day 3 posttransfection. NS5A phosphorylated at T2332 from HCV genotype 2a was present in
both p56 and p58 forms of the viral protein. Bottom, the blot re-probed with anti-NS5A.
C – D. Manna
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Figure 2-4

Figure 2-4. The pT2332 form of NS5A can be observed by immunofluorescence.
Immunofluorescence analysis of NS5A in naïve Huh 7.5 cells (mock) and SI, SI/T2332A,
and SI/T2332E HCV replicon-containing cells (left, in green). Anti-pT2332 detected
species of NS5A in cell lines stably expressing the SI replicon, which was not observed
in cells replicating SI/T2332A or SI/T2332E HCV RNA (middle, in red). These species
colocalized with NS5A when merged (right, in yellow).
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Figure 2-5

Figure 2-5. Phosphorylation of T2332 regulates NS5A localization at HCV
replication complexes. (A) Immunofluoresence analysis of NS5A in naïve Huh 7.5
cells (mock) and SI, SI/T2332A, and SI/T2332E HCV replicon-containing cells (green).
NS4B (red) was probed as a marker of HCV replication complexes. Colocalization of
95

NS5A and NS4B (yellow) was observed in SI cells in the merge, but the extent of
colocalization was decreased in SI/T2332A and, though to a lesser extent, in SI/T2332E
replicon-containing cells. The white box in the merge panel is enlarged at the far right
for a detailed view of HCV replication complexes. (B) NS5A colocalization with NS4B,
as calculated by the Pearson’s coefficient via confocal microscopy, confirmed a
decrease in colocalization between the viral proteins when phosphorylation at T2332
was blocked or mimicked relative to SI replicon-containing cells. The degree of NS5A
colocalization with NS4B varied significantly between SI and SI/T2332A repliconcontaining cells, with p < 0.001, and between SI and SI/T2332E replicon-containing
cells, with p = 0.008, as calculated using a two-tailed paired t test. Colocalization of
NS5A and NS4B was calculated using twenty cells per cell line from three independent
experiments.

96

Figure 2-6

Figure 2-6. Colocalization of NS5A and NS4B as calculated by confocal
microscopy. (A) SI replicon-containing cell probed with NS5A (green) and NS4B (red).
The merge of the channels is shown at the far right, with the colocalization value
displayed below the selected cell. (B) SI/T2332A replicon-containing cells probed with
NS5A (green) and NS5B (red). The merge of the channels is shown at the bottom, with
the colocalization values displayed below the respective cells. Colocalization between
the viral proteins varied significantly in cells replicating SI/T2332A HCV RNA.
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Figure 2-7

Figure 2-7. Phosphorylation of NS5A at T2332 regulates localization with NS3.
Immunofluoresence analysis of NS5A in naïve Huh 7.5 cells (mock) and SI, SI/T2332A,
and SI/T2332E HCV replicon-containing cells (green). NS3 (red) was probed as a
marker of HCV replication complexes. Colocalization of NS5A and NS3 (yellow) was
observed in SI cells in the merge, but the extent of colocalization was decreased in
SI/T2332A and SI/T2332E replicon-containing cells.
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Figure 2-8

Figure 2-8. Phosphorylation of NS5A at T2332 regulates localization with NS5B.
Immunofluoresence analysis of NS5A in naïve Huh 7.5 cells (mock) and SI, SI/T2332A,
and SI/T2332E HCV replicon-containing cells (green). NS5B (red) was probed as a
marker of HCV replication complexes. However, NS5B staining was very diffuse and not
reminiscent of replication complex puncta. Colocalization of NS5A and NS5B was low in
SI cells in the merge, and even more decreased in SI/T2332A and SI/T2332E repliconcontaining cells.
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Figure 2-9

Figure 2-9. Phosphorylation of T2332 does not affect NS5A p58 formation or
subgenomic replication. (A) Left, anti-NS5A-probed western blot of naive Huh 7.5
cells (mock) and cells transiently transfected with wt NS5A, T2332A, and T2332E HCV
subgenomic replicons. Right, quantification of p58/p56 ratios revealed that preventing or
mimicking phosphorylation at T2332 had no effect on NS5A p58 formation. (B) Colony
formation assay under G418 selection. Naïve Huh 7.5 cells (mock) and wt background
HCV subgenomic replicons did not support stable replication, whereas SI-containing
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replicons supported stable replication in the presence of G418. No differences were
observed between SI, SI/T2332A, or SI/T2332E, as demonstrated by the numbers under
each plate corresponding to their respective transfection efficiencies. (C) Top,
schematic representation of the Con1 subgenomic replicon containing the HIV Tat
protein and the Foot and Mouth Disease Virus (FMDV) 2A protein. Bottom, diagram of
Tat-2A-Con1 subgenomic replicons transfected in En5-3 cells containing secreted
alkaline phosphatase (SEAP) under control of the HIV LTR promoter. When
subgenomic replication occurred, Tat was expressed and bound to the HIV LTR,
promoting SEAP expression. (D) SI, SI/T2332A, and Pol- subgenomic replicons
containing Tat and 2A proteins regulated by the 5’-UTR were electroporated in En5-3
cells and daily production of SEAP activity was measured. No difference in SEAP
activity was observed between SI and SI/T2332A.
A, C, D – J. Hwang
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Figure 2-10

Figure 2-10. Phosphorylation of NS5A at T2332 regulates level of HCV RNA. (A)
HCV subgenomic replicons containing SI, SI/T2332A, and SI/T2332E were stably
expressed in Huh 7.5 cell lines under G418 selection. RNA was extracted after more
than 10 passages and 20 ng of total RNA was used for qRT-PCR in triplicate.
Preventing phosphorylation at T2332 by alanine substitution decreased the level of HCV
subgenomic RNA by approximately 80%. Mimicking phosphorylation at T2332 via
glutamic acid substitution did not restore the RNA level. (B) Northern blot of HCV RNA.
Lanes 1-4 correspond to 0.5, 1, 5, and 10 ng of in vitro transcribed subgenomic replicon
RNA loaded as a positive control. Lanes 5-12 correspond to 0.5 and 2 μg of total RNA
from naïve Huh 7.5 cells (mock) and from cells stably expressing SI, SI/T2332A, or
SI/T2332E replicons, respectively. The presence of T2332A or T2332E decreased HCV
RNA levels. (C) Subgenomic copy number from cells stably expressing the HCV
replicons SI, SI/T2332A, and SI/T2332E according to passage number. Total RNA was
extracted and qRT-PCR was performed in triplicate, with replicon copy number per μg of
total RNA plotted. (D) Expression of the nonstructural proteins NS3, NS5A, and NS5B
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was detected by western blot. Cell lysates were obtained from cell lines stably
expressing SI, SI/T2332A, and SI/T2332E subgenomic replicons. The inability to
phosphorylate residue T2332 correlated to a loss in HCV nonstructural protein level. βactin was detected as a loading control.
J. Hwang
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Figure 2-11

Figure 2-11. T2332 phosphorylation does not affect HCV RNA or protein decay
rates. (A) Top, subgenomic replicon RNA extracted from SI, SI/T2332A, and
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SI/T2332E replicon-containing Huh 7.5 cells detected by northern blot showed an
increase in replicon levels over time. Bottom, northern blot of subgenomic replicon RNA
extracted from the same replicon-containing Huh 7.5 cells under 100 μg/ml
cycloheximide (CHX) treatment. Over time, replicon levels decreased in the presence of
CHX treatment. Varying amounts of in vitro transcribed subgenomic replicon RNA were
loaded as positive controls in the first four lanes of top and bottom blots. (B) Plot of
ratios of replicon levels under CHX treatment at varying time points relative to 0 h level
showed an equal decay of SI, SI/T2332A, and SI/T2332E replicon levels over time. (C)
Western blots of HCV nonstructural proteins NS5A, NS3, and NS5B from SI, SI/T2332A,
and SI/T2332E replicon-containing cells under 100 μg/ml CHX treatment. The cellular
protein β-actin was detected as a loading control. (D) Plot of ratios of NS5A levels
under CHX treatment at varying time points relative to 0 h level showed an equal decay
of the viral protein across SI, SI/T2332A, and SI/T2332E replicon-containing cell lines.
J. Hwang
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Figure 2-12

Figure 2-12. PKA inhibitor KT-5720 decreases level of NS5A phosphorylated at
T2332 and HCV RNA. (A) Top, a decrease in reactivity was observed between antipT2332 and NS5A in SI replicon-containing cells treated for 48 h with 10 μM PKA
inhibitor (PKAi) KT-5720 relative to cells treated with 1% DMSO. Middle, the same blot
probed with anti-NS5B and anti-NS5A. Bottom, the same blot probed with anti-calnexin.
(B) Quantification of (A) confirms a 30% decrease in NS5A phosphorylated at T2332 in
cells treated with PKAi compared to untreated cells. Equal levels of total NS5A, NS5B,
and calnexin were calculated for DMSO and PKAi-treated cells. (C) Cell lines stably
expressing SI, SI/T2332A, and SI/T2332E subgenomic replicons were incubated in the
presence of 1% DMSO or 10 μM PKAi for 48 h. Total RNA was extracted and qRT-PCR
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was performed in triplicate. An 11.3-fold decrease in replicon copy number was
observed in SI replicon-containing cells following treatment. (D) KT-5720 does not
affect cell viability. An MTS assay was performed in triplicate to detect viability of En5-3
Tat-2A cells after treatment with increasing amounts of KT-5720. Numbers are
normalized to untreated cells.
C, D – J. Hwang
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Figure 2-13

Figure 2-13. Inhibition of PKA destroys HCV replication complexes (NS5A-NS4B).
Immunofluorescence of SI, SI/T2332A, and SI/T2332E replicon-containing Huh 7.5 cells
in the presence of 1% DMSO (left) or 10 μM PKA inhibitor (PKAi) KT-5720 (right) for 48
h. Alanine insertion at T2332 slightly decreased colocalization between NS5A (green)
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and NS4B (red), however HCV replication complexes were severely altered to a more
diffuse pattern in all cells treated with PKAi relative to those treated with DMSO. The
white box in the merge panel is enlarged in the lower right of each quadrant to show
detailed colocalization.
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Figure 2-14

Figure 2-14. Inhibition of PKA destroys HCV replication complexes (NS5A-NS3).
Immunofluorescence analysis of NS5A (green) and NS3 (red) in SI, SI/T2332A, and
SI/T2332E replicon-containing Huh 7.5 cells in the presence of 1% DMSO (left) or 10 μM
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PKA inhibitor (PKAi) KT-5720 (right) for 48 h. HCV replication complexes were
disrupted following PKAi treatment relative to cells treated with DMSO. The white box in
the merge panel is enlarged in the lower right of each quadrant to show detailed
colocalization.
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Figure 2-15

Figure 2-15. KT-5720 disrupts NS5A puncta by 12 h. Immunofluorescence analysis
of NS5A (green) in SI replicon-containing Huh 7.5 cells in the presence of 1% DMSO
(left) or 10 μM PKA inhibitor (PKAi) KT-5720 (right) for 1, 6, and 12 h. By 12 h, the
distinct NS5A puncta observed in DMSO-treated cells are diffuse in cells treated with
PKAi.
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Figure 2-16

Figure 2-16. Commercial PKA inhibitors block PKA phosphorylation of NS5A in
vitro. The IC50 values of four commercially available PKA inhibitors were calculated
using standard phosphorylation reaction conditions described in the Materials and
Methods section, with 50 μM ATP, 0.5 μM NS5A, 0.005 μM PKA, and 2.5% DMSO.
Final concentrations of the inhibitors varied from 0-50 μM. Inhibitors tested were (A) H-7
dihydrochloride, (B) H-89 dihydrochloride, (C) KT-5720, and (D) the myristolyated
peptide fragment 14-22. The IC50 values were determined by plotting the data to one
phase exponential decay fits. (E) A summary of the calculated IC50 values for each
inhibitor.
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Figure 2-17

Figure 2-17. Commercial PKA inhibitors disrupt HCV replication complexes. (A)
Top, a decrease in reactivity was observed between anti-pT2332 and NS5A in SI
replicon-containing cells treated for 24 h with 10x IC50 of PKA inhibitors H-89, KT-5720,
and 14-22 relative to cells treated with DMSO. Cells treated with 10x IC50 of PKA
inhibitor H-7 showed a similar level of pT2332-NS5A relative to DMSO-treated cells.
Middle, the same blot probed with anti-NS5A. Bottom, the same blot probed with anticalnexin. (B) Quantification of (A) confirmed a decrease of 20%, 30%, and 10% in
NS5A phosphorylated at T2332 in cells treated with 10x IC50 of PKA inhibitors H-89, KT114

5720, and 14-22, respectively compared to DMSO-treated cells. No decrease was
calculated for cells treated with 10x IC50 H-7. Equal levels of total NS5A and calnexin
were calculated for DMSO and all PKAi-treated cells. (C) Immunofluorescence of SI
replicon-containing Huh 7.5 cells in the presence of 0.5% DMSO or 10x IC50 PKA
inhibitors H-7, H-89, KT-5720, or 14-22 for 24 h. Colocalization between NS5A (green)
and NS4B (red) was nearly 100% in DMSO-treated cells. Cells treated with H-7 showed
little change in colocalization between the viral proteins, however, cells treated with H89, KT-5720, and, though to a lesser extent, 14-22, had severely dispersed HCV
replication complexes.
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Figure 2-18

Figure 2-18. PKA activator does not alter levels of NS5A phosphorylated at T2332.
(A) PKA activator (PKAa) db-cAMP had little effect on levels of NS5A phosphorylated at
T2332. Top, western blot of extract from cells treated with 0.1 mM db-cAMP (+) or 1%
DMSO (-) for 24 or 48 h probed with anti-pT2332. Bottom, the same blot probed with
anti-NS5A. (B) Quantification of (A) showed no significant increase in levels of NS5A
phosphorylated at residue T2332 in cells treated with 0.1 mM db-cAMP compared to
cells treated with 1% DMSO relative to cells prior to either treatment (0 h). (C) db-cAMP
does not affect cell viability. An MTS assay was performed in triplicate to detect viability
of En5-3 Tat-2A cells after treatment with increasing amounts of db-cAMP. Numbers are
normalized to untreated cells.
C – J. Hwang

116

Figure 2-19

Figure 2-19. Localization of the catalytic subunit of PKA (PKAc) is altered in cells
replicating HCV RNA. Immunofluorescence analysis of NS5A (green) and the catalytic
subunit of PKA (red) in naïve Huh 7.5 cells (mock) and SI, SI/T2332A, and SI/T2332E
HCV replicon-containing cells. Distribution of PKAc was more dispersed in cells
replicating the HCV subgenomic RNA relative to mock cells. The boxed area in the
merge panel is enlarged at the far right.
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Figure 2-20

Figure 2-20. PKAc localization at the Golgi in naïve Huh 7.5 cells is disrupted by
PKAi treatment. Immunofluoresence analysis of the Golgi marker giantin (green) and
PKAc (red) from naïve Huh 7.5 cells (top) and SI replicon-containing cells (bottom) in the
presence of 1% DMSO (left) or 10 μM PKAi (right) for 48 h. PKAc localized to the Golgi
in mock cells, and to some extent in replicon-containing cells, but became more diffuse
and less abundant in all cells after PKAi treatment. The Golgi remained unaffected
following PKAi treatment.
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Figure 2-21

Figure 2-21. Replication of HCV RNA does not alter Golgi structure.
Immunofluorescence analysis of NS5A (green) and the Golgi marker giantin (red) in
naïve Huh 7.5 cells (mock) and SI, SI/T2332A, and SI/T2332E HCV replicon-containing
cells. The stable replication of HCV RNA had no effect on Golgi structure relative to
mock cells.
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Figure 2-22

Figure 2-22. Loss of phosphorylation at T2332 does not impair PI4P expression
level. Immunofluorescence of naïve Huh 7.5 cells (mock) and cells replicating the SI,
SI/T2332A, and SI/T2332E HCV subgenomic replicon. While expression of NS5A
(green) was decreased in SI/T2332A replicon-containing cells, the PI4P (red) expression
level was consistent across all cells replicating HCV RNA. PI4P expression in mock
cells was lower than in replicon-containing cells. Neither inhibition of phosphorylation at
T2332 via alanine substitution, nor mimicking phosphorylation via glutamic acid
substitution impacted colocalization between NS5A and PI4P.
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Figure 2-23

Figure 2-23. Phosphorylation of T2332 may regulate colocalization between NS5A
and annexin A2. Immunofluorescence analysis of NS5A (green) and annexin A2 (red)
in naïve Huh 7.5 cells (mock) and SI, SI/T2332A, and SI/T2332E HCV repliconcontaining cells. The decreased level of annexin observed in cells replicating SI RNA
relative to cells replicating SI/T2332A or SI/T2332E RNA may be due to an NS5Aannexin interaction that masks the antibody epitope. The annexin A2 level observed in
mock cells was consistent with that seen in cells replicating SI/T2332A and SI/T2332E
subgenomic replicon RNA. This may be a result of inability of annexin to bind to either
the T2332A or T2332E NS5A derivative, and thus the host protein is recognized by the
annexin A2 antibody.
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Figure 2-24

Figure 2-24. NS5A inhibitor (NS5Ai) BMS-790052 inhibits PKA phosphorylation of
NS5A at HCV replication complexes. Immunofluorescence analysis of NS5A (green)
and NS5A phosphorylated at T2332 (red) from SI replicon-containing cells at 3, 6, and 9
h in the presence of 0.5% DMSO (top) or 1 nM NS5Ai (bottom). The boxed area in the
pT2332 panel is enlarged to show a detailed view of the decrease in PKAphosphorylated NS5A puncta relative to NS5Ai treatment over time. DMSO had no
effect on NS5A or PKA-phosphorylated NS5A puncta.
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Figure 2-25

Figure 2-25. Bulk NS5A remains PKA-phosphorylated during NS5Ai treatment. (A)
Western blot of extract from SI replicon-containing cells before treatment (0 h) and at 3,
6, and 9 h following treatment with 0.5% DMSO (-) or 1 nM NS5Ai (+). Top, western blot
probed with anti-pT2332. Bottom, the same blot probed with anti-NS5A. (B)
Quantification of (A) confirmed no decrease in the level of NS5A phosphorylated at
T2332 or in total NS5A in cells treated with NS5Ai relative to untreated cells when
compared with DMSO-treated cells. (C) Phosphorylation of NS5A by PKA in the
presence of 50 μM NS5Ai showed no decrease in phosphate incorporation relative to
control and 1% DMSO samples. Phosphate incorporation was completely abrogated in
the presence of 50 μM PKAi KT-5720.
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Figure 2-26

Figure 2-26. Model of how PKA-mediated phosphorylation of residue T2332
regulates HCV replication organelle integrity. At far left, accumulation of HCV
nonstructural proteins (circles) and cellular proteins (rectangles) is essential for
replication organelle (membranous web) formation. The organization of this web
depends on the PKA-phosphorylated state (stars) of some of these proteins, including
NS5A and cellular factors. Under wild type conditions, the web interacts with lipid
droplets (LD) for subsequent assembly and maturation of HCV particles. Abrogation of
T2332 phosphorylation via Ala or Glu substitution decreases integrity of the
membranous web. Inhibition of PKA via kinase inhibitors destroys membranous web
formation. Both the T2332A/E and +PKAi pathways may also decrease interaction
between the web and lipid droplets.
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ABSTRACT

Hepatitis C virus (HCV) infects almost 3% of the world’s population. Approximately 7085% of those infected will develop chronic hepatitis, which can subsequently lead to
cirrhosis and hepatocellular carcinoma (HCC). HCV is the number one cause of HCC in
the United States and is the only positive-sense RNA virus currently known to establish
a chronic infection capable of causing significant morbidity and mortality. Yet, it is
unclear how the virus establishes persistence. A unique feature of the HCV genome is
nonstructural protein 5A (NS5A), a component of the viral genome replication complex
with an undefined function, but essential to the viral lifecycle. NS5A has been shown to
associate with nearly every other HCV protein and over fifty cellular proteins. The ability
of HCV to persist may be a result of the multiple interactions formed between host
factors and NS5A. The challenge in studying HCV has been the restriction of cell culture
models to one human hepatoma cell line, one genotype of a subgenomic replicon
capable of maintaining persistence in this cell line, and one infectious strain of the virus.
These conditions are not ideal for mimicking the hepatocyte environment in which HCV
has evolved to replicate. We have made several exciting discoveries presented in this
chapter. First, forms of NS5A present in HCV-infected human liver tissue are different
than those observed in the hepatoma cell line. Second, the protein kinase A (PKA)phosphorylated form of NS5A represents a smaller subset of the total NS5A present in
the infected tissue. Third, PKA-mediated phosphorylation of a truncated form of the viral
protein regulates nuclear localization of NS5A. Finally, we provide evidence for a
correlation between the level of a PKA-phosphorylated form of NS5A in human liver
tissue and HCV-induced liver damage. The inability to grow HCV in cell culture may
reflect the inability of the cell line to produce forms of the protein needed for robust
replication.
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INTRODUCTION

Hepatitis C virus (HCV) infects approximately 170 million individuals worldwide.
At least 5 million of these infections are within the United States, five times as many
people as those living with HIV (1). Yet, because symptoms associated with HCV
infection may take anywhere from ten to thirty years to manifest, less than 25% of those
infected even realize they harbor the virus (1). It is estimated that 15-30% of all HCV
infections clear spontaneously, and the remaining 70-85% of infections develop into
chronic hepatitis, which leads to cirrhosis and hepatocellular carcinoma (HCC) (13, 14,
24).
HCV is the only positive-sense RNA virus currently known to establish chronic
infection capable of causing significant morbidity and mortality (20). A unique feature of
the HCV genome is nonstructural protein 5A (NS5A), a component of the viral genome
replication complex with an undefined function essential to the viral lifecycle. Interest in
NS5A has increased substantially, owing to the revelations that direct-acting antivirals
with high efficacy can be directed at this protein (10, 15). NS5A is unique relative to
nonstructural proteins of other positive-sense RNA viruses in that the protein is
extensively phosphorylated and over 50% intrinsically disordered (11, 16). These
modifications and/or the level of disorder may contribute to the myriad interactions
observed for NS5A in cells persistently replicating HCV RNA or producing infectious
virus (7). Abrogation of some phosphorylation events has been shown to inhibit HCVinduced liver damage in the chimpanzee model (6).
The study of HCV in cell culture has been a challenge, with only one human
hepatoma cell line found to support the persistent replication of two of the seven HCV
genotypes (18, 19, 25). In an attempt to characterize forms of NS5A in HCV-infected
human liver tissue, we have made several unexpected and exciting discoveries. First,
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stable forms of the viral protein with masses lower than the 56 and 58 kDa species seen
in cell culture were observed in HCV-infected human liver tissue. Second, using tools
previously employed in vitro to study protein kinase A (PKA)-mediated phosphorylation
of NS5A in the context of the in vivo samples, we found that the phosphorylated species
was not the major form of NS5A observed in the infected tissue. We show here that
PKA-mediated phosphorylation of a truncated form of the viral protein regulates nuclear
localization of NS5A. In addition, in what could lend itself to the development of novel
biomarkers for staging HCV-induced liver damage, we provide evidence for a correlation
between the level of a PKA-phosphorylated form of NS5A in human liver tissue and
HCV-mediated fibrosis. Based on the data presented in this chapter, we propose that
the inability to grow HCV in vitro may reflect the inability of cell lines to produce cleaved
and/or phosphorylated forms of the protein essential for virus multiplication, which may
contribute to viral persistence.
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MATERIALS AND METHODS

Materials. Specific reagents used in this study and the respective information for each
are listed under each appropriate sub-heading. All other reagents were of the highest
grade available from Sigma, Fisher, or VWR.

Construction of caspase cleaved NS5A variants in pCDNA3.1(-). All DNA
oligonucleotides were from Integrated DNA Technologies (Table 3-1). Oligo 6 and oligo
7 were used to amplify the caspase cleaved NS5A fragment from wt NS5A or NS5A
containing the T2332A or T2332E derivative. The PCR fragment was digested with XbaI
and BamHI and ligated into the XbaI/BamHI-digested pCDNA3.1(-) (Invitrogen) to give
pCDNA3.1(-)-NS5Acas, pCDNA3.1(-)-NS5Acas-T2332A, and pCDNA3.1(-)-NS5casT2332E, respectively.

Human subjects. Tissues used in this ongoing study are from patients who represent
a cohort of active HBV-positive and HCV-positive individuals under the care of pediatric
and adult hepatologists at Penn State University Hershey Medical Center (Table 3-2).
Patients are included based on two criteria: > 3 years of age and diagnosis of active
hepatitis B or C infection, with detectable viral load, or other non-viral liver damage.
Clinical data is collected from participants in the form of laboratory values (alanine
transaminase [ALT], HCV viral titer, model for end-stage liver disease [MELD] and
pediatric model for end-stage liver disease [PELD] scores [for children less than 12])
and pathological analysis of liver biopsy (hepatitis activity [0-18] and fibrosis stage [0-6])
as part of the patient’s routine care. The first pass of the liver biopsy is used for
standard histological analysis of activity and fibrosis, typically in conjunction with initial
diagnosis, the initiation of anti-viral therapy, or a significant clinical change. The NS5A
134

and NS5A phosphorylation analysis is conducted from a second pass biopsy done
immediately after the first pass.

Processing of liver tissue. Homogenization of 100 mg of human or bovine liver tissue
was performed via dounce homogenization in 0.5 ml liver homogenization buffer (50 mM
Tris, pH 7.4, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid [EDTA], 1% Triton x100, 0.1% sodium dodecyl sulfate [SDS], 1% sodium deoxycholate, 1 mM sodium
pyrophosphate, 10 mM β-glycerol phosphate, 10 mM sodium fluoride, 0.5 mM sodium
orthovanadate, 1 uM microcysteine-LR [Caymen Chemical], with 1 protease inhibitor
tablet [Roche] per 10 ml extraction buffer). Centrifugation of the sample at 15,000 rpm
for 15 min at 4 °C clarified the homogenate. The supernatant was collected and
quantified using a bovine serum albumin (BSA) standard curve. Equal amounts of
supernatant and 2x SDS loading dye were mixed and boiled prior to loading on 12.5%
SDS gels.

Western blotting. Recombinant protein or extracts from transiently transfected cells,
stable cell lines, or processed liver tissue were separated on 12.5% SDS polyacrylamide
gels and transferred to nitrocellulose membrane. Membranes were probed with rabbit
polyclonal anti-NS5A, anti-pT2332, or anti-NS5B (generated by Covance Research
Products, Inc. for our use) or rabbit polyclonal anti-HBV core (Dako) and either goat antirabbit horseradish peroxidase or alkaline phosphatase (Santa Cruz). Calnexin antibody
(Origene) and bovine anti-goat horseradish peroxidase or alkaline phosphatase (Santa
Cruz) were used to detect calnexin. The proteins were detected by ECL, enhanced
chemiluminescence, (Millipore) or ECF, enhanced chemifluorescence, (GE Healthcare)
western blot detection reagents. ECF-detected blots were visualized by the Typhoon
imager (Molecular Dynamics) and quantified using ImageQuant software.
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Clearing antibodies. Five anti-NS5B antibody preps were generated at working dilution
(1:10,000) and incubated with 0, 1, 10, 100, and 1000 μg of bovine liver extract,
prepared as described above, overnight on a rotator at 4 °C. The antibody was then
applied directly to membranes to test the effectiveness of pre-incubation with bovine liver
extract in order to remove nonspecific antibodies.

Cell culture. Huh 7.5 cells were maintained in Dulbeccos’ modified Eagle’s medium
(DMEM) media supplemented with 10% fetal bovine serum (FBS), 100 units/ml
penicillin/streptomycin (P/S), and 0.1 mM nonessential amino acids (NEAA). Stable cell
lines were maintained in supplemented DMEM containing 0.5 mg/ml G418. Where
specified, cells were treated with 1% dimethyl sulfoxide (DMSO) or 10 μM PKA inhibitor
KT-5720 (Sigma) for designated periods of time prior to harvesting.
Extract from Hep G2 cell lines was a generous gift from Jianming Hu (Penn State
University Hershey Medical Center).

Transient transfection. In vitro transcribed subgenomic RNA was electroporated into
Huh 7.5 cells via a Biorad gene pulser. Briefly, for electroporation, 2 x 106 cells were
resuspended in 400 μl phosphate-buffered saline (PBS) with 5 μg in vitro transcribed
subgenomic RNA in gene pulse cuvett (0.2 cm gap). The cell/RNA mixture was
electroporated by two pulses with 0.13 kV and 125 μFD. Cells were immediately
recovered by 4 ml serum-free DMEM without antibiotics.

RNA extraction and RT-PCR of viral RNA from liver tissue. RNA was extracted from
20 mg of HCV-infected liver tissue by two separate procedures. For the proof of concept
analysis, the adult hepatectomy sample was used.
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TRIzol (Invitrogen) RNA extraction was performed per the manufacturer’s
protocol. The following steps were performed in a fume hood, given the HCV-positive
nature of the liver tissue. Briefly, 0.8 ml of TRIzol was added to 20 mg of frozen liver
tissue. The tissue was homogenized in a dounce homogenizer and incubated at room
temperature for 5 min. The mixture was transferred to a sterile 1.7 ml centrifuge tube
and 0.16 ml of chloroform was added. The sample was inverted for 15 s and incubated
at room temperature for 3 min. The sample was removed from the fume hood and
centrifuged at 12,000x g for 15 min at 4 °C. The aqueous phase was saved in a fresh
sterile 1.7 ml tube, 0.5 ml isopropyl alcohol was added, the sample was incubated at
room temperature for 10 min and then centrifuged at 12,000x g for 10 min at 4 °C. The
supernatant was removed and the pelleted RNA was washed with 1 ml 75% ethanol.
The sample was gently vortexed and centrifuged at 7,500x g for 5 min at 4 °C. The
pellet was air dried for 10 min and resuspended in 0.03 ml RNase-free ddH2O. The yield
was 0.019 mg of total RNA with an A260/280 of 1.98.
RNA extraction was also performed using the RNeasy Plus RNA extraction
system (Qiagen) per the manufacturer’s protocol with kit reagents. Briefly, 0.6 ml RLT
with 0.06 ml β-mercaptoethanol was added to 20 mg of HCV-infected liver tissue. The
sample was homogenized with a dounce homogenizer and transferred to a sterile 1.7 ml
tube. To the sample, 0.6 ml 70% ethanol was added and gently mixed by inversion.
The sample was centrifuged through an RNeasy spin column for 15 s at 10,000 rpm.
The flow through was discarded and the column was washed with 0.7 ml RW1 and
centrifuged 15 s at 10,000 rpm. The flow through was discarded and the column was
washed with 0.5 ml RPE and centrifuged 15 s at 10,000 rpm. This was repeated and the
column was centrifuged 2 min at 10,000 rpm. The column was then centrifuged 1 min at
10,000 rpm to remove any residual liquid. The column was placed in a sterile 1.7 ml
collection tube and 0.03 ml RNase-free ddH2O was added. The column was centrifuged
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1 min at 10,000 rpm. The flow through was added back onto the column and centrifuged
again for 1 min at 10,000 rpm. The yield was 0.008 mg of total RNA with an A260/280 of
2.08.
The reverse transcription (RT) reaction was performed using 1 μg in vitro
transcribed RNA from the HCV subgenomic replicon or RNA purified from liver tissue,
with either 6 μM Random Primer Mix (New England Biolabs, Inc.) or 5 μM oligo 1 (Table
3-1) supplemented with 0.4 μM 3mM dNTPs in 16 μl. The reaction was incubated for 10
min at 65 °C and then cooled for 10 min on ice. To the reaction, 2 μl of 10x M-MuLV
reverse transcription buffer (New England Biolabs, Inc), 1 μl of M-MuLV reverse
transcriptase (New England Biolabs, Inc.), 0.5 μl RNase inhibitor (New England Biolabs,
Inc.), and 0.5 μl RNase-free ddH2O was added. The reaction was incubated for 3 h at
49 °C.
The RT reaction (2 μl) was used as a template for the first round of PCR, which
included 1x Deep Vent reaction buffer (New England Biolabs, Inc.), 0.3 mM dNTPs, 0.5
μM each of oligo 2 and oligo 3 (Table 3-1), and Deep Vent DNA polymerase (New
England Biolabs, Inc.). The PCR settings were as follows:
1 cycle

95 °C, 5 min

50 °C, 1 min

72 °C, 10 min

4 cycles

95 °C, 1 min

50 °C, 1 min

72 °C, 10 min

25 cycles

95 °C, 1 min

57 °C, 1 min

72 °C, 10 min

1 cycle

72 °C, 30 min

1 cycle

4 °C, hold

Nested PCR was performed using 10 μl of the above PCR reaction in the second
round of PCR, following the same reaction conditions as above, but using 0.5 μM each
of oligos 4 and 5 (Table 3-1) instead of oligos 2 and 3. The PCR settings were as
follows:
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1 cycle

95 °C, 5 min

50 °C, 1 min

72 °C, 1 min

4 cycles

95 °C, 1 min

50 °C, 1 min

72 °C, 1 min

15 cycles

95 °C, 1 min

57 °C, 1 min

72 °C, 1 min

1 cycle

72 °C, 10 min

1 cycle

4 °C, hold

The PCR products were purified and sequenced at the Penn State Nucleic Acid
Facility using oligo 4 (Table 3-1).

Immunofluoresence. Cells were washed 1x 5 min with phosphate buffered saline
(PBS) and fixed for 15 min in 4% formaldehyde in PBS. Cells were washed 3x 5 min
with PBS, permeabilized for 5 min in 0.05% Triton x-100 in PBS, and washed 4x 5 min
with PBS. The cells were blocked with 3% BSA in PBS for 15 min and probed with
mouse monoclonal anti-NS5A (Advanced Immunochemical Services) for 1 h. Cells were
incubated for 1 h with Alexa Fluor 488 goat anti-mouse IgG secondary antibody
(Invitrogen). After each staining, PBS was used to wash the cells 3x 5 min. The
coverslips were mounted on glass slides in Vectashield with DAPI (Vectashield
Laboratories, Inc., Burlingame, CA) and sealed with nail polish. Immuno-stained
samples were analyzed by fluorescence microscopy (Zeiss Axiovert 200 M) with a 63x
lens and digital images were taken with an Axiocam MRm CCD camera. Optical
sections were deconvolved using Axiovision software.
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RESULTS

Forms of NS5A in HCV-infected liver tissue differ from those in cell culture. We
have observed that forms of NS5A in HCV-positive human liver samples are smaller
than those seen in hepatoma cells stably replicating HCV RNA. The mobility of
recombinant Δ32-NS5A and NS5A from replicon-containing cells on SDS-PAGE gels is
56 kDa; however, the most abundant form of the viral protein visualized in HCV-infected
liver tissue was 50 kDa, with a smaller form possibly present at 26 kDa as well (Fig 31A). Interestingly, the PKA-phosphorylated species of NS5A migrated at 39 kDa, a
separate molecular weight than the major form of NS5A observed in the infected tissue
(Fig 3-1B). Yet, NS5B (Fig 3-1C) and calnexin (Fig 3-1D) migrated at the same
molecular weight as those products seen in hepatoma cells, indicating the smaller forms
of NS5A may not be a result of protein degradation.
These same observations regarding unique species of NS5A were also made
using several HCV-positive adult liver biopsy samples (Fig 3-2).

Viral proteins detected in HCV-infected human liver tissue are absent from bovine
liver control tissue. To verify the proteins observed by western blotting with human
liver tissue extract were HCV proteins, extract from bovine liver was compared to that
from adult core biopsy samples. The 50 kDa NS5A species observed in the human liver
samples was absent from the bovine liver extract (Fig 3-3A). The major PKAphosphorylated NS5A species that migrated at 39 kDa was also unique to the human
samples, though a nonspecific band was observed in the bovine extract that migrated
below PKA-phosphorylated NS5A (Fig 3-3B). Likewise, the band corresponding to
NS5B was observed only in the human liver samples, though once again a nonspecific
band was detected below the viral protein in the bovine liver extract and adult biopsy
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samples (Fig 3-3C). On the same gel, cell extract from control Hep G2 cells and Hep
G2 cells replicating HBV was also tested to determine if an antibody against HBV core
protein was specific to HBV-infected human liver tissue. While the antibody failed to
recognize the ~20 kDa protein in the extract from Hep G2 cells replicating HBV, it did
detect a band exclusive to adult core #15, which was the only HBV-positive human
sample on the blot (Fig 3-3D). The antibody reacted nonspecifically with proteins in both
the bovine and human liver extract samples as well.
To determine if the nonspecific proteins detected by the NS5A and NS5B
antibodies in bovine liver extract were a result of any contaminants present before or
after inoculation of the host rabbit with the respective immunogens, the pre-bleeds and
production-bleeds from NS5A and NS5B were used as primary antibodies alone or in
tandem with the appropriate secondary antibody. A western blot containing 100 μg of
bovine liver extract in each lane was probed using the incubation manifold. Nonspecific
bands were only detected after the production bleeds of NS5A and NS5B were
employed with the secondary antibody (Fig 3-4A). Accurate loading of the liver extract
was verified with equal amounts of calnexin detected across each lane (Fig 3-4B).
In an effort to “clear” the production bleeds of any antibodies that would react
with non-viral substrates, the working dilution of the NS5B antibody was incubated with
0, 1, 10, 100, or 1000 μg of bovine liver extract overnight. Probing 100 μg of bovine liver
extract with these “cleared” antibodies resulted in a substantial loss of nonspecific
binding (Fig 3-5A). Applying the “cleared” anti-NS5B antibody to the same blot
visualized in Fig 3-3C resulted in a much cleaner blot (Fig 3-5B).

Cleavage of NS5A observed in liver tissue samples occurs in vivo. To verify that
the smaller forms of NS5A did not arise from cleavage or degradation during preparation
of the liver extract, His-tagged NS5A was added into the extraction buffer used to
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homogenize liver tissue either before or after homogenization. Using the anti-His and
anti-NS5A antibodies, it was shown that no cleavage of the His-tagged NS5A occurred
during processing of the sample relative to the His-tagged NS5A added to a sample after
processing (Fig 3-6).

RNA can be extracted from HCV-infected human liver tissue for sequencing
analysis. As a proof of concept, we extracted RNA from adult hepatectomy #1 liver
tissue (Table 3-2) for RT-PCR analysis. Optimization of this procedure by two separate
methods, including TRIzol and RNeasy procedures, both resulted in high quality
amplification of the desired final DNA products (Fig 3-7). The products were sequenced
by the Penn State Nucleic Acid Facility to verify there was no cross-contamination
between the in vitro transcribed sequence, containing the S2204I substitution, and the
HCV-positive liver sample, which was wt NS5A (Fig 3-8).

Subcellular localization of caspase-cleaved NS5A is regulated by PKA
phosphorylation. Full-length NS5A localizes primarily to the perinuclear region of the
ER membrane, anchored by an amino-terminal amphipathic α-helix (3). Putative
caspase cleavage sites have been identified within NS5A at D2126 and D2361 (22). A
caspase-cleaved form of NS5A (hereafter NS5Acas) with a mobility of 50 kDa retains a
nuclear localization signal (NLS) and has been found to migrate to the nucleus and
serve as a transcription activator regulated by PKA (22). Because residue T2332,
shown to be phosphorylated by PKA in Chapter 2, is located within the NS5A NLS, and
PKA-mediated phosphorylation has been shown to regulate nuclear localization of other
proteins (5), it was hypothesized that PKA-mediated phosphorylation of NS5Acas may
modulate nuclear localization of the caspase-cleaved viral protein. NS5Acas was cloned
into a DNA vector and used to transfect Huh 7.5 cells (Fig 3-9A). The cells were
142

visualized by immunofluorescence. While wt NS5Acas localized primarily to the
nucleus, it was found that T2332A and T2332E derivatives of NS5Acas had a more
cytoplasmic distribution (Fig 3-9B and 3-9C). Visualization was also performed in the
presence of 10 μM PKA inhibitor (PKAi) KT-5720, which resulted in distribution of wt
NS5Acas that mimicked that observed for the T2332A and T2332E derivatives (Fig 3-9D
and 3-9E). This finding verified PKA phosphorylation of NS5Acas induced nuclear
localization of the truncated viral protein.

A working model for the role of caspase cleavage of NS5A in vivo. NS5A can
undergo cleavage by caspases (22). Unique functions have been attributed to these
cleavage products, such as PKA-regulated transcriptional activity not displayed by the
full-length protein (22). Yet, in hepatoma cells, down-regulation of factors upstream of
the caspase pathway blocks caspase activation (9), a mechanism which may prevent
cleavage of NS5A in cell culture models. During HCV-antagonized liver regeneration,
survival factors can induce activation of PKA, which phosphorylates the protein Bad,
inhibiting the protein’s pro-apoptotic activity (8, 17, 23) (Fig 3-10). HCV may have
evolved a fitness advantage to detect this inhibition of apoptosis via PKAphosphorylation of cleaved forms of NS5A. This modification could signal to the virus
the optimal time for transcribing its RNA genome and hijacking cellular machinery to
translate viral proteins.

Levels of PKA-phosphorylated NS5A may have clinical significance. Our model
posits that PKA phosphorylation of NS5A occurs in response to hepatocyte regeneration
(Fig 3-10). Active HCV replication should lead to hepatocyte regeneration. More
damage may therefore lead to more regeneration. If this is the case, then a correlation
may exist between the level(s) of PKA-phosphorylated and/or cleaved NS5A present in
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the liver tissue and the clinical measures of liver damage. In order to evaluate this
possibility, HCV-infected liver tissues were analyzed via western blot and the levels of
individual forms of NS5A were calculated relative to total NS5A in a sample. Our proof
of concept study using three pediatric HCV-positive biopsies found a direct correlation
between the level of PKA-phosphorylated NS5A and the fibrosis score (Fig 3-11).
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DISCUSSION

In collaboration with Dr. C. Bart Rountree (Pediatric Hepatology, Penn State
University Hershey Medical Center), we have initiated studies involving HCV-positive
human liver tissue. This tissue can arise from three main sources: (1) adult
hepatectomy tissue, removed from patients with end-stage liver disease/cirrhosis
resulting from HBV, HCV, or non-viral-induced liver damage, (2) adult HBV-positive or
HCV-positive liver biopsy samples, and (3) pediatric HCV-positive biopsy samples.
Given the common route of transmission, co-infection with HBV and HCV among
the adult patients may be a possibility. While the study of dual infection is limited, it has
been estimated that 25% of HCV-positive patients in the United States are also positive
for HBV serological markers (12).
The pediatric population of HCV-positive individuals has been largely overlooked,
yet represents a very compelling cohort of patients to study HCV infection. This is
because unlike pregnant women who are HIV-positive and may continue to treat their
HIV infections during pregnancy, women who are HCV-positive must end their treatment
with ribavirin, given the teratogenic nature of the antiviral. While the HCV transmission
rate from mother to child is less than 20%, those children who become infected are
essentially infected from birth, making up a small percentage of individuals who know
the exact point of HCV infection and can be monitored throughout the course of that
infection. While these circumstances are truly unfortunate for the children involved,
studying the pediatric cohort of HCV-positive individuals may help to better understand
the behavior of the virus from a documented “zero point” of infection and aid in the
development of new treatment options.
To our surprise, while data exists regarding HCV structural proteins (21), no
characterization of the nonstructural proteins from HCV-infected liver tissue has ever
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been reported. Analysis of pediatric core biopsy samples yielded the novel discovery of
smaller forms of NS5A not observed in hepatoma cell lines stably replicating HCV RNA
(Fig 3-1A). These forms migrated at 50 kDa and 26 kDa relative to the 56 kDa species
present in replicon-containing cells. Interestingly, the major species of the viral protein
phosphorylated by PKA in the liver tissue extract represented yet another form of NS5A
(Fig 3-1B). This form of NS5A migrated at 39 kDa, with a second possible species at 27
kDa. The 27 kDa species is unique from the 26 kDa species seen with anti-NS5A
antibody, as an overlay of the two developed X-ray films does not result in alignment of
the two bands, indicating they are separate species. The observation that NS5B (Fig 31C) and the cellular protein calnexin (Fig 3-1D) from liver tissue migrated at the same
molecular weight as their counterparts in hepatoma cells, as well as the visualization of
the exact same smaller species of NS5A in nearly a dozen adult core biopsy samples
(Fig 3-2), indicated the phenomena observed for NS5A was likely not protein
degradation resulting from mishandling of the tissue following the biopsy procedure or
sample processing.
To verify the bands observed in HCV-infected human liver tissue were viral
proteins, bovine liver extract was used as a negative control. The major 50 kDa species
of NS5A observed in human liver tissue was absent from the bovine liver sample (Fig 33A). Likewise, pT2332-NS5A (Fig 3-3B) and NS5B (Fig 3-3C) were also unique to the
HCV-positive human tissue samples, although these blots had higher presence of
nonspecific bands in the bovine control. Once it was determined that the nonspecific
reactivity primarily arose from antibodies in the host following injection with the
immunogen (Fig 3-4), the working antibody dilution for anti-NS5B was incubated with
bovine liver extract in an attempt to “clear” the nonspecific antibodies (Fig 3-5A). The
resulting antibody produced a much cleaner blot, reacting almost exclusively with NS5B
in HCV-positive human liver tissue (Fig 3-5B). Finally, to confirm that the processing of
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the liver tissue was not a contributing factor in the smaller forms of NS5A observed, Histagged recombinant NS5A was doped into liver samples prior to or after
homogenization. Probing the resulting extract with anti-His (Fig 3-6A) and anti-NS5A
(Fig 3-6B) confirmed no extraneous bands were present in the sample with NS5A added
pre-homogenization relative to the sample with NS5A added post-homogenization.
These data verify the viral protein was not cleaved as a result of sample processing, but
rather the smaller forms arose in vivo.
As a proof of concept, extraction of RNA from liver tissue from adult hepatectomy
#1 for RT-PCR analysis was carried out using two separate methods: TRIzol and
RNeasy procedures (Fig 3-7). Sequencing of the purified DNA products confirmed there
was no cross-contamination between the in vitro transcribed sequence, which contained
the S2204I substitution, and the HCV-positive liver sample, which did not (Fig 3-8).
During analysis of the western blots of human liver tissue probed with NS5A
antibodies, it was realized that the smaller species observed at 50 kDa and 39 kDa
matched the previously characterized forms of the viral protein that arose from caspase
cleavage, hereafter NS5Acas (22). Full-length NS5A is anchored to membranes via an
amphipathic α-helix (3, 4). NS5Acas is cleaved from this anchor and, containing a
nuclear localization signal (NLS), is free to migrate to the nucleus. It is here that
NS5Acas has been shown to serve as a transcription activator regulated by PKA (22).
Having previously shown PKA phosphorylates NS5A at T2332, which is located within
the NLS, we sought to determine if PKA-mediated phosphorylation would regulate
nuclear localization. The wt NS5Acas, as well as NS5Acas containing T2332A and
T2332E substitutions, were cloned into a DNA vector used to transfect Huh 7.5 cells (Fig
3-9A). Visualization of the cells by immunofluoresence confirmed that wt NS5Acas was
localized primarily to the nucleus. Interestingly, the T2332A and T2332E derivatives of
NS5Acas displayed a more cytoplasmic distribution (Fig 3-9B). Quantification of the
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cells based on NS5Acas localization confirmed this observation (Fig 3-9C). To prove
PKA-mediated phosphorylation was responsible for the nuclear localization of wt
NS5Acas, visualization was also performed in the presence of 10 μM PKA inhibitor KT5720. In the presence of PKAi, wt NS5Acas was now observed to have a cytoplasmic
distribution comparable to that seen with the T2332A and T2332E derivatives (Fig 39D). Quantification of the cells based on NS5Acas localization again confirmed this
observation (Fig 3-9E). This finding verified PKA phosphorylation of NS5Acas induced
nuclear localization of the cleaved viral protein.
If the smaller forms of NS5A observed in liver tissue are really a result of
caspase cleavage, then why are they not present in hepatoma cells stably replicating
HCV RNA? Our working model of why forms of NS5A from HCV-infected human liver
tissue differ from those from cell culture posits that factors responsible for activating
caspases are down-regulated in cell lines used to study HCV (Fig 3-10). Viral infection
of a healthy hepatocyte activates the cell’s “alarm system” and subsequent apoptotic
stimuli via TRIF and FADD. FADD, which is down-regulated in hepatoma cells (9),
initiates the caspase pathway, activating caspase-8 and caspase-10, which are
responsible for cleavage of Bid. The truncated Bid (tBid) localizes to the cell’s
mitochondria, which continues the caspase pathway via activation of cytochrome C and
caspases 9, and 3, eventually resulting in apoptosis. The human liver is unique in its
ability to regenerate. Thus, as viral infection is damaging the liver, it is simultaneously
attempting to heal itself via survival factors. These factors, such as HIP/PAP, work to
prevent apoptosis through up-regulating kinases such as PKA, CK1α, and CK2 (8, 17,
23). PKA phosphorylates Bad, preventing it from translocating to the mitochondria and
stalling the caspase pathway at this point. Likewise, CK1α and CK2 phosphorylation
inhibit truncation of Bid, also preventing its localization at the mitochondria. All the while,
caspases at the upper end of the pathway, such as caspase-8 and caspase-10, are still
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activated and could be responsible for cleavage of NS5A in an infected cell. Caspase
activation has actually been shown to be increased as a result of HCV-associated liver
injury (2). What makes this model so fascinating is that PKA, CK1α, and CK2, three
kinases up-regulated during liver regeneration, are the three most prominent kinases
known to phosphorylate NS5A. We hypothesize that HCV may have evolved to use
phosphorylated species of the viral protein as sentinels to detect the anti-apoptotic state
of the cell. Up-regulation of kinases leads to increased phosphorylation of NS5A,
signaling the cell’s status. For example, PKA-mediated phosphorylation of a caspasecleaved form of NS5A induces translocation to the nucleus. This change in cellular
localization could be a means of alerting HCV to the anti-apoptotic state of a
regenerating hepatocyte, which would be an ideal time to carry out replication and/or
translation of its viral genome. Phosphorylation of NS5A by CK1α and CK2 could play
similar roles in the identification of the state of a host cell.
If this model holds, then one would expect a correlation between the level of
PKA-phosphorylated NS5A in the liver and the level of liver damage. To test this theory,
HCV-infected liver tissue was analyzed via western blot and the levels of individual
forms of phosphorylated NS5A were calculated relative to total NS5A in a sample.
Using three pediatric HCV-positive biopsies, we found a direct correlation between the
level of PKA-phosphorylated NS5A and the fibrosis score (Fig 3-11). Interestingly, while
every adult core biopsy sample also displayed some level of PKA-phosphorylated NS5A
(Fig 3-2), in the adult hepatectomy sample there is a clear absence of this species (Fig
3-1B). Given our model, this may be attributed to the end-stage liver failure of the
cirrhotic tissue: the liver has likely burned out and is no longer capable of regeneration
at a level comparable to healthy liver tissue. With a decrease in regeneration comes a
decrease in PKA activation, culminating in less PKA-phosphorylated NS5A.
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To be sure, additional samples of both pediatric and adult biopsies need to be
tested to determine if this correlation is authentic, however, our proof of concept study
presented in this chapter suggests PKA-phosphorylated NS5A may be a useful
biomarker for the staging of HCV-induced liver damage.

150

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

MfeI-rev
HCV-NS4B-CTD-for
HCV-NS5B-BclI-rev
HCV-NS5A-EcoRI-for
HCV-NS5A-D2-rev
HCV-NS5Acas-for
HCV-NS5Acas-rev

sequence
5'-GCG GGT GGT GTC AAT TGG TGT CTC AGT GTC TTC -3'
5'-GGT AAC CAC GTC TCC CCC ACG-3'
5'-GCA TGG CGT GAT CAG GGC GCC TGT CCA TGT GTA -3'
5'-GCG GCC CCC GAA TTC TTC ACA GAA GTG GAT GGG-3'
5'-GCG GCG GCC GCC TAT TAG ACG TAG TCC GGG TCC TT-3'
5'-GCG TCT AGA GAA ATG GGT GGG GTG CGG TTG CAC AGG-3'
5'-CGC GGA TCC TTA TCA GAC GGC CGA CGA TTC GGA GC-3'
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Table 3-2
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Figure 3-1
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Figure 3-1. Forms of NS5A observed in HCV-infected human liver tissue are
unique compared to NS5A from hepatoma (Huh 7.5) cell extract. 200 pg of
recombinant NS5A or NS5A phosphorylated by PKA were loaded as positive controls.
100 μg of cell lysates from naïve Huh 7.5 cells or Huh 7.5 cells stably expressing S2204I
(SI) HCV subgenomic replicon are compared to 100 μg of lysate from HCV-positive
human liver tissue from three separate pediatric biopsy samples and one adult liver
hepatectomy sample. The same blot is re-probed for each antibody tested. (A) Blot
probed with anti-NS5A reveals two truncated forms of NS5A (*NS5A) at 50 and 26 kDa
not observed in the SI replicon-containing cells. The level of the 26 kDa form varies
across pediatric biopsy samples and is absent in the adult hepatectomy sample. The 56
kDa form of NS5A is not observed in any liver sample. (B) Blot probed with anti-pT2332
confirms PKA-phosphorylated NS5A is present in HCV-positive human liver tissue, but in
the form of truncated species (*pT2332) at 39 kDa not observed in SI replicon-containing
cells. Overlay of exposed blots using anti-pT2332 and anti-NS5A revels the bands
observed in anti-pT2332-probed blots are different from those in anti-NS5A-probed blots,
running at 39 and 27 kDa. Once again, the 56 kDa NS5A species observed in the SI
replicon-containing cells is absent in all liver samples. (C) Blot probed with anti-NS5B
confirms the presence of the viral protein at the expected molecular weight in SI
replicon-containing cells and across all liver samples. No evidence of cleavage or
degradation of NS5B in HCV-positive liver tissue is seen relative to SI repliconcontaining cells, and no difference in protein level is observed across biopsy samples or
between biopsy and the hepatectomy sample. (D) Blot probed with anti-calnexin shows
no cleavage/degradation of the cellular protein in liver tissue samples, with equal amount
of protein in each sample.
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Figure 3-2 (part 1)
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Figure 3-2 (part 2)

Figure 3-2. Forms of NS5A observed in HCV-infected human liver tissue from
adult biopsies are unique compared to NS5A from hepatoma (Huh 7.5) cell extract.
200 pg of recombinant NS5A or NS5A phosphorylated by PKA were loaded as positive
controls. 100 μg of cell lysates from naïve Huh 7.5 cells or Huh 7.5 cells stably
expressing S2204I (SI) HCV subgenomic replicon are compared to 100 μg of lysate from
HCV-positive human liver tissue from adult biopsy samples. The blot in (A) is re-probed
in (B and C) and the blot in (D) is re-probed in (E and F). (A) Blot probed with anti-NS5A
reveals two truncated forms of NS5A (*NS5A) at 50 and 26 kDa not observed in the SI
replicon-containing cells. The level of the 26 kDa form varies across the biopsy
samples. The 56 kDa form of NS5A is not observed in any biopsy sample. (B) Blot
probed with anti-pT2332 confirms PKA-phosphorylated NS5A is present in varying levels
across the adult biopsy samples, but in the form of truncated species (*pT2332) at 39
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kDa not observed in SI replicon-containing cells. (C) Blot probed with anti-NS5B
confirms the presence of the viral protein at the expected molecular weight in SI
replicon-containing cells and across all liver samples. (D) Blot probed with anti-NS5A
reveals the same two truncated forms of NS5A (*NS5A) at 50 and 26 kDa seen in other
liver samples not observed in the SI replicon-containing cells. The level of the 26 kDa
form once again varies across the biopsy samples. The 56 kDa form of NS5A is not
observed in any biopsy sample. (E) Blot probed with anti-pT2332 confirms PKAphosphorylated NS5A is present in varying levels across the adult biopsy samples, but in
the form of truncated species (*pT2332) at 39 kDa not observed in SI replicon-containing
cells. (F) Blot probed with anti-NS5B confirms the presence of the viral protein at the
expected molecular weight in SI replicon-containing cells and across all liver samples.
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Figure 3-3 (part 1)
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Figure 3-3 (part 2)

Figure 3-3. Comparison of bovine liver extract to HCV-positive human liver
extract. 200 pg of recombinant NS5A was loaded as a positive control. 100 μg of cell
lysates from naïve Huh 7.5 cells or Huh 7.5 cells stably expressing S2204I (SI) HCV
subgenomic replicon are compared to 100 μg of lysate from Hep G2 cells or Hep G2
cells replicating HBV. Bovine liver extract (100 μg) and extract from HCV-positive adult
liver biopsy samples (100 μg) are loaded as marked. The same blot is re-probed for
each antibody tested. (A) Blot probed with anti-NS5A confirms the 50 and 26 kDa
species of NS5A observed in the HCV-positive human liver tissue are not seen in bovine
liver extract. (B) Blot probed with anti-pT2332 confirms PKA-phosphorylated NS5A at
39 kDa is unique to HCV-positive adult biopsy samples. A band lower than the 39 kDa
band is observed in the bovine liver extract sample, and may be a non-specific protein.
(C) Blot probed with anti-NS5B confirms the presence of the viral protein at the
expected molecular weight in SI replicon-containing cells and across all liver samples,
but not in the bovine liver extract sample. Bands below the NS5B band are non-specific.
(D) Blot probed with anti-HBV core was meant to confirm the presence of the HBV viral
protein in the Hep G2 cells replicating HBV, but failed to do so. A band at 21 kDa is
observed in the adult core #15 extract sample, which given the patient’s HBV-positive
status indicated in Table 3-2, may be the viral protein. Additional analysis is required.
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Figure 3-4

Figure 3-4. Test of pre-bleeds and production-bleeds from polyclonal antibody
production against bovine liver extract. 100 μg of bovine liver extract is loaded in
each lane. The incubation manifold was used to probe each lane with separate bleeds
and/or antibodies. (A) Lane 1 probed with anti-calnexin as a positive control, lane 2
probed with NS5A pre-bleed showed no non-specific reactivity, lane 3 probed with NS5A
pre-bleed followed by goat anti-rabbit secondary antibody showed some non-specific
reactivity arose from the secondary antibody, lane 4 probed with anti-NS5A production
bleed, lane 5 probed with anti-NS5A production bleed followed by goat anti-rabbit
secondary antibody showed an increase in non-specific reactivity, lane 5 probed with
NS5B pre-bleed, lane 6 probed with NS5B pre-bleed followed by goat anti-rabbit
secondary antibody showed no non-specific reactivity, lane 7 probed with anti-NS5B
production bleed showed no non-specific reactivity, lane 8 probed with anti-NS5B
production bleed followed by goat anti-rabbit secondary antibody showed non-specific
reactivity of one band around 50 kDa. (B) The same blot in (A) re-probed with anticalnexin confirmed the presence of equal amounts of bovine liver extract in each lane.
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Figure 3-5

Figure 3-5. Pre-incubation of antibody with bovine liver extract decreases nonspecific reactivity. (A) 100 μg of bovine liver extract loaded in each lane. The
incubation manifold was used to probe each lane with separate antibodies. Lane 1
probed with anti-calnexin as a positive control, lane 2 probed with anti-NS5B production
bleed followed by goat anti-rabbit secondary antibody showed non-specific reactivity of
one band around 50 kDa, lanes 3-6 probed with anti-NS5B production bleed incubated
overnight with 1, 10, 100 μg or 1 mg of clarified bovine liver extract showed a decrease
in the level of the non-specific band detected. (B) 200 pg of recombinant NS5A was
loaded as a positive control. 100 μg of cell lysates from naïve Huh 7.5 cells or Huh 7.5
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cells stably expressing S2204I (SI) HCV subgenomic replicon are compared to 100 μg of
lysate from Hep G2 cells or Hep G2 cells replicating HBV. Bovine liver extract (100 μg)
and extract from HCV-positive adult liver biopsy samples (100 μg) are loaded as
marked. Top, the blot is probed with anti-NS5B confirming the presence of the viral
protein at the expected molecular weight in SI replicon-containing cells and across all
liver samples, but not in the bovine liver extract sample. Bands below the NS5B band
are non-specific. Bottom, the blot is re-probed with anti-NS5B incubated overnight with
1 mg of clarified bovine liver extract, demonstrating how pre-incubation of the antibody
with bovine liver extract decreases the reactivity with non-specific proteins.
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Figure 3-6

Figure 3-6. Cleavage of NS5A observed in liver tissue samples is not a result of
sample processing, but rather occurs in vivo. His-tagged NS5A was added to
samples prior to (PRE) or after homogenization (POST) of the liver tissue. Clarified
lysate was compared to an equal amount of His-tagged NS5A and liver extract without
NS5A added. (A) Western blot probed with anti-His antibody shows no degradation of
the recombinant NS5A in the PRE sample compared to the POST sample (56 kDa).
The upper band is a non-specific band that can be used as a loading control. (B)
Western blot from (A) re-probed with anti-NS5A confirms no degradation of the
recombinant NS5A (56 kDa). Truncated NS5A (*NS5A) exclusive to the liver extract
samples is detected at 50 and 26 kDa.
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Figure 3-7

Figure 3-7. Optimization of RNA extraction from HCV-infected liver tissue and RTPCR. (A) 1 μg of in vitro transcribed RNA from HCV subgenomic replicon and of RNA
extracted from liver tissue by TRIzol and RNeasy procedures. See Materials and
Methods section for detailed protocol. (B) First round of PCR following reverse
transcription shows the correct size band in the in vitro transcribed lanes for both
random primers mix and MfeI-rev primer RT reactions. (C) Nested PCR of (B) shows
the correct size band for all samples. This band was purified and sequenced to verify
the liver tissue sample was unique from the in vitro transcribed RNA.
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Figure 3-8
A
S2204I in vitro transcribed RNA (control)

B
RNA extracted from adult hepatectomy #1

Figure 3-8. Sequencing reveals RNA extracted from liver tissue is unique
compared to in vitro transcribed RNA control. Purified DNA reverse transcribed from
in vitro transcribed S2204I RNA (A) contains the isoleucine substitution, whereas purified
DNA reverse transcribed from RNA extracted from adult hepatectomy #1 (B) does not.
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Figure 3-9
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Figure 3-9. PKA phosphorylation promotes nuclear localization of caspasecleaved form of NS5A (NS5Acas). (A) Schematic representation of NS5Acas using
the putative caspase-cleavage sites within NS5A at D2126 and D2361. The wt
NS5Acas and T2332A and T2332E derivatives were cloned into pCDNA3.1(-) and
transfected into Huh 7.5 cells. (B) Visualization of ectopically expressed wt NS5Acas by
confocal microscopy revealed distinct nuclear staining compared to the more dispersed,
cytoplasmic staining observed with T2332A and T2332E NS5Acas derivatives. (C)
Cells containing NS5Acas were counted in quadruplicate and the percentage of cells
containing NS5Acas in the nucleus or both nucleus and cytoplasm were plotted. (D)
Visualization of wt, T2332A, and T2332E NS5Acas in the presence of 10 μM PKA
inhibitor (PKAi) KT-5720 by confocal microscopy revealed inhibition of PKA prevented
nuclear localization of the truncated wt viral protein. (E) Plot of the percentage of cells
treated with 10 μM KT-5720 containing NS5Acas in the nucleus or both nucleus and
cytoplasm.
J. Hwang
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Figure 3-10

Figure 3-10. How caspase cleavage of NS5A may produce unique forms in vivo.
In HCV-infected human liver tissue, apoptotic stimuli (green, at top) initiate the caspase
pathway via TRIF (TIR-domain-containing adapter-inducing interferon-β) and FADD
(Fas-associated protein with death domain), promoting apoptosis through Bid, truncated
Bid (tBid), and the mitochondria. Upstream caspases may cleave NS5A (blue, at left)
into smaller forms with unique functions. PKA (protein kinase A) phosphorylation within
the intrinsically disordered domain of NS5A (yellow star) has been shown to regulate
transcriptional activity exclusive to one of the caspase cleavage products and induces its
nuclear localization. In hepatoma cells, such as those used to culture HCV, FADD is
down-regulated (boxed in red). Blocking the caspase signal cascade may prevent
cleavage of NS5A in this system, thus PKA phosphorylation of full-length NS5A remains
cytoplasmic. During liver regeneration, survival factors (purple, at bottom) activate
HIP/PAP (human hepatocarcinoma-intestine-pancreas/ pancreatic-associated protein),
increasing PKA activation, leading to phosphorylation of Bad (P-Bad), which inhibits its
translocation to the mitochondria and pro-apoptotic activity. Liver regeneration also
leads to an increase in activity of CK1α and CK2, which prevent cleavage of Bid (tBid)
and decrease its role in furthering the pro-apoptotic pathway. Caspases upstream of
this inhibition remain activated, still able to cleave NS5A. The resulting PKAphosphorylated caspase-cleaved form of NS5A may localize to the nucleus and serve as
a sentinel for HCV to detect the anti-apoptotic state of the cell.
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Figure 3-11

Figure 3-11. An increase in PKA-phosphorylated NS5A correlates to an increase
in fibrosis score. Three pediatric HCV-positive biopsies were analyzed by western blot
using anti-NS5A or anti-pT2332, as shown in Fig 3-1A and 3-1B, respectively. The
observed bands were quantified using recombinant NS5A as a control and plotted
against the fibrosis score for each respective patient based on clinical data provided in
Table 3-2. (A) Levels of the 39 kDa species of PKA-phosphorylated NS5A increased
relative to the fibrosis score of the biopsy. (B) Levels of the most abundant species of
unphosphorylated NS5A (50 kDa) remain consistent across these same biopsy samples.

169

REFERENCES
1.
2.

3.

4.

5.

6.

7.

8.

9.
10.

11.

12.

13.

Alter, M. J. 2007. Epidemiology of hepatitis C virus infection. World J
Gastroenterol 13:2436-41.
Bantel, H., A. Lugering, C. Poremba, N. Lugering, J. Held, W. Domschke,
and K. Schulze-Osthoff. 2001. Caspase activation correlates with the degree of
inflammatory liver injury in chronic hepatitis C virus infection. Hepatology 34:75867.
Brass, V., E. Bieck, R. Montserret, B. Wolk, J. A. Hellings, H. E. Blum, F.
Penin, and D. Moradpour. 2002. An amino-terminal amphipathic alpha-helix
mediates membrane association of the hepatitis C virus nonstructural protein 5A.
J Biol Chem 277:8130-9.
Brass, V., Z. Pal, N. Sapay, G. Deleage, H. E. Blum, F. Penin, and D.
Moradpour. 2007. Conserved determinants for membrane association of
nonstructural protein 5A from hepatitis C virus and related viruses. J Virol
81:2745-57.
Briggs, L. J., D. Stein, J. Goltz, V. C. Corrigan, A. Efthymiadis, S. Hubner,
and D. A. Jans. 1998. The cAMP-dependent protein kinase site (Ser312)
enhances dorsal nuclear import through facilitating nuclear localization
sequence/importin interaction. J Biol Chem 273:22745-52.
Bukh, J., T. Pietschmann, V. Lohmann, N. Krieger, K. Faulk, R. E. Engle, S.
Govindarajan, M. Shapiro, M. St Claire, and R. Bartenschlager. 2002.
Mutations that permit efficient replication of hepatitis C virus RNA in Huh-7 cells
prevent productive replication in chimpanzees. Proc Natl Acad Sci U S A
99:14416-21.
Cordek, D. G., J. T. Bechtel, A. T. Maynard, W. Kazmierski, and C. E.
Cameron. 2011. Targeting the NS5A protein of HCV: an emerging option. Drugs
Fut 36:691-711.
Demaugre, F., Y. Philippe, S. Sar, B. Pileire, L. Christa, C. Lasserre, and C.
Brechot. 2004. HIP/PAP, a C-type lectin overexpressed in hepatocellular
carcinoma, binds the RII alpha regulatory subunit of cAMP-dependent protein
kinase and alters the cAMP-dependent protein kinase signalling. Eur J Biochem
271:3812-20.
Fabregat, I. 2009. Dysregulation of apoptosis in hepatocellular carcinoma cells.
World J Gastroenterol 15:513-20.
Gao, M., R. E. Nettles, M. Belema, L. B. Snyder, V. N. Nguyen, R. A. Fridell,
M. H. Serrano-Wu, D. R. Langley, J. H. Sun, D. R. O'Boyle, 2nd, J. A. Lemm,
C. Wang, J. O. Knipe, C. Chien, R. J. Colonno, D. M. Grasela, N. A.
Meanwell, and L. G. Hamann. 2010. Chemical genetics strategy identifies an
HCV NS5A inhibitor with a potent clinical effect. Nature 465:96-100.
Hanoulle, X., D. Verdegem, A. Badillo, J. M. Wieruszeski, F. Penin, and G.
Lippens. 2009. Domain 3 of non-structural protein 5A from hepatitis C virus is
natively unfolded. Biochem Biophys Res Commun 381:634-8.
Jamma, S., G. Hussain, and D. T. Lau. 2010. Current Concepts of HBV/HCV
Coinfection: Coexistence, but Not Necessarily in Harmony. Curr Hepat Rep
9:260-269.
Kamal, S. M., A. E. Fouly, R. R. Kamel, B. Hockenjos, A. Al Tawil, K. E.
Khalifa, Q. He, M. J. Koziel, K. M. El Naggar, J. Rasenack, and N. H. Afdhal.
2006. Peginterferon alfa-2b therapy in acute hepatitis C: impact of onset of
therapy on sustained virologic response. Gastroenterology 130:632-8.

170

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.
25.

Lehmann, M., M. F. Meyer, M. Monazahian, H. L. Tillmann, M. P. Manns, and
H. Wedemeyer. 2004. High rate of spontaneous clearance of acute hepatitis C
virus genotype 3 infection. J Med Virol 73:387-91.
Lemm, J. A., D. O'Boyle, 2nd, M. Liu, P. T. Nower, R. Colonno, M. S.
Deshpande, L. B. Snyder, S. W. Martin, D. R. St Laurent, M. H. Serrano-Wu,
J. L. Romine, N. A. Meanwell, and M. Gao. 2010. Identification of hepatitis C
virus NS5A inhibitors. J Virol 84:482-91.
Liang, Y., C. B. Kang, and H. S. Yoon. 2006. Molecular and structural
characterization of the domain 2 of hepatitis C virus non-structural protein 5A.
Mol Cells 22:13-20.
Lieu, H. T., F. Batteux, M. T. Simon, A. Cortes, C. Nicco, F. Zavala, A.
Pauloin, J. G. Tralhao, O. Soubrane, B. Weill, C. Brechot, and L. Christa.
2005. HIP/PAP accelerates liver regeneration and protects against
acetaminophen injury in mice. Hepatology 42:618-26.
Lohmann, V., F. Korner, A. Dobierzewska, and R. Bartenschlager. 2001.
Mutations in hepatitis C virus RNAs conferring cell culture adaptation. J Virol
75:1437-49.
Lohmann, V., F. Korner, J. Koch, U. Herian, L. Theilmann, and R.
Bartenschlager. 1999. Replication of subgenomic hepatitis C virus RNAs in a
hepatoma cell line. Science 285:110-3.
Moore, P. S., and Y. Chang. 2010. Why do viruses cause cancer? Highlights of
the first century of human tumour virology. Nat Rev Cancer 10:878-89.
Nielsen, S. U., M. F. Bassendine, A. D. Burt, D. J. Bevitt, and G. L. Toms.
2004. Characterization of the genome and structural proteins of hepatitis C virus
resolved from infected human liver. J Gen Virol 85:1497-507.
Satoh, S., M. Hirota, T. Noguchi, M. Hijikata, H. Handa, and K. Shimotohno.
2000. Cleavage of hepatitis C virus nonstructural protein 5A by a caspase-like
protease(s) in mammalian cells. Virology 270:476-87.
Simon, M. T., A. Pauloin, G. Normand, H. T. Lieu, H. Mouly, G. Pivert, F.
Carnot, J. G. Tralhao, C. Brechot, and L. Christa. 2003. HIP/PAP stimulates
liver regeneration after partial hepatectomy and combines mitogenic and antiapoptotic functions through the PKA signaling pathway. FASEB J 17:1441-50.
Tong, M. J., N. S. el-Farra, A. R. Reikes, and R. L. Co. 1995. Clinical outcomes
after transfusion-associated hepatitis C. N Engl J Med 332:1463-6.
Wakita, T., T. Pietschmann, T. Kato, T. Date, M. Miyamoto, Z. Zhao, K.
Murthy, A. Habermann, H. G. Krausslich, M. Mizokami, R. Bartenschlager,
and T. J. Liang. 2005. Production of infectious hepatitis C virus in tissue culture
from a cloned viral genome. Nat Med 11:791-6.

171

CHAPTER 4

Phosphorylation of hepatitis C virus nonstructural protein 5A by casein kinase 1α
regulates p58 formation and viral genome replication

Precious Lim1, Jolene K. Diedrich2, Alan J. Tackett3, Philippe A. Gallay1, Ryan R. Julian2,
and Craig E. Cameron4 will be co-authors on publications stemming from work
presented in this chapter.

1

Department of Immunology and Microbial Science, The Scripps Research Institute

2

Department of Chemistry, University of California at Riverside

3

Department of Biochemistry and Molecular Biology, University of Arkansas for Medical

Sciences
4

Department of Biochemistry and Molecular Biology, The Pennsylvania State University

172

ABSTRACT

Hyperphosphorylation of hepatitis C virus nonstructural protein 5A (NS5A) is carried out
by casein kinase 1α (CK1α). Abrogation of this modification is essential for persistent
replication of the HCV subgenomic replicon and attenuation of the virus in the animal
model. Potent antiviral drugs targeting NS5A inhibit the hyperphosphorylation event(s).
Yet, a thorough understanding of the hyperphosphorylated state of NS5A has been
unachievable given the inability to generate this species of the viral protein in vitro. We
have determined the residues phosphorylated by CK1α are all located within the
intrinsically disordered domain (IDD) of NS5A. A “pre-phosphorylated” derivative of
NS5A containing glutamic acid substitutions at some of these residues can reproducibly
form the hyperphosphorylated viral protein following phosphorylation by CK1α. This
information led to the production of an antibody capable of specifically recognizing a
CK1α-phosphorylated form of NS5A (pS2255-NS5A). The antibody permitted us to
show that pS2255-NS5A is present in Huh 7.5 cells persistently replicating HCV RNA.
Our work provides growing evidence for the role of phosphorylation in regulating NS5A
function. CK1α-mediated phosphorylation, which partially overlaps the cyclophilin A
(CypA) binding site on the viral protein, promoted the association between NS5A and
CypA. However, CypA and the HCV polymerase NS5B, which also binds to the same
region on NS5A, were found to inhibit CK1α-mediated phosphorylation. CK1αphosphorylated residues identified as important to hyperphosphorylation in vitro were
found to also play a role in the modification in the context of the HCV subgenomic
replicon. Transfection of HCV replicon RNA that prevented phosphorylation of these
residues by site-directed mutagenesis was found to support stable replication in the
absence of any previously identified cell culture adaptive mutations. These findings
reinforce the function of CK1α-mediated phosphorylation of NS5A in the HCV lifecycle.
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INTRODUCTION

Hepatitis C virus (HCV) is an international health concern, with an estimated 170
million infections worldwide. The majority of these infections develop into chronic
hepatitis, which can eventually manifest as hepatocellular carcinoma (HCC) (36, 45, 69).
HCV is unique among the known positive-sense single-stranded RNA viruses in its
ability to establish a chronic infection in the host (53). While direct-acting antivirals
(DAAs) targeted against the viral protease have gained approval for use in HCV
combination therapies with IFN and ribavirin (44, 54), and the pursuit continues for DAAs
against the HCV polymerase (72), an effective means of combating viral persistence has
remained out of reach. Recently, however, attention has been focused on nonstructural
protein 5A (NS5A) as a potential target to prevent HCV chronic infection. Following the
announcement by Bristol Myers Squibb (BMS) that DAAs with high efficacy had been
designed to inhibit an unidentified function of NS5A (16, 46), interest in the viral protein
as a novel drug target has increased substantially (9).
NS5A is essential to the HCV lifecycle. Yet, after almost twenty-five years of
study, the exact role(s) that the viral protein plays that makes it so critical remains a
mystery. What has been discovered, however, is that NS5A is highly promiscuous,
interacting with nearly every other HCV protein and dozens of host factors, including
RNA (9, 31, 34). The ability of NS5A to interact with myriad factors may provide HCV
with the means to set up a chronic infection in its host, making DAAs targeting the viral
protein promising candidates to prevent viral persistence.
A phosphoprotein modified entirely by cellular kinases, NS5A has been shown to
exist in two major phosphorylated states: basally phosphorylated (p56) and
hyperphosphorylated (p58) (37). While basal phosphorylation of NS5A can be carried
out by several kinases in bench-top biochemical analyses and cell culture assays (9),
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only casein kinase 1α (CK1α) has been shown to mediate p58 formation, and this has
been carried out almost exclusively in the context of the HCV subgenomic replicon (59,
60). It has been hypothesized that NS5A may toggle between conformations based on
its phosphorylated state in order to participate in its dozens of interactions (9), however a
direct correlation between phosphorylation state and function has only been
demonstrated in a limited number of cases (13, 51, 68). The abrogation of
hyperphosphorylation was found to be essential for cell culture adaptation of the HCV
subgenomic replicon via a Ser2204Ile substitution, hereafter SI (47, 48). This finding not
only provided the field with a working cell culture model to study HCV, but also
implicated the NS5A p58 species in mediating persistent replication of the virus. The
importance of NS5A p58 was further underscored when mutations that prevented
hyperphosphorylation in vitro were found to attenuate the virus in the chimpanzee model
(5). Most recently, BMS discovered a highly potent HCV inhibitor that targets NS5A and
blocks p58 formation (16, 46). Whether prevention of hyperphosphorylation is part of the
inhibitor’s mechanism of action or an ancillary effect remains to be determined; however,
the finding adds to the growing interest in CK1α-mediated NS5A p58 formation and its
as yet undefined role in the HCV lifecycle.
Members of the casein kinase 1 family of kinases are ubiquitously expressed in
eukaryotic organisms, with seven isoforms characterized in mammals (α, β, γ1, γ2, γ3,
δ, and ε), in addition to splice variants of some of these isoforms (39). All of the isoforms
are highly conserved across their respective kinase catalytic domains, but vary in
sequence and length across their amino- and carboxy-terminal non-catalytic domains
(21). For CK1α (4), CK1δ (19), and CK1ε (17), the carboxy-terminal domains have been
shown to undergo autophosphorylation, which can inhibit activity of the kinase. Kinases
of the CK1 family prefer pre-phosphorylated substrates; the canonical sequence
recognition motif is (pS/pT)-X-X-(S/T), where pS/pT is a pre-phosphorylated serine or
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threonine residue, X can be any amino acid, and S/T is the target serine or threonine
residue (21, 39). Alternatively, negatively-charged amino acids have been found to
substitute for pre-phosphorylated residues, such that (D/E)n-X-X-S/T is also a suitable
consensus sequence, where n number of aspartic acid or glutamic acid residues
precede the target serine or threonine residue and are separated from it by at least two
additional amino acids (21, 39). CK1 can also modify residues located within
noncanonical sequences (50). Though often classified as a serine/threonine kinase,
some isoforms of CK1 have been characterized as a dual-specificity kinase, capable of
phosphorylating not only serine/threonine residues, but also tyrosine residues in
Saccharomyces, Schizosaccharomyces (28) and Xenopus (58).
Structurally, CK1 isoforms are similar to other eukaryotic kinases and contain
three domains with conserved functionality: (1) binding/orienting the incoming ATP
molecule via an invariant lysine residue that interacts with the α- and β-phosphates on
the ATP, (2) binding/orienting the substrate within a hydrophobic pocket of the kinase,
and (3) transfer of the γ-phosphate from the incoming ATP to the target hydroxyl residue
on the substrate via an aspartic acid residue within a highly conserved H-R-D-L-K-X-X-N
catalytic loop (24, 49).
CK1 is constitutively active in a variety of tissues (39, 70). Localization of CK1α
is cell-cycle dependent: the kinase associates with vesicles (22), centrosomes (20), and
mitotic spindles (3), among other cytosolic and nuclear factors (23, 29, 63). Isoforms of
CK1 function in vesicular trafficking (22, 55, 57), modulating circadian rhythm (71), cell
cycle progression (23), cell division (30, 38, 64), and apoptosis (33, 35, 42). Expression
of CK1 has been shown to change in cancerous tissue (15, 67), with several isoforms
responsible for phosphorylating and regulating the activity of the tumor suppressor p53
(11, 26, 40, 41, 52, 65). Interestingly, in what appears to be a tightly-regulated process,
p53 can also modulate the activity of some isoforms of CK1 (41).
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Members of the CK1 family have also been implicated in the phosphorylation of
proteins from a diverse range of viruses. CK1α has been identified as a kinase
responsible for the basal and hyperphosphorylation of rotavirus NSP5 (12); knockdown
of CK1α resulted in decreased virus replication and altered viroplasm morphology (6).
Phosphorylation of respiratory syncytial virus M2-1 by CK1 modulated the viral protein’s
function in transcription (7). Inhibition of CK1δ phosphorylation of simian virus 40 T
antigen impaired the virus-induced cellular transformation capability (27). A conserved
serine residue in the methyltransferase domain of all flaviviruses is a target for CK1αmediated phosphorylation, inhibition of which suppressed yellow fever virus production
(2). For the HCV field, the finding that CK1α was the kinase responsible for mediating
NS5A p58 formation was an exciting discovery (59, 60), and should have opened the
door to a more thorough revelation of the role of NS5A hyperphosphorylation in the HCV
lifecycle. Yet, the inability to reproducibly generate NS5A p58 in vitro has hindered the
understanding of this elusive species of the viral protein and perhaps key features of the
HCV lifecycle with which it is associated.
In this study, we have expressed and purified the human α isoform of CK1 from
E. coli and have used the active kinase to phosphorylate NS5A in vitro. Mass
spectrometric analysis of the CK1α-phosphorylated viral protein was used to map
several previously unidentified residues modified throughout the intrinsically disordered
domain (IDD) of NS5A. Extensive biochemical studies identified a novel serine residue,
nearly 100% conserved across HCV genotypes, as being essential to formation of NS5A
p58. This is the first time the hyperphosphorylated species of the viral protein has been
systematically and reproducibly generated in vitro using recombinant CK1α and NS5A.
Antibodies directed against the phosphorylated serine residue recognize species of
NS5A phosphorylated by CK1α in the in vitro phosphorylation reactions and forms of the
viral protein expressed in the HCV subgenomic replicon. Our ability to produce and
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study p58 in vitro has allowed us to explore how phosphorylation of different regions and
individual residues of NS5A modulate hyperphosphorylation. We have determined that
CK1α and CK1δ are both capable of generating the p58 species of NS5A, whereas
casein kinase 2 (CK2) and protein kinase A (PKA) can only basally phosphorylate the
viral protein. In addition, our studies have found that the antiviral compound announced
by BMS as capable of blocking HCV replication with high potency by targeting NS5A
selectively inhibits the CK1α-mediated hyperphosphorylation, but not basal
phosphorylation, of the viral protein. This could lead to a better understanding of the
mechanism of action of the drug.
Our work also provides growing evidence for the role of phosphorylation in
regulating NS5A function. CK1α-mediated phosphorylation, which partially overlaps with
cyclophilin A (CypA) binding sites on NS5A, was shown to promote the association
between NS5A and CypA, making the interaction more resistant to cyclosporin A (CsA)
disruption. However, CypA and the HCV polymerase NS5B, which also binds to the
same region on NS5A, were found to inhibit CK1α-mediated phosphorylation. CK1αphosphorylated residues identified as important to p58 formation in vitro were found to
also play a role in p58 formation in the context of the HCV subgenomic replicon.
Transfection of HCV replicon RNA that prevented phosphorylation of these residues by
site-directed mutagenesis was found to support stable replication in the absence of any
previously identified cell culture adaptive mutations.
Taken together, we have further exploited our ability to study NS5A
phosphorylation in vitro and apply these findings to the cell culture model to determine
biological significance of cellular kinase-mediated phosphorylation of the viral protein.
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MATERIALS AND METHODS

Materials. Specific reagents used in this study and the respective information for each
are listed under each appropriate sub-heading. All other reagents were of the highest
grade available from Sigma, Fisher, or VWR.

Construction of CK1α expression plasmids. All DNA oligonucleotides were from
Integrated DNA Technologies (Table 4-1). The human casein kinase 1, alpha 1 (CK1α)
cDNA clone was from Origene. Oligos 1 and 2 were used to amplify the CK1α cDNA.
The PCR fragment was digested with BamHI and SacII and ligated into a BamHI/SacIIdigested pET26-Ub-NS5Acas vector previously described in Chapter 3. To generate the
inactive K72A CK1α plasmid, overlap PCR was performed using oligos 1-4. The PCR
fragment was similarly digested and ligated using the BamHI/SacII approach. Both
CK1α plasmids were sequenced at the Penn State Nucleic Acid Facility to verify the
correct sequence.

Expression and purification of CK1α. CK1α is expressed in the pET-26-Ub-based
plasmid described previously (32). The pET26-Ub-CK1α plasmids were transformed
into the Rosetta(DE3)pUbpS strain of E.coli. This strain is derived from Rosetta(DE3)
and carries the pUbpS plasmid, which constitutively expresses a ubiquitin protease that
processes the ubiquitin fusion protein. Rosetta(DE3)pUbpS cells containing the pET26Ub-CK1α expression plasmid were grown overnight in 100 ml of NZCYM media
supplemented with 25 µg/ml kanamycin (K25), 20 µg/ml chloramphenicol (C20), and 100
µg/ml spectinomycin (S100). The overnight cultures were used to inoculate 8 L of K25,
C20, S100-supplemented autoinducing media to an optical density at 600 nm (OD600) of
0.05 as previously described (34). The cells were grown at 37 °C to an OD600 of 1.0 and
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then grown at 15 °C for an additional 44 h. The cells were harvested by centrifugation in
a Beckman JLA-16.250 rotor at 6,000 rpm for 10 min, washed once in 10 mM
tris(hydroxymethyl)aminomethane (Tris), pH 8.0, 1 mM ethylenediaminetetraacetic acid
(EDTA), hereafter T10E1, and centrifuged again prior to weighing the cell pellet.
Typically, 20 g of cell paste is obtained per liter of culture.
The cell pellet was suspended in 5 ml per gram with buffer A (100 mM potassium
phosphate, pH 8.0, 20% glycerol, 500 mM NaCl, 10 mM β-mercaptoethanol [BME], and
5 mM imidazole), containing 1.4 µg/ml pepstatin A, 1.0 µg/ml leupeptin, and protease
inhibitor cocktail tablets (Roche). The homogenized sample was lysed in a
microfluidizer. Phenylmethylsulfonyl fluoride (PMSF) and Nonidet P-40 (NP-40) were
added to final concentrations of 1 mM and 0.1%, respectively. Lysates were clarified in
a Beckman JA-30.50 rotor at 25,000 rpm for 30 min. Clarified lysate was loaded at 0.5
ml/min onto a nickel-nitrilotriacetic acid (Ni-NTA) agarose (Thermo Scientific) column
equilibrated with buffer A. The column was washed with twenty column volumes buffer
A at 1.0 ml/min. The column was washed two additional times with buffer A containing
50 and 100 mM imidazole. The protein was eluted with buffer A containing 500 mM
imidazole. Collected fractions were assayed for purity by SDS-PAGE and pooled
fractions were dialyzed overnight against buffer B (50 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid [HEPES], pH 7.5, 20% glycerol, 100 mM NaCl, 5 mM
BME) in 6-8,000 Da molecular weight cutoff (MWCO) dialysis tubing.
The dialyzed protein was loaded at 0.5 ml/min onto a Q-Sepharose (GE
Healthcare) column equilibrated with buffer B. The column was washed with twenty
column volumes buffer B containing 100 mM NaCl. The protein was eluted off the
column in one column volume fractions of buffer C (50 mM HEPES, pH 7.5, 20%
glycerol, 1 M NaCl, 5 mM BME). The collected fractions were assayed for purity by
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and pooled
fractions were dialyzed overnight against buffer B.
The concentration of CK1α was determined using SYPRO Ruby protein gel stain
(Molecular Probes) and the NaCl concentration was measured using a Traceable
Control Company conductivity/salinity concentration probe. The protein aliquots were
assayed for phosphorylation efficiency, described below, and stored at -80 °C. Aliquots
retained activity over two years beyond the date of purification.

Construction of NS5A expression plasmids. All NS5A derivatives were sequenced at
the Penn State Nucleic Acid Facility to verify the correct sequence.
NS5A 2005-2419 and 2005-2221 were generated as previously described in
Chapter 2. Oligos 5 and 7 (Table 4-1) were used with pET26-Ub-Δ32-NS5A-C(His),
encoding resides 2005-2419 of the polyprotein, to amplify residues 2194-2419. Oligos 6
and 7 were used to amplify residues 2212-2419. Both PCR fragments were digested
with SacII and HindIII and ligated into a SacII/HindIII-digested pET26-Ub vector.
Single alanine substitutions at serine residues within cluster 1 were created using
overlap PCR with oligos 8, 62, and the for/rev primer pairs from oligos 9-16 with the
pET26-Ub-Δ32-NS5A-C(His) template. The M4A derivative, containing four serine-toalanine substitutions, was made using oligos 8, 62, and 17-18. Single glutamic acid
substitutions at serine residues within cluster 1 were created using oligos 8, 62, and the
for/rev primer pairs from oligos 19-26 with the pET26-Ub-Δ32-NS5A-C(His) template.
The M4E derivative, containing four serine-to-glutamic acid substitutions, was made
using oligos 8, 62, and 27-28. The PCR fragments were digested with EcoRI and SacI
and ligated into an EcoRI/SacI-digested pET26-Ub vector.
The single serine/threonine-to-alanine substitutions at the putative CK1αphosphorylated residues in the NS5A carboxy-terminal domain (CTD) were generated
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using overlap PCR with oligos 61, 63, and the for/rev primer pairs from oligos 29-40 with
the pET26-Ub-Δ32-NS5A-C(His) template. The PCR fragments were digested with
EcoRI and SapI and ligated into an EcoRI/SapI-digested pET26-Ub vector.
To generate the d2pnull derivative, consecutive overlap PCR was performed using
oligos 41-48, with oligos 61 and 62 with the pET26-Ub-Δ32-NS5A-C(His) template. The
d2pcon derivative was created using consecutive overlap PCR using oligos 49-56, with
oligos 61 and 62 with the pET26-Ub-Δ32-NS5A-C(His) template. The SI-d2pcon
derivative was generated with oligos 57-58 and 61-62, using the d2pcon PCR fragment as
a template. The derivatives were digested with EcoRI and SacI and ligated into an
EcoRI/SacI-digested pET26-Ub vector.
The single serine-to-glutamic acid or tyrosine-to-glutamic acid substitutions that
make up the d2pcon derivative were cloned using overlap PCR with oligos 61 and 62,
along with the for/rev primer pairs from oligos 49-56 with the pET26-Ub-Δ32-NS5AC(His) template. S2255Enull was cloned using oligos 49, 50, 61, and 62 with the d2pnull
template. S2255Acon was cloned using oligos 41, 42, 61 and 62 with the d2pcon template.
The PCR fragments were digested with EcoRI and SacI and ligated into an EcoRI/SacIdigested pET26-Ub vector.
To generate the single alanine or glutamic acid substitutions at serine residues
within cluster 1 within the context of d2pcon, for/rev primer pairs 9-16 or 19-26,
respectively, were used with oligos 8 and 62 with the d2pcon template. The derivatives
were digested with EcoRI and SacI and ligated into an EcoRI/SacI-digested pET26-Ub
vector.
The d3pnull derivative was generated using overlap PCR with oligos 59 and 60
with oligos 61 and 63 with the pET26-Ub-Δ32-NS5A-C(His) template. The d2pcond3pnull
derivative was generated using the same oligos with the d2pcon template. The PCR
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fragments were digested with EcoRI and SapI and ligated into an EcoRI/SapI-digested
pET26-Ub vector.
Y93Hcon was generated using overlap PCR with oligos 8, 62, and 64-65 with the
d2pcon template. The PCR fragment was digested with SacI and SacII and ligated into a
SacI/ SacII-digested pET26-Ub vector.

Expression and purification of NS5A proteins. All NS5A proteins used in this study
were His-tagged at the carboxy termini and purified as described below.
NS5A derivatives expressed from the pET-26-Ub-based plasmids are fused to
yeast ubiquitin at the amino terminus. Overexpression of protein in this system is
performed in the BL21(DE3)pCG1 strain of E. coli; this strain was derived from
BL21(DE3) cells and carries the pCG1 plasmid, which constitutively expresses a yeast
ubiquitin protease that processes the ubiquitin fusion protein to produce mature protein.
BL21(DE3)pCG1 cells containing the NS5A expression plasmid were grown
overnight in 100 ml of NZCYM supplemented with K25 and C20 at 25 oC to an OD600 =
1.0. The overnight culture was used to inoculate 4 L of K25, C20-supplemented media
to OD600 = 0.05. The cells were grown at 37 oC to an OD600= 0.8, and then cooled to 20
o

C. Isopropyl-D-thiogalactopyranoside (IPTG) was added to a final concentration of 500
M and cells were grown for an additional 4 h at 20 oC. The cells were harvested by

centrifugation, washed once in cold T10E1, centrifuged again, and the cell paste weighed.
Typical yields were 2-3 g of cell paste per liter of culture.
The cell pellet was suspended in 5 ml buffer A (100 mM Tris, pH 8.0, 200 mM
NaCl, 10 mM BME and 5 mM imidazole) per gram of cells, supplemented with protease
inhibitors pepstatin A (10.0 µg/ml), leupeptin (10.0 µg/ml) and one protease inhibitor
cocktail tablet (Roche) per 4 g cell paste. The protease inhibitor cocktail tablets
substantially enhanced the stability of NS5A. The cell suspension was lysed by passing
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through a French Press (SIM-AMINCO) twice at 16,000 psi. PMSF was added to a final
concentration of 1 mM and NP-40 to 0.5%. The extract was clarified by
ultracentrifugation for 30 min at 25,000 rpm (75,000 g) at 4 oC. Typically 40 mg of
protein is obtained in a clarified lysate from 1 g cell paste
The supernatant was loaded onto a diethylaminoethyl (DE52)-cellulose column
(Whatman), with 1 ml packed resin per 5 mg of protein in clarified lysate, connected to a
Ni-NTA-agarose column, with 1 ml packed Ni-NTA resin per 50 mg of protein in clarified
lysate, at a flow rate of 0.5 ml/min. The DE52 column was washed with two column
volumes of buffer B (100 mM Tris, pH 8.0, 200 mM NaCl, 10 mM BME, 0.1% NP-40)
containing 5 mM imidazole. The DE52 column was disconnected and the Ni-NTAagarose column was washed with two column volumes of buffer C (100 mM Tris, pH 8.0,
500 mM NaCl, 10 mM BME, 0.1% NP-40) containing 50 mM imidazole and two column
volumes of buffer C containing 100 mM imidazole. The purified NS5A was eluted by
using buffer C containing 500 mM imidazole. Fractions (one column volume) were
collected and analyzed for purity by SDS-PAGE. The fractions containing the majority of
the protein were pooled and dialyzed against three changes of 1 L 50 mM HEPES, pH
7.5, 100 mM NaCl, 0.1% NP-40 and 10 mM BME (membrane employed a 50,000 Da
MWCO). The dialyzed sample was then passed over a second DE52-cellulose column
(1/10th the size of the original DE52-cellulose column). The DE52 column was then
washed with three column volumes of buffer B (lacking imidazole). Pass-through
fractions (one-half column volume) were collected and analyzed for purity by SDSPAGE. Glycerol was added to a final concentration of 20%. The sample was stored in
aliquots at -80 oC. Protein samples from each purification step were monitored by both
Bradford assay and SDS-PAGE analysis.
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Construction of NS5A subgenomic replicon plasmids. Oligos 41-48, with oligos 66
and 67 (Table 4-1), were used to perform overlap extension PCR on
pHCVbart.rep1/Ava-II to create the d2pnull derivative, or on pHCVbart.rep1/Ava-II-SI to
create the SI-d2pnull derivative. Oligos 49-56, with oligos 66 and 67, were used to
perform overlap extension PCR on pHCVbart.rep1/Ava-II to create the d2pcon derivative,
or on pHCVbart.rep1/Ava-II-SI to create the SI-d2pcon derivative. The PCR fragments
were digested with BlpI and MfeI and ligated into the BlpI/MfeI-digested vector. DNA
sequencing was performed on all plasmids at the Penn State Nucleic Acid Facility to
verify the correct sequence.

In vitro phosphorylation assay. Standard phosphorylation of NS5A was performed in
50 mM HEPES, pH 7.5, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP), 20 mM MgCl2,
100 mM NaCl, 125 μM ATP, 0.5 μCi/μl [γ-32P]-ATP (MP Biomedicals), and 0.5 μM NS3,
NS5A, NS5A derivative, NS5B, or β-casein (Sigma). For reactions that did not require
the use of radiolabeled ATP, the [γ-32P]-ATP was omitted. Reactions were incubated for
10 min at 37 °C prior to kinase addition. After 10 min, home-made CK1α, or
commercially available CK1δ, CK2, PKA, or Cdc2 (all from New England Biolabs, Inc.)
were added to the desired final concentration and phosphorylation proceeded for the
specified time.
Reactions testing the effect of MnCl2 used 20 mM MnCl2 in place of MgCl2, while
reactions testing the effect of NaCl used a range of final concentrations. Reactions
performed in the presence of 50 μM NS5A inhibitor BMS-790052 were incubated with
the inhibitor at 37 C for 30 min, after which point CK1α was added and phosphorylation
proceeded for the specified time. For reactions performed in the presence of 5 μM CypA
and/or 5 μM CsA, these reagents were incubated at 37 °C for 30 min prior to the addition
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of the CK1α target substrate, which was then incubated an additional 30 min, after which
point CK1α was added and phosphorylation proceeded for the specified time.
All points from phosphorylation reactions were quenched with an equal volume of
2x SDS-PAGE sample buffer. The samples were resolved on an 8% SDS
polyacrylamide gel. Electrophoresis was stopped when the free nucleotide migrated
near the bottom of the 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. Gels of reactions not using radiolabeled ATP were analyzed by
Pro-Q Diamond phosphoprotein (Invitrogen) and SYPRO Ruby total protein (Lonza) gel
stains.

Mass spectrometry analysis of CK1α-phosphorylated NS5A. Analysis of the CK1αphosphorylated residues on NS5A was performed by mass spectrometry with 100 μg
NS5A phosphorylated by CK1α under the conditions listed above. A sample of the
quenched reaction was loaded onto an 8% SDS polyacrylamide gel and stained with
Pro-Q Diamond phosphoprotein gel stain to verify NS5A had been phosphorylated when
compared to an unphosphorylated NS5A sample. Phosphorylated NS5A was in-gel
digested with AspN or trypsin and analyzed by liquid chromatography tandem mass
spectrometry (LC/MS/MS) at the University of California at Riverside and at the
University of Arkansas for Medical Sciences. Unphosphorylated NS5A was analyzed
under the same conditions as a control sample.

NS5A alignment. HCV sequence alignments were performed using The Los Alamos
HCV Sequence Database (43). Genotype references of the NS5A protein sequence
were compared to determine the conservation of the CK1α phosphorylation sites.
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Kinetics of CK1α- and CK2-mediated phosphorylation of NS5A. The rate of
phosphorylation of wt NS5A and S2204I (SI) NS5A by CK1α and CK2 were calculated
by phosphorylating increasing amounts of substrate, from 0.05 μM to 1.5 μM, for three
minutes. After three minutes, the reactions were quenched with an equal volume of 2x
SDS-PAGE sample buffer. The samples were analyzed and quantified as described
above.

Design and production of non-hydrolyzable pS2255-NS5A antibody. The rabbit
polyclonal phospho-specific anti-pS2255 antibody was generated by Covance, Inc. for
our use. The immunogen was 5 mg of the synthetic peptide L-D-pS-F-E-L-D-pS-F-E-C
conjugated to keyhole limpet hemocyanin (KLH) generated by AnaSpec, Inc. In place of
phospho-serine, the pS was the non-hydrolyzable Fmoc-Ser[PO(OBzl)-OH]-OH (N-αFmoc-O-benzyl-L-phospho-serine).

Calf intestinal alkaline phosphatase (CIP) assay. The NS5A derivative d2pcon was
phosphorylated by CK1α for 60 min as specified above, then treated with 20 U CIP (New
England Biolabs, Inc.) for an additional 60 min at 37 °C. Points from the phosphatase
assay were quenched with an equal volume of 2x SDS-PAGE sample buffer. The
samples were resolved on an 8% SDS polyacrylamide gel and analyzed by Pro-Q
Diamond phosphoprotein and SYPRO Ruby total protein gel stains.

NS5A-CypA binding assays. NS5A or NS5A derivatives ± CK1α were assayed under
the conditions listed above to verify phosphorylation of the appropriate samples had
occurred. NS5A-CypA pull-down studies were performed as previously described (8).
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Cell Culture. Huh 7.5 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS), 100 units/ml penicillin/streptomycin
(P/S), and 0.1 mM nonessential amino acids (NEAA). Stable cell lines were maintained
in the same supplemented medium containing 0.5 mg/ml G418.

Transfection and G418 selection. In vitro transcribed subgenomic RNA was
transfected into Huh 7.5 cells via the TransMessenger transfection system (Qiagen).
Briefly, 1.6 x 106 cells were mixed with 2 μg RNA per the manufacturer’s protocol. For
colony formation assays, cells were plated in 100-mm dishes and selected under DMEM
containing 0.5 mg/ml G418 for three weeks, exchanging G418-containing media every 3
days. After three weeks, colonies were stained with crystal violet.

Western blot analysis. Cell extracts from transiently transfected cells were separated
on 8% SDS polyacrylamide gels and transferred to nitrocellulose membrane.
Membranes were probed with rabbit polyclonal α-NS5A (generated by Covance
Research Products, Inc. for our use) and either goat α-rabbit horseradish peroxidase or
alkaline phosphatase (Santa Cruz). The proteins were detected by enhanced
chemiluminescence, ECL, (Millipore) or enhanced chemifluorescence, ECF, (GE
Healthcare) western blot detection reagents. ECF-detected blots were visualized by the
Typhoon imager (Molecular Dynamics) and quantified using ImageQuant software.

Quantitative RT-PCR. Total RNA was extracted from subgenomic replicon-transfected
Huh 7.5 cells by the RNeasy Plus RNA extraction system (Qiagen). Random Primer Mix
(New England Biolabs, Inc.) was used for reverse transcription and the purified DNA was
sequenced to verify that no other mutations were present in NS5A in the stable cell lines
created. Total RNA was also extracted and purified for qRT-PCR, performed by Dr.
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Deborah Grove at the Nucleic Acid Facility at the Pennsylvania State University. The
Taqman primer 5'-CGC CGC CAA GCT CTT CAG CAA-3' was used for PCR on an
Applied Biosystem 7300. In vitro transcribed RNA was used to quantify the copy
number in cells.
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RESULTS

The α isoform of human casein kinase 1 (CK1α) can be expressed and purified
from E. coli. Expression and purification of the human α isoform of CK1 in an E. coli
system has not been reported. We employed the pET26-Ub expression system to
produce human CK1α with a hexahistidine tag on its carboxy-terminus, and purified the
recombinant protein over Ni-NTA agarose and Q-Sepharose resin columns (Fig 4-1).
An inactive CK1α was cloned and purified by engineering the K72A substitution,
abrogating the ability of the kinase to anchor and coordinate the α- and β-phosphates of
the incoming ATP molecule intended for phosphoryl-transfer. K72A CK1α was
expressed and purified under the same conditions as wt CK1α (data not shown).

Active CK1α specifically phosphorylates HCV NS5A. NS5A was phosphorylated by
CK1α under stoichiometric conditions, with six moles of phosphate incorporated per
mole of viral protein, suggesting at least six unique sites of modification (Fig 4-2A). To
verify the phosphorylation activity observed arose from the purified CK1α, the inactive
K72A CK1α was used to phosphorylate NS5A under the same stoichiometric conditions,
with no phosphorylation observed (Fig 4-2A). Combining the inactive K72A kinase with
wt CK1α had no effect on the ability of wt CK1α to phosphorylate NS5A (Fig 4-2A).
We sought to determine the optimal assay conditions for CK1α and found the
kinase was dependent on the presence of MgCl2, having no detectable activity when
MnCl2 was used as a substitute metal (Fig 4-2B). The kinase activity was also
determined to be sensitive to NaCl concentration (Fig 4-2C). Hereafter, all
phosphorylation reactions were performed under conditions with 20 mM MgCl2 and 100
mM NaCl.
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The NetPhosK 1.0 Server, designed to predict kinase-specific eukaryotic
phosphorylation sites, found six, four, and four putative CK1 targets in HCV
nonstructural proteins NS3, NS5A, and NS5B, respectively (data not shown). To
determine the specificity of our purified CK1α, the kinase was mixed with purified NS3,
NS5A, or NS5B. Under stoichiometric phosphorylation conditions, only NS5A was
phosphorylated by CK1α (Fig 4-2D).

Residues within the intrinsically disordered domain (IDD) of NS5A are the primary
sites of CK1α-mediated phosphorylation in vitro. To determine where NS5A was
phosphorylated by CK1α, truncations of the viral protein were created and assayed for
phosphate incorporation under stoichiometric conditions with the kinase. Deletion of the
intrinsically disordered domain (IDD) of NS5A completely abolished phosphorylation,
indicating that no CK1α target residues were located within domain I of the viral protein
(Fig 4-3A). CK1α-mediated phosphorylation of NS5A truncations lacking domain I was
still observed (Fig 4-3A).
Mass spectrometric analysis of CK1α-phosphorylated NS5A confirmed the
presence of phosphorylated residues throughout the IDD (Fig 4-3B). For the first time,
serine residues within a highly conserved region, hereafter cluster 1, long-believed to be
CK1α targets were directly mapped as phosphorylated in our analysis. These four
residues are nearly 100% conserved across all HCV genotypes (Table 4-2A). Residues
at the carboxy-terminus of NS5A and, surprisingly, serine and tyrosine residues within
the central portion of the IDD, were also identified as phosphorylated by CK1α (Fig 43B). Sequence alignments confirmed three of the four residues within the central portion
of the NS5A IDD were highly conserved across HCV genotypes (Table 4-2B), as were
many of the residues at the carboxy-terminus of the viral protein (Table 4-2C).
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Substitutions in cluster 1 modulate CK1α phosphorylation of NS5A. The four
putative CK1α-phosphorylated serine residues identified within the highly conserved
cluster 1 were studied to determine their effect on CK1α-mediated phosphorylation of
NS5A. Alanines were inserted individually at each of the serine residues, as well as an
NS5A derivative that contained all four serine-to-alanine substitutions within cluster 1,
hereafter M4A (Fig 4-4A). The phosphorylation efficiency of these derivatives was
altered compared to wt NS5A (Fig 4-4B). Notably, the S2197A and S2201A derivatives
had little effect, whereas the S2194A and S2204A derivatives actually increased
phosphate incorporation relative to wt NS5A (Fig 4-4B). Also of interest, the decreased
level of phosphorylation of the M4A derivative suggested the alanine substitutions in
cluster 1 may have an additive negative effect on phosphorylation efficiency (Fig 4-4B).
Because S2204A is analogous to the S2204I cell culture adaptive mutation, we
sought to determine if this NS5A derivative also had an increased rate of phosphate
incorporation relative to wt NS5A. CK1α-mediated phosphorylation of increasing
amounts of NS5A using a fixed amount of kinase indicated that the S2204I derivative
was more efficient at incorporating phosphate than wt NS5A (Fig 4-4C). Interestingly,
CK2-mediated phosphorylation of S2204I was also more efficient than phosphorylation
of wt NS5A (Fig 4-4D).
Glutamic acid substitutions meant to mimic phosphorylation were also substituted
individually at each of the serine residues in cluster 1, along with a derivative containing
four glutamic acids, hereafter M4E (Fig 4-4E). CK1α-mediated phosphorylation of each
of the individual serine-to-glutamic acid derivatives resulted in more phosphate
incorporation relative to wt NS5A, suggesting the glutamic acids may serve as a prephosphorylated mimic to promote additional phosphorylation elsewhere in the viral
protein (Fig 4-4F). The M4E derivative, however, incorporated an equal amount of
phosphate relative to wt NS5A (Fig 4-4F).
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Substitutions in the CTD modulate CK1α phosphorylation of NS5A. Residues in
the carboxy-terminal domain (CTD) of NS5A have been proposed as targets for
phosphorylation by CK2 (32, 68). We have identified some of these residues and
explored how substitutions within the CTD impact CK2-mediated phosphorylation of the
viral protein (Appendix A). Having also identified CK1α-phosphorylated residues within
the CTD (Fig 4-3B), we purified NS5A derivatives with individual alanine substitutions at
these serine/threonine residues to explore how this would impact CK1α-mediated
phosphorylation (Fig 4-5A). Our findings indicated that substitutions within the CTD of
NS5A both increase and decrease phosphate incorporation (Fig 4-5B).

A pre-phosphorylated NS5A substrate is required for CK1α-mediated formation of
p58 in vitro. Of particular interest to our study of CK1α-mediated phosphorylation of
NS5A were the four newly identified residues found to be phosphorylated by the kinase
within the central portion of the NS5A IDD: S2255, Y2293, S2300, and Y2306. We
sought to determine what effect these residues had on CK1α-mediated phosphorylation
of NS5A. A d2pnull derivative, meant to prevent phosphorylation within the NS5A IDD,
was generated with alanine substitutions at S2255 and S2300 and phenylalanine
substitutions at Y2293 and Y2306. A d2pcon derivative, meant to mimic phosphorylation
within the NS5A IDD, was generated with glutamic acid substitutions at all four residues
(Fig 4-6A). As expected, when phosphorylated under stoichiometric conditions by
CK1α, the d2pnull derivative was found to incorporate approximately three fewer moles of
phosphate per mole of viral protein compared to wt NS5A (Fig 4-6B). To our surprise,
however, the d2pcon derivative phosphorylated by CK1α still incorporated six moles of
phosphate, equal to that seen with wt NS5A (Fig 4-6B). In addition, the prephosphorylated NS5A mimic, when phosphorylated by CK1α, gave rise to the elusive
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hyperphosphorylated p58 species of the viral protein (Fig 4-6B). This suggested that
phosphorylation within the NS5A IDD was a pre-requisite for phosphorylation elsewhere
in the viral protein, leading to p58 formation. Separate quantification of the p56 and p58
bands that arose from CK1α-mediated phosphorylation of d2pcon confirmed that
phosphate was incorporated almost entirely into the p56 band before any
phosphorylation of the p58 band was observed (Fig 4-6C).
As the S2204I, hereafter SI, cell culture adaptive mutation was a substitution
known to prevent hyperphosphorylation in the context of the HCV subgenomic replicon,
we tested its effect on p58 formation in our assays. The SI substitution was cloned into
the d2pcon derivative, creating SI-d2pcon, and the protein was purified (Fig 4-6D).
Stoichiometric CK1α-mediated phosphorylation of SI-d2pcon completely abrogated p58
formation relative to phosphorylation of d2pcon, confirming the SI substitution blocked
hyperphosphorylation in our assay (Fig 4-6E).

S2255E is essential and sufficient for CK1α-mediated p58 formation. In order to
determine if one glutamic acid substitution of the d2pcon derivative contributed more than
the others to the formation of p58, individual glutamic acid substitutions were made at
each of the four residues that made up d2pcon (Fig 4-7A). When phosphorylated under
stoichiometric conditions by CK1α, the S2255E derivative was found to generate the
hyperphosphorylated NS5A species as observed with d2pcon, whereas none of the other
individual glutamic acid substitutions produced p58 (Fig 4-7B). Having shown that
S2255E was essential for p58 formation, we then asked whether it would suffice as the
only pre-phosphorylated reside among those that made up d2pcon. The S2255E
substitution was inserted in the context of Y2293F, S2300A, and Y2306F, generating
S2255Enull. The S2255A substitution was cloned in the context of Y2293E, S2300E, and
Y2306E, generating S2255Acon, to determine if the other three residues of d2pcon could
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together generate p58 in the absence of S2255E when phosphorylated by CK1α (Fig 47C). Stoichiometric CK1α-mediated phosphorylation of S2255Enull, but not S2255Acon,
led to p58 formation, confirming that S2255E is essential and sufficient to give rise to
NS5A hyperphosphorylation in vitro (Fig 4-7D).

Anti-pS2255 specifically recognizes CK1α-phopshoyrlated NS5A. An antibody
against phosphorylated S2255 (hereafter pS2255) was generated using the phosphopeptide L-D-pS-F-E-L-D-pS-F-E-C conjugated to keyhole limpet hemocyanin. This
peptide corresponds to residues 2253-2257 of NS5A in duplicate. It was determined
that anti-pS2255 specifically recognized the CK1α-phosphorylated wt NS5A, but not
unphosphorylated wt NS5A or wt NS5A phosphorylated by CK2 (Fig 4-8A). The
antibody also did not interact with the unphosphorylated d2pnull and d2pcon NS5A
derivatives, or these derivatives phosphorylated by CK1α or CK2 (Fig 4-8A).
Application of the immunological reagent to western blots of extract from Huh 7.5
cells stably replicating HCV subgenomic replicon RNA containing the S2204I (hereafter
SI) cell culture adaptive mutation showed anti-pS2255 interacted with NS5A (Fig 4-8B).
This verified residue S2255 can undergo phosphorylation in the HCV subgenomic
replicon, though only a fraction of the total NS5A was phosphorylated at this residue.

Formation of p58 in vitro is dependent on phosphorylation by CK1. The α isoform
of CK1 has been implicated as responsible for NS5A p58 formation, however additional
isoforms of the kinase have been shown to phosphorylate NS5A as well (59, 60). We
sought to determine if p58 formation in vitro was kinase specific and/or isoform specific.
Stoichiometric phosphorylation of d2pcon by CK1α, CK1δ, CK2, PKA, and Cdc2 revealed
that both the α and δ isoforms of CK1 could hyperphosphorylate the NS5A derivative,
but CK2 and PKA could only basally phosphorylate the viral protein. Cdc2 was used as
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a negative control (Fig 4-9A). NS5A p56 and p58 typically exist in a 1:1 ratio (Fig 4-6C).
To determine if excess kinase could generate more p58 than p56, d2pcon was
phosphorylated by ten-fold higher CK1α. While excess kinase resulted in faster
formation of p58 than with stoichiometric kinase, the final 1:1 ratio of p56 to p58
remained unchanged between the two conditions (Fig 4-9B).

Phosphatase treatment decreases phosphorylation, but not level, of p58. To verify
the observed p58 species resulting from CK1α-mediated phosphorylation of dp2con was
a result of phosphorylation, the CK1α-phosphroylated d2pcon was treated with calf
intestinal alkaline phosphatase (CIP). As observed by Pro-Q Diamond phosphoproteinstained gels, the phosphorylated p58 species was no longer detectable following CIP
treatment (Fig 4-10A). While the CIP treatment rapidly dephosphorylated the p58
species, approximately half of the phosphorylated p56 species remained phosphorylated
60 min after CIP treatment (Fig 4-10B). Interestingly, the same gel stained with SYPRO
Ruby total protein stain revealed that a p58 species formed following CK1α-mediated
phosphorylation remained detectable following CIP treatment (Fig 4-10A).
Quantification of the p56 (Fig 4-10C) and p58 bands (Fig 4-10D) on the SYPRO gel
confirmed that each species remains unaffected following CIP treatment.

Substitutions in cluster 1 modulate p58 formation. As substitutions in cluster 1 were
shown to modulate CK1α-mediated phosphorylation of NS5A (Fig 4-4), and serine
residues within cluster 1 have been the putative sites that give rise to p58 upon
phosphorylation (1), we sought to determine if substitutions in cluster 1 impacted p58
formation in vitro. The four serine residues identified by mass spectrometry as
phosphorylated by CK1α (Fig 4-3B) were substituted with alanine residues in the context
of d2pcon (Fig 4-11A). Stoichiometric phosphorylation of these derivatives and
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subsequent quantification of the p58/p56 ratio verified that the individual alanine
substitutions decreased hyperphosphorylation of NS5A, with S2204A completely
abrogating p58 formation (Fig 4-11B).
Individual glutamic acid substitutions were also made at each of the serine
residues in the context of d2pcon (Fig 4-11C). Phosphorylation of these derivatives by
CK1α under stoichiometric conditions had little effect on the p58/p56 ratio, with the
exception of S2204E, which again completely blocked p58 formation (Fig 4-11D).

Substitutions in the NS5A CTD modulate p58 formation. Having shown substitutions
in the NS5A CTD modulated CK1α-mediated phosphorylation of NS5A (Fig 4-5), we
wanted to determine if any of these residues contributed to p58 formation in vitro. As six
putative CK1α-phosphorylation sites were identified in the NS5A CTD by mass
spectrometry (Fig 4-3B), derivatives of the viral protein with alanine substitutions at all
six sites were created alone, hereafter d3pnull, and in the context of d2pcon, hereafter
d2pcond3pnull (Fig 4-12A). Stoichiometric CK1α-mediated phosphorylation of d2pcond3pnull
slightly decreased the p58/p56 ratio, indicating that loss of phosphorylation in the NS5A
CTD negatively impacts p58 formation in vitro (Fig 4-12B).

NS5A inhibitor (NS5Ai) BMS-790052 targets pre-phosphorylated NS5A substrates.
The NS5A inhibitor (NS5Ai) BMS-790052 inhibits HCV replication with high potency (16)
and can prevent hyperphosphorylation of NS5A (46). Whether preventing p58 formation
is directly related to the inhibitor’s mechanism of action remains to be determined,
however, we sought to address whether the inhibitor would have any effect on
phosphorylation of NS5A by CK1α in vitro. Catalytic CK1α-mediated phosphorylation of
0.5 μM wt NS5A was unaffected by 50 μM NS5Ai (Fig 4-13A). However,
phosphorylation of 0.5 μM d2pcon in the presence of 50 μM NS5Ai was slightly inhibited,
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with only five moles of phosphate incorporated relative to the six moles observed in the
absence of NS5Ai (Fig 4-13B). Separate quantification of p56 and p58 that arose from
CK1α-mediated phosphorylation of d2pcon in the absence or presence of NS5Ai
confirmed the inhibition was localized to phosphate incorporation into the p58 band (Fig
4-13C). This finding suggested that not only does the inhibitor exclusively prevent
phosphorylation event(s) that gives rise to p58, but that the inhibitor may specifically act
on a pre-phosphorylated species of NS5A.
As resistance to NS5Ai BMS-790052 has been shown to arise via the adaptive
Y93H substitution (46), Y93H was cloned into the d2pcon derivative, creating Y93Hcon.
The Y93Hcon derivative was purified to determine if NS5Ai resistance could be observed
in vitro. Stoichiometric CK1α-mediated phosphorylation of Y93Hcon had a similar rate of
phosphate incorporation compared to d2pcon (Fig 4-14A), but displayed a slower
formation of p58 compared to d2pcon (Fig 4-14B). While the p58/p56 ratio decreased for
CK1α-mediated phosphorylation of d2pcon in the presence of NS5Ai, CK1α-mediated
phosphorylation of Y93Hcon was resistant to NS5Ai treatment (Fig 4-14C).

NS5A-CypA interaction is more resistant to CsA disruption when NS5A is
phosphorylated by CK1α . As three of the four residues within the central portion of
the NS5A IDD phosphorylated by CK1α reside within the putative cyclophilin A (CypA)binding region (Fig 4-15A), we wanted to determine what effect phosphorylation may
have on this interaction. The wt NS5A, d2pnull, and d2pcon derivatives were assayed in
the absence or presence of stoichiometric CK1α and aliquots of the reactions were
analyzed by SDS-PAGE with Pro-Q Diamond phosphoprotein stain and SYPRO total
protein stain (Fig 4-15B). These samples were incubated with CypA in the absence or
presence of increasing amounts of cyclosporin A (CsA), which has been shown to
disrupt the NS5A-CypA interaction (14). Our results indicated that CK1α
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phosphorylation promoted wt NS5A-CypA binding, but not d2pnull-CypA binding (Fig 415C).
In addition, despite the putative phosphorylation sites residing downstream of the
CypA-binding region (Fig 4-16A), phosphorylation of wt NS5A by CK2, but not PKA, was
also found to promote the NS5A-CypA interaction (Fig 4-16B).

CypA inhibits CK1α-mediated phosphorylation of NS5A. As the putative CypAbinding region overlaps three of the mapped CK1α-phosphorylation sites (Fig 4-15A),
we also sought to determine what effect the presence of CypA may have on the
phosphorylation of NS5A. Stoichiometric CK1α-mediated phosphorylation of 0.5 μM wt
NS5A was inhibited by two moles of phosphate in the presence of 5 μM CypA. While 5
μM CsA had no effect on phosphorylation of wt NS5A, it also did not prevent the
inhibition mediated by CypA when both were incubated together prior to CK1α-mediated
phosphorylation of wt NS5A (Fig 4-17A). Similarly, 5 μM CypA inhibited phosphorylation
of d2pcon by CK1α, while 5 μM CsA had no effect, but also did not prevent CypAmediated inhibition of phosphorylation (Fig 4-17B). Separate quantification of p56 and
p58 that arose from CK1α-mediated phosphorylation of d2pcon alone or in the presence
of CypA, CsA, or both, confirmed the CypA-induced inhibition was distributed across
both p56 and p58 species of NS5A (Fig 4-17C). To verify the CypA was acting on NS5A
and not the kinase, stoichiometric CK1α phosphorylation of 0.5 μM β-casein was
performed alone or in the presence of 5 μM CypA, with no CypA-mediated inhibition of
phosphorylation observed (Fig 4-17D). These findings confirm CypA inhibits CK1αmediated phosphorylation of NS5A, likely by blocking target residues when bound.
Neither CK2 (Fig 4-18A) nor PKA-mediated phosphorylation of NS5A (Fig 418B) was inhibited in the presence of CypA.
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CK1α-mediated phosphorylation of NS5A is blocked by NS5B but not NS3. Given
the inhibition of CK1α-mediated phosphorylation of NS5A in the presence of CypA, we
wanted to address whether the presence of NS5B would also impact phosphorylation, as
one of its putative binding sites overlaps the mapped residues within the central region
of the NS5A IDD (Fig 4-19A). Stoichiometric CK1α-mediated phosphorylation of 0.5 μM
wt NS5A was uninhibited by 0.5 μM NS3, but was almost completely abrogated in the
presence of 0.5 μM NS5B (Fig 4-19B). To verify this inhibition was not due to any
contamination in the NS5B purified protein, a stoichiometric CK1α-mediated
phosphorylation reaction was performed with 0.5 μM β-casein alone and in the presence
of either 0.5 μM NS3 or 0.5 μM NS5B. Neither NS3 nor NS5B had any effect on
phosphorylation of β-casein (Fig 4-19C). Phosphorylation of 0.5 μM d2pnull by CK1α
was completely abrogated in the presence of 0.5 μM NS5B (Fig 4-19D).
Phosphorylation of 0.5 μM d2pcon by CK1α was also inhibited by 0.5 μM NS5B, with a
complete loss of p58 formation observed (Fig 4-19E). These data show NS5B, but not
NS3, can inhibit CK1α-mediated phosphorylation of NS5A, likely by blocking target
residues of the kinase.
Despite the putative phosphorylation sites residing downstream of the NS5Bbinding regions (Fig 4-20A), both CK2 (Fig 4-20B) and PKA-mediated phosphorylation
of NS5A (Fig 4-20C) were inhibited in the presence of NS5B, but not NS3.

Prevention of phosphorylation within the NS5A IDD permits persistent replication
of the HCV subgenomic replicon in the absence of other cell culture adaptive
mutations. As the d2pnull and d2pcon derivatives were shown to modulate
phosphorylation, and in the case of d2pcon hyperphosphorylation, of NS5A, we wanted to
determine what effect these derivatives would have in the context of the HCV
subgenomic replicon. HCV subgenomic RNA of wt NS5A or RNA containing SI, d2pnull,
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d2pcon, SI-d2pnull, or SI-d2pcon derivatives were transiently transfected into Huh 7.5 cells.
Lysates from these cells were analyzed by western blot 18 h post-transfection (Fig 421A). Typically, cells transfected with wt NS5A have p56 and p58 present in nearly a
1:1 ratio, while p58 is not observed in SI-transfected cells (Fig 4-21A). Cells transfected
with d2pnull-containing RNA had a 25% decrease in p58/p56 ratio relative to cells
transfected with wt RNA, whereas cells transfected with d2pcon-containing RNA retained
the 1:1 ratio (Fig 4-21A). This suggests that at least some of the four phosphorylation
sites within the d2pnull derivative contribute to p58 formation in the context of the HCV
subgenomic replicon, and the inability to phosphorylate them inhibits
hyperphosphorylation to some extent. Neither SI-d2pnull nor SI-d2pcon produced p58 in
the context of the SI cell culture adaptive mutation (Fig 4-21A).
To determine the effect of the d2pnull and d2pcon substitutions on stable
replication, 0.5 x 106 cells transfected for western blotting were seeded for colony
formation assays. Following selection under G418 for 3 weeks, cells were washed with
PBS and stained with crystal violet. Mock-transfected Huh 7.5 cells and cells
transfected with wt NS5A HCV subgenomic RNA did not survive selection, whereas
those transfected with SI RNA produced colonies as expected (Fig 4-21B). Surprisingly,
cells transfected with d2pnull RNA survived G418 selection, but had a lower transfection
efficiency than calculated for SI-transfected cells, and the colonies produced had a
smaller phenotype (Fig 4-21B). This survival may be attributed to the decrease in p58
observed in Fig 4-21A, as loss of p58 via the SI substitution is consistent with permitting
stable replication of the HCV subgenomic replicon. Cells transfected with d2pcon RNA
did not survive selection, which may be a result of the wt-like 1:1 ratio of p58/p56
observed in Fig 4-21A. Cells transfected with SI-d2pnull survived G418 selection and
had a colony phenotype similar to that observed with SI-transfected cells, though the
transfection efficiency remained lower than calculated for SI (Fig 4-21B). Interestingly,
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even in the presence of the SI cell culture adaptive mutation, SI-d2pcon-transfeted cells
did not survive G418 selection, suggesting that the constitutive phosphorylation mimetics
in the central region of the NS5A IDD inhibited stable replication (Fig 4-21B).
SI, d2pnull, and SI-d2pnull-transfected cells were propagated into cell lines
maintained in G418-containing DMEM. Total RNA was extracted from these cell lines
and from mock Huh 7.5 cells for qRT-PCR analysis to determine the levels of NS5A and
the cellular control GAPDH (Fig 4-21C). Total RNA was also used for RT-PCR and
subsequent sequencing to determine that no other mutations were present within the
NS5A gene from SI (Fig 4-22A), d2pnull (Fig 4-22B), and SI-d2pnull cell lines (Fig 4-22C).
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DISCUSSION

NS5A is phosphorylated exclusively by cellular kinases, existing in two major
phosphorylated states: basally phosphorylated (p56) and hyperphosphorylated (p58)
(37). Phosphorylation of NS5A has long been hypothesized to toggle the viral protein
between conformations, allowing it to participate in myriad interactions with both viral
and host factors (9). CK1α has been identified as the kinase responsible for
hyperphosphorylation of NS5A (59, 60), a modification known to be inconsistent with
HCV genome replication (56). Given the growing interest in HCV inhibitors directed
against NS5A and their prevention of hyperphosphorylation via an unknown mechanism
(9, 16, 46), we sought to better characterize CK1α-mediated phosphorylation of NS5A
and understand how these modifications impact the HCV lifecycle.
The α isoform of human casein kinase 1 is not commercially available. Isolation
of CK1α has been performed using porcine brain (62), but expression and purification in
an E. coli system has not been reported. Previous studies exploring CK1
phosphorylation of NS5A have employed the δ isoform isolated from rat (59, 60). Our
cloning strategy for the expression of human CK1α followed that used for the rat CK1δ
(18), and included the truncation of eight amino acids at the amino-terminus and twentyeight amino acids at the carboxy-terminus, eliminating the putative inhibitory
autophosphorylation sites (21). The pET26-Ub system that we have previously
employed (32) was used to express and purify human CK1α with a hexahistidine tag on
its carboxy-terminus (Fig 4-1).
Purified CK1α was used to phosphorylate recombinant NS5A, with six moles of
phosphate incorporated per mole of viral protein (Fig 4-2A). This result suggested at
least six unique sites of modification. Interestingly, it had been suggested that CK1α
was only responsible for the hyperphosphorylation of NS5A, being dependent on
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previous basal phosphorylation carried out by a separate kinase (59, 60). Yet, in our
assay we have shown CK1α basally phosphorylates the viral protein. To verify the
purified kinase was responsible for mediating phosphorylation of NS5A, the CK1α
derivative containing a K72A substitution was purified and used to phosphorylate the
viral protein. Substitution of alanine for the lysine residue within the kinase responsible
for coordinating the incoming ATP molecule resulted in an inactive enzyme that was
unable to phosphorylate NS5A (Fig 4-2A). Mixing the wt CK1α with the K72A derivative,
which still resulted in NS5A phosphorylation, verified that nothing inhibitory was purified
with the K72A kinase that would have led to its inactivation (Fig 4-2A). Optimization of
the in vitro phosphorylation assay conditions included substituting MnCl2 for MgCl2,
which resulted in the inability of CK1α to phosphorylate NS5A (Fig 4-2B). This is
consistent with previous reports suggesting phosphorylation of NS5A by an associated
kinase is dependent on MgCl2 (61). Phosphorylation was also determined to be highly
sensitive to NaCl concentration (Fig 4-2C). Conditions in the phosphorylation assay
buffer hereafter included 20 mM MgCl2 and 100 mM NaCl.
As mixing any kinase with any substrate protein could potentially result in some
type of phosphorylation, we verified the specificity of CK1α-mediated phosphorylation of
NS5A by mixing the kinase with other purified HCV nonstructural proteins. The
NetPhosK 1.0 Server, designed to predict kinase-specific eukaryotic phosphorylation
sites, identified six, four, and four putative CK1 targets in HCV nonstructural proteins
NS3, NS5A, and NS5B, respectively (data not shown). Yet, under stoichiometric
phosphorylation conditions, only NS5A was phosphorylated by CK1α (Fig 4-2D).
We next sought to map the specific residues within NS5A phosphorylated by
CK1α via mass spectrometry. Previous reports suggested CK1α may target residues
within a highly conserved cluster of serine residues, hereafter cluster 1, located at the
beginning of the NS5A intrinsically disordered domain (IDD) (1). Through the use of
204

truncations of the viral protein, we determined that no CK1α-targeted residues were
located within domain I of NS5A (Fig 4-3A). Mass spectrometric analysis of NS5A
phosphorylated by CK1α under stoichiometric conditions confirmed that all of the
modified residues were located within the IDD of NS5A, but, unexpectedly, the residues
were dispersed throughout the entire region and not localized exclusively to any
particular cluster (Fig 4-3B). Four serine residues, including S2194, S2197, S2201, and
S2204, were identified within cluster 1, the region believed to mediate
hyperphosphorylation (1, 59, 60). These four residues are nearly 100% conserved
across all HCV genotypes (Table 4-2A). Four additional residues, S2255, Y2293,
S2300, and Y2306, were mapped as phosphorylated within the central region of the IDD.
This was the first time that any tyrosine residues had been identified as phosphorylated
within NS5A. While CK1α is primarily a serine/threonine kinase, it has been shown to
phosphorylate tyrosine residues as well, classifying it as a dual-specificity kinase (28,
58). While conservation of S2300 is low, S2255, Y2293, and Y2306 are highly
conserved across all HCV genotypes (Table 4-2B). Finally, at least two of six
serine/threonine residues were also mapped as phosphorylated within the carboxyterminal domain (CTD) of NS5A. These residues include S2401, S2404, S2406, T2407,
S2409, and S2413. Given their close proximity, it was not possible to determine if only
two of the residues were phosphorylated or if some combination of the six were modified
by CK1α. This was the first time CK1α has been shown to phosphorylate the CTD of
NS5A, a region previously believed to be modified exclusively by casein kinase 2 (CK2)
((32, 68) and Appendix A). Conservation of S2413 is limited to HCV genotype 1b
(Table 4-2C). Residue S2401 is moderately conserved across the HCV genotypes, with
substitutions of glutamic acid, aspartic acid, and threonine indicating the possible
importance of regulating negative charge at this amino acid (Table 4-2C). S2404,
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S2406, T2407, and S2409 are all 100% conserved across the HCV genotypes (Table 42C).
In order to determine the impact of preventing or mimicking phosphorylation at
the mapped residues on CK1α-mediated phosphorylation of NS5A, substitutions were
made at the sites, beginning with alanine substitutions in cluster 1 (Fig 4-4A).
Stoichiometric phosphorylation of these NS5A derivatives showed that the inability to
phosphorylate all four serine residues in cluster 1 significantly impaired CK1α-mediated
phosphorylation elsewhere in NS5A (Fig 4-4B). Interestingly, loss of phosphorylation at
just S2194 or S2204 individually stimulated phosphate incorporation beyond that
observed with wt NS5A (Fig 4-4B). This may result from a conformational change in the
viral protein induced by the amino acid substitution, allowing the kinase to phosphorylate
additional residues normally inaccessible in wt NS5A. Analysis of the kinetics of
phosphorylation by CK1α (Fig 4-4C) and CK2 (Fig 4-4D) confirmed that phosphate
incorporation into the S2204I derivative was faster than into wt NS5A. S2204I is a cell
culture adaptive mutation required for efficient replication of the HCV subgenomic
replicon in Huh 7.5 cells (47, 48). It is also known to block hyperphosphorylation of
NS5A via an unknown mechanism (1). Our results here suggest that one possible
explanation is that the isoleucine substitution may stimulate phosphate accumulation
elsewhere in the viral protein, away from sites required for hyperphosphorylation to
occur. In an attempt to mimic phosphorylation, glutamic acid substitutions were made at
the serine residues in cluster 1 (Fig 4-4E). Given a “pre-phosphorylated” NS5A
substrate, CK1α was able to mediate additional phosphate incorporation beyond that
observed with wt NS5A for each of the individual S-to-E derivatives (Fig 4-4F). Only
when all four serines were substituted with glutamic acid residues was phosphate
incorporation equal to that of the wt viral protein (Fig 4-4F). This finding is in
accordance with the accepted consensus sequence motif recognized by CK1α: (pS/pT)206

X-X-(S/T) or (D/E)n-X-X-S/T. Each of the serine residues in cluster 1 is approximately
three or four amino acids apart, thereby directing the kinase to the other serine residues
once one has been phosphorylated or is substituted with a negatively-charged residue.
Once all four have been phosphorylated or are negatively charged, the kinase likely no
longer recognizes cluster 1 as a preferred target sequence.
Individual alanine substitutions were also made at the serine/threonine residues
identified in the CTD of NS5A (Fig 4-5A). Stoichiometric phosphorylation of these
derivatives identified S2409A as the derivative which most inhibited additional phosphate
incorporation relative to wt NS5A (Fig 4-5B). Interestingly, S2401A and T2407A, which
were identified as CK2-phosphorylated sites within the CTD of NS5A (Appendix A) had
little effect on CK1α-mediated phosphorylation (Fig 4-5B). This suggests that CK1α and
CK2 may target separate amino acids for modification within this region of the viral
protein. Phosphorylation of this region has been suggested to play a role in virion
maturation (68).
Of greatest interest to our study were the four residues mapped to the central
portion of the NS5A IDD, both because of the inclusion of the tyrosine residues and
because this region had never been among the putative phosphorylation clusters of
NS5A (Fig 4-3B). Two NS5A derivatives were generated to explore the effect of
phosphorylation on this region. To ablate phosphorylation, the d2pnull (phosphorylation
null) included S2255A, Y2293F, S2300A, and Y2306F substitutions; to mimic
phosphorylation, the d2pcon (phosphorylation constitutive, or con) included S2255E,
Y2293E, S2300E, and Y2306E substitutions (Fig 4-6A). Stoichiometric phosphorylation
of d2pnull resulted in approximately half of the phosphate incorporation observed with wt
NS5A, while, surprisingly, the phosphate incorporation of d2pcon was equal to the wt viral
protein (Fig 4-6B). The preserved incorporation of six moles of phosphate despite the
inability to phosphorylate four of the identified residues because of glutamic acid
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substitutions was explained by the hyperphosphorylation of NS5A (Fig 4-6B). The
phospho-mimetic substitutions were likely prerequisites for CK1α-mediated
phosphorylation elsewhere in the viral protein. This was the first time that NS5A p58
had been systematically and reproducibly generated in vitro using solely recombinant
NS5A and CK1α. Quantification of the basally phosphorylated and hyperphosphorylated
bands from the d2pcon phosphorylation assay confirmed that the rate of phosphate
incorporation into the p56 band was faster than into the p58 band (Fig 4-6C). Indeed,
almost all three moles of phosphate were incorporated into p56 before p58 incorporated
one mole. Given that S2204I is known to prevent hyperphosphorylation in the context of
the HCV subgenomic replicon, we engineered the mutation into the d2pcon derivative to
create SI-d2pcon (Fig 4-6D). Stoichiometric phosphorylation of SI-d2pcon failed to
produce p58 compared to phosphorylation of d2pcon (Fig 4-6E). This finding
underscored that the phenomenon observed with CK1α-mediated phosphorylation of
d2pcon was hyperphosphorylation of NS5A.
To determine if any one of the four residues within d2pcon was capable of
generating NS5A p58 individually following phosphorylation by CK1α, the individual
S2255E, Y2293E, S2300E, and Y2306E derivatives were created (Fig 4-7A).
Surprisingly, stoichiometric phosphorylation of S2255E, but no others, resulted in NS5A
hyperphosphorylation on par with that observed with d2pcon (Fig 4-7B). To verify
S2255E was sufficient and essential as the pre-phosphorylated residue needed for
NS5A p58 formation, two additional derivates were made: S2255Enull and S2255Acon
(Fig 4-7C). S2255Enull included Y2293F, S2300A, and Y2306F, and was meant to
address whether, in the absence of phosphorylation at the other three residues within
the central portion of the IDD, S2255E was sufficient to generate p58. S2255Acon
included Y2293E, S2300E, and Y2306E, and was meant to address whether, in the
absence of phosphorylation at S2255, the other three pre-phosphorylated residues could
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substitute for promoting p58 formation. Stoichiometric CK1α-mediated phosphorylation
of S2255Enull produced p58, but S2255Acon did not (Fig 4-7D), confirming that residue
S2255 is sufficient and essential for NS5A hyperphosphorylation.
Given the importance of residue S2255 in p58 formation, we designed an
antibody that would specifically recognize the phosphorylated residue in our in vitro
phosphorylation reactions and in the context of the HCV subgenomic replicon. AntipS2255 specifically recognized CK1α-phosphorylated NS5A, but neither
unphosphorylated NS5A nor NS5A phosphorylated by CK2 (Fig 4-8A). The antibody
also did not react with d2pnull or d2pcon in the unphosphorylated, CK1α-, or CK2phosphroylated states (Fig 4-8A). Use of anti-pS2255 with extract from Huh 7.5 cells
stably replicating HCV RNA showed that S2255 did undergo phosphorylation in the
context of the HCV subgenomic replicon (Fig 4-8B). Based on the level of NS5A
phosphorylated at S2255 observed by western blot, however, phosphorylation at this
residue is likely either inefficient or highly regulated. The regulation of phosphorylation
at S2255 would make sense, given its role in hyperphosphorylation of the viral protein.
Control of this modification could allow NS5A to modulate its function(s) both in the HCV
lifecycle and through its interaction(s) with host factors.
While NS5A can be phosphorylated by a number of kinases (9), only CK1α was
suggested to mediate hyperphosphorylation of the viral protein (59, 60). To confirm this
using our d2pcon derivative, we carried out stoichiometric phosphorylation of d2pcon using
CK1α, CK1δ, CK2, PKA, and Cdc2. Our findings reveal that p58 formation is kinase
specific, but not isoform specific, with CK1δ also capable of generating p58 with the
d2pcon substrate (Fig 4-9A). CK2 and PKA were capable of basal phosphorylation, but
Cdc2 was unable to phosphorylate d2pcon, indicating that not every kinase can
phosphorylate NS5A.
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In all of our stoichiometric assays with d2pcon, CK1α always generated p56 and
p58 in a 1:1 ratio (Fig 4-6C). In an attempt to force all of the phosphorylated NS5A into
the p58 species, phosphorylation of d2pcon was carried out in the presence of excess
(ten-fold higher) CK1α. Interestingly, while p58 formation was faster in the presence of
excess kinase, the ultimate 1:1 ratio was maintained relative to stoichiometric
phosphorylation conditions (Fig 4-9B).
To verify that the p58 species observed in vitro arose from phosphorylation, calf
intestinal alkaline phosphatase (CIP) was used to dephosphorylate the species once it
had been formed following CK1α phosphorylation (Fig 4-10A). Quantification of the ProQ Diamond phosphoprotein stained gel confirmed that 60 min post-CK1α addition both
p56 and p58 were present when CIP was added, and that over an additional 60 min the
p58 species was completely dephosphorylated; the rate of dephosphorylation of the p56
species was much slower (Fig 4-10B). Interestingly, the SYPRO Ruby total protein
stained gel revealed that even following dephosphorylation by CIP, the p58 species
formed following phosphorylation by CK1α remained, albeit in a dephosphorylated state
(Fig 4-10A). Quantification of the p56 (Fig 4-10C) and p58 (Fig 4-10D) from the
SYPRO stained gel confirmed the level of both NS5A species remained unchanged
throughout the course of the CIP treatment. These findings verify the p58 species
observed following CK1α-mediated phosphorylation of d2pcon arose from phosphate
incorporation. But, unexpectedly, they also indicate that the formation of the
hyperphosphorylated NS5A species may result in a conformational change of the viral
protein, which, even if dephosphorylated, cannot revert to the conformation of the p56
form.
As individual amino acid substitutions have been previously shown to modulate
p58 formation in the context of the HCV subgenomic replicon (1), we sought to
determine how similar point mutations would impact hyperphosphorylation in our d2pcon
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phosphorylation assays. Individual alanine substitutions at the serine residues in cluster
1 were generated in the context of d2pcon (Fig 4-11A). CK1α-mediated phosphorylation
of these derivatives resulted in a decrease in the p58/p56 ratio for all substitutions, with
a complete loss of p58 formation when S2204Acon was phosphorylated (Fig 4-11B).
This was expected, given the S2204I-d2pcon derivative also abrogated p58 formation
(Fig 4-6E). In a similar fashion, individual glutamic acid substitutions were engineered at
the serine residues in cluster 1 in the context of d2pcon (Fig 4-11C). Stoichiometric
CK1α-mediated phosphorylation of these derivatives, however, seemed to have no
effect on the p58/p56 ratio, with the exception of S2204Econ, which again prevented
hyperphosphorylation from occurring (Fig 4-11D). These results underscore the
importance of cluster 1 serine residues in the formation of p58.
The importance of residues in the NS5A CTD on p58 formation was also
explored, with the utilization of a d3pnull derivative containing S2401A, S2404A, S2406A,
T2407A, S2409A, and S2413A substitutions cloned alone and in the context of d2pcon to
produce d2pcond3pnull (Fig 4-12A). CK1α-mediated phosphorylation of d2pcond3pnull had
a slight inhibitory effect on p58 formation, suggesting these residues in the CTD of the
viral protein may also contribute to hyperphosphorylation (Fig 4-12B).
BMS-790052, a potent NS5A inhibitor (NS5Ai) discovered by Bristol Myers
Squibb (BMS), has been shown to inhibit p58 formation via an unknown mechanism
(46). We employed the NS5Ai in our CK1α-mediated phosphorylation assays of
recombinant NS5A, but were unable to show any inhibition of basal phosphorylation,
even when the inhibitor was present in 100-fold excess of the viral protein (Fig 4-13A).
This finding was expected, however, given the inhibitor’s abrogation of p58 but not p56
formation (46). The presence of the NS5Ai in CK1α-mediated phosphorylation of d2pcon
resulted in a slight decrease in p58 formation, which correlated to a one mole decrease
in the amount of phosphate incorporated relative to an assay performed in the absence
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of the inhibitor (Fig 4-13B). Individual quantification of the p56 and p58 species formed
in the absence or presence of the NS5Ai confirmed the decrease in the overall
phosphate incorporation mediated by the inhibitor was localized to the p58 species of
the viral protein (Fig 4-13C). These results indicate that BMS-790052 not only
specifically blocks p58 formation, but that it utilizes a CK1α pre-phosphorylated NS5A as
its target substrate. This finding sheds light on the unexplained high potency of the
compound in cell culture models: the pre-phosphorylated substrate targeted by the
NS5Ai likely exists at a fraction of the total amount of NS5A present in cells replicating
HCV RNA, as seen in Fig 4-8B, thus picomolar concentrations of the inhibitor are
sufficient to induce an antiviral response.
Resistance to BMS-790052 has been shown to arise via the adaptive Y93H
substitution in NS5A, preventing the inhibitor from blocking p58 formation (46). Y93H
was cloned into the d2pcon derivative, creating Y93Hcon. While stoichiometric CK1αmediated phosphorylation of Y93Hcon had a similar rate of phosphate incorporation
compared to d2pcon (Fig 4-14A), formation of p58 was slower compared to d2pcon (Fig 414B). Phosphorylation of d2pcon in the presence of NS5Ai resulted in a decrease in the
p58/p56 ratio, however phosphorylation of Y93Hcon was resistant to NS5Ai treatment
(Fig 4-14C). This confirms the Y93H NS5Ai-resistant mutation discovered in the cell
culture model is also viable in the context of our in vitro phosphorylation assays utilizing
CK1α and d2pcon.
NS5A is known to interact with dozens of host and viral factors, many of which
have been mapped to bind to specific regions of the viral protein (9). We hypothesize
that phosphorylation of residues on NS5A that overlap with binding sites with other
factors could regulate these interactions. Three of the four residues phosphorylated by
CK1α within the central portion of the NS5A IDD, Y2293, S2300, and Y2306, overlap
with the previously mapped cyclophilin A (CypA)-binding site on the viral protein ((25)
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and Fig 4-15A). In order to determine how CK1α-mediated phosphorylation may impact
NS5A-CypA binding, wt NS5A, d2pnull, and d2pcon were incubated in phosphorylation
assay conditions ± CK1α. Phosphorylation was verified by Pro-Q Diamond
phosphoprotein gel staining and SYPRO Ruby total protein staining (Fig 4-15B). The
recombinant NS5A was incubated with CypA in the absence or presence of increasing
amounts of cyclosporin A (CsA), which has been shown to inhibit the NS5A-CypA
interaction (14). Pull-down of CypA followed by western blotting to probe for NS5A
confirmed that increasing amounts of CsA disrupted unphosphorylated wt NS5A-CypA
binding (Fig 4-15C, far left). Surprisingly, the pre-phosphorylation of NS5A with CK1α
resulted in NS5A-CypA binding that was resistant to CsA disruption (Fig 4-15C, mid
left). The unphosphorylated d2pnull derivative behaved similarly to unphosphorylated wt
NS5A, with CsA inhibiting NS5A-CypA binding (Fig 4-15C, mid right). However, CK1α
phosphorylation of d2pnull did not promote the NS5A-CypA binding observed with CK1αmediated phosphorylation of wt NS5A (Fig 4-15C, far right). This finding indicated that
the CK1α phosphorylation of residues on NS5A that overlap the CypA binding site
promote the interaction between the viral protein and CypA.
Two other kinases known to phosphorylate NS5A, CK2 and PKA, target residues
outside of the CypA binding site on the viral protein (Fig 4-16A). Pull-down experiments
with wt NS5A pre-phosphorylated by CK2 revealed a similar resistance to CsA disruption
of NS5A-CypA binding to that observed with CK1α-mediated phosphorylation, however,
pre-phosphorylation by PKA did not confer any resistance (Fig 4-16B). As the sites of
CK2-mediated phosphorylation reside outside of the putative CypA-binding site, these
results suggest that the CTD of NS5A may also be involved in CypA binding, perhaps by
flexing back to help reinforce the CypA interaction with the upstream region of the NS5A
IDD.
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As phosphorylation of NS5A by CK1α promoted NS5A-CypA binding, we also
sought to determine what effect the presence of CypA might have on CK1α-mediated
phosphorylation of the viral protein. Stoichiometric phosphorylation of wt NS5A with
CK1α was inhibited when NS5A was pre-incubated with CypA, but not CsA (Fig 4-17A).
This suggests that CypA binding to NS5A may block access to the target residues of the
kinase, thereby inhibiting phosphorylation. CsA was unable to prevent CypA-induced
inhibition of phosphorylation. Likewise, phosphorylation of d2pcon was inhibited in the
presence of CypA, but not CsA, with CsA unable to prevent CypA-induced inhibition (Fig
4-17B). Separate quantification of p56 and p58 from CK1α-phosphorylated d2pcon
showed the CypA inhibition of phosphorylation was distributed across both species of
the viral protein (Fig 4-17C). To verify that the inhibition induced by CypA was a result
of its interaction with the substrate and not the kinase, β-casein was phosphorylated by
CK1α alone and in the presence of CypA, with no difference in phosphate incorporation
observed between the two conditions (Fig 4-17D). In addition, neither CK2 nor PKAmediated phosphorylation of wt NS5A was inhibited by the presence of CypA (Fig 4-18).
This further validates that CypA-induced inhibition of CK1α-mediated phosphorylation
results from occlusion of target residues when bound to the viral protein, as both CK2
and PKA target residues downstream of the putative binding site.
In addition to host-mediated phosphorylation regulating the interaction between
NS5A and cellular factors, we also hypothesize that the modifications may serve to
modulate interactions with viral factors as well. Specifically, the viral polymerase NS5B
interacts with two separate regions on NS5A, one of which is similar in location to that of
the CypA binding site ((66) and Fig 4-19A). The viral helicase, NS3, is also known to
interact with NS5A, though the specific sites of association remain unmapped (10). We
show here that the addition of NS5B, but not NS3, inhibits CK1α-mediated
phosphorylation of wt NS5A (Fig 4-19B). This finding is expected, given that the NS5B
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binding site overlaps four of the CK1α target residues within the central region of the
NS5A IDD. It is surprising, however, that phosphorylation in the presence of NS5B is
nearly completely abrogated. This suggests that not only are the four residues in the
center of the IDD inaccessible in the presence of NS5B, but perhaps a change in the
conformation of NS5A, once bound to NS5B, results in the obstruction of additional
CK1α targets. To ensure NS5B was not inhibiting CK1α, but rather blocking
phosphorylation by binding to NS5A, β-casein was again used as a control.
Phosphorylation of β-casein alone or in the presence of NS3 or NS5B were all equal in
the amount and rate of phosphate incorporation (Fig 4-19C). The phosphorylation of
NS5A derivatives d2pnull (Fig 4-19D) and d2pcon (Fig 4-19E) with CK1α were also
inhibited by the presence of NS5B. This suggests that an induction of negative charge
at the four residues targeted by CK1α, as would result from their phosphorylation and
mimicked here with d2pcon, likely does not disrupt the NS5A-NS5B interaction.
Interestingly, despite the target residues residing downstream of both NS5B binding
sites (Fig 4-20A), phosphorylation of NS5A by CK2 (Fig 4-20B) and PKA (Fig 4-20C)
were both inhibited in the presence of NS5B, but not NS3. This would suggest that
some degree of conformational change likely does occur once NS5A is bound to NS5B,
thereby blocking not only the sites mapped as the interaction domains, but also other
residues as well.
Finally, in order to verify the biological significance of CK1α-mediated
phosphorylation of the four residues within the NS5A IDD, the impact of ablating or
mimicking phosphorylation at these sites was studied in the context of the HCV
subgenomic replicon. The d2pnull and d2pcon derivatives were cloned into the wt and SI
subgenomic replicon plasmids. In vitro transcribed RNA was transiently transfected into
Huh 7.5 cells, and the effect of these substitutions on hyperphosphorylation was
observed by western blotting (Fig 4-21A). It was found that the p58 species in the
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d2pnull-transfected cells was a slower migrating species than that observed in the wttransfected cells. Because the insertion of four glutamic acids perturbs the mobility of
d2pcon, the resulting hyperphosphorylated species likewise migrated higher than wt p58
(Fig 4-21A). Quantification of the p58/p56 ratio confirmed the d2pnull derivative
decreased hyperphosphorylation by 25% relative to that observed in wt-transfected cells,
while d2pcon restored this loss to the wt level (Fig 4-21B). These data indicate the
residues in the central region of the NS5A IDD play a role in the formation of a
hyperphosphorylated NS5A species in the context of the HCV replicon. However,
hyperphosphorylation of other NS5A species that do not depend on the modifications at
residues in the d2pnull derivative can still form. This suggests that the p58 band, and
likely the p56 band as well, that are observed on SDS-PAGE gels are comprised of
several different phosphorylated species.
Colony formation assays were performed to determine how the d2pnull and d2pcon
derivatives impact stable replication of the HCV subgenomic replicon. It was found that
in the absence of the SI cell culture adaptive mutation, d2pnull supported stable
replication (Fig 4-21B). This finding is in agreement with the decrease in p58 calculated
in Fig 4-21A, which has historically been associated with promoting replication (47, 48,
56). The d2pcon derivative failed to produce colonies, again consistent with the level of
p58/p56 calculated to be on par with cells transfected with the wt HCV replicon, which
does not undergo stable replication (Fig 4-21B). Persistent replication of SI-d2pnull, but
not SI-d2pcon-transfected cells was also observed. This indicates stable replication can
proceed in the absence of phosphorylation at these residues, however “constitutively
phosphorylated” residues in this region are detrimental to persistent replication.
The SI, d2pnull, and SI-d2pnull-transfected cells were propagated into cell lines. To
determine if the d2pnull substitutions had any effect on the level of NS5A, total RNA was
extracted from these cell lines, and from naïve Huh 7.5 cells, for qRT-PCR analysis.
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Interestingly, a decrease in NS5A was calculated in the SI-d2pnull cell line relative to the
SI and d2pnull cell lines (Fig 4-21C). The level of the cellular control GAPDH remained
the same across all three cell lines (Fig 4-21C). An additive effect of the SI and d2pnull
substitutions, not observed individually, could explain the drop in NS5A level.
Total RNA was also used for RT-PCR and subsequent sequencing to verify that
no other mutations were present within the NS5A gene from SI (Fig 4-22A), d2pnull (Fig
4-22B), and SI-d2pnull cell lines (Fig 4-22C).
In conclusion, this study has extensively explored the biochemical and biological
significance of CK1α-mediated phosphorylation of NS5A. We have mapped specific
residues that are modified by the cellular kinase, have determined how specific
modifications promote hyperphosphorylation of the viral protein by developing an assay
that gives rise to p58 formation in vitro for the first time, and have verified that these
phosphorylation events regulate viral genome replication.
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Table 4-1 (part 1)
Table 4-1 (part 1). Oligonucleotides used in this study.
no. name

sequence

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

5'- GCG AAG CTT CCG CGG TGG AGC TGA ATT CAT TCT C-3’
5’- GCG AAG CTT GGA TCC TGC CTG CTG TGC TGC-3'
5’- GAA GTG GCA GTG GCA CTA GAA TCT CAG AAG GCC-3’
5’- CTT CTG AGA TTC TAG TGC CAC TGC CAC TTC CTC GCC-3’
5’-GCG GAA CTT CCG CGG TGG ATC TCC CCC CTC CTT G-3’
5’-GCG GAA CTT CCG CGG TGG AAA GGC AAC ATG CAC T-3’
5'- GGT ACC AAG CTT CTA TTA GCA GCA GAC GAC GTC CTC-3'
5’-ACG CTG TCT GAT TAC AAC-3’
5’-AGG CTG GCC AGG GGA GCG CCC CCC TCC TTG GCC-3’
5’-GGC CAA GGA GGG GGG CGC TCC CCT GGC CAG CCT-3’
5’-AGG GGA TCT CCC CCC GCG TTG GCC AGC TCA TCA-3’
5’-TGA TGA GCT GGC CAA CGC GGG GGG AGA TCC CCT-3’
5’-CCC TCC TTG GCC AGC GCG TCA GCT AGC CAG CTG-3’
5’-CAG CTG GCT AGC TGA CGC GCT GGC CAA GGA GGG-3’
5’-GCC AGC TCA TCA GCT GCG CAG CTG TCT GCG CCT-3’
5’-AGG CGC AGA CAG CTG CGC AGC TGA TGA GCT GGC-3’
5’-AGG CTG GCC AGG GGA GCG CCC CCC GCG TTG GCC AGC
GCG TCA GCT GCG CAG CTG TCT GCG CCT-3’
5’-AGG CGC AGA CAG CTG CGC AGC TGA CGC GCT GGC CAA
CGC GGG GGG CGC TCC CCT GGC CAG CCT-3’
5’-AGG CTG GCC AGG GGA GAA CCC CCC TCC TTG GCC-3’
5’-GGC CAA GGA GGG GGG TTC TCC CCT GGC CAG CCT-3’
5’-AGG GGA TCT CCC CCC GAA TTG GCC AGC TCA TCA-3’
5’-TGA TGA GCT GGC CAA TTC GGG GGG AGA TCC CCT-3’
5’-CCC TCC TTG GCC AGC GAA TCA GCT AGC CAG CTG-3’
5’-CAG CTG GCT AGC TGA TTC GCT GGC CAA GGA GGG-3’
5’-GCC AGC TCA TCA GCT GAA CAG CTG TCT GCG CCT-3’
5’-AGG CGC AGA CAG CTG TTC AGC TGA TGA GCT GGC-3’
5’-AGG CTG GCC AGG GGA GAA CCC CCC GAA TTG GCC AGC
GAA TCA GCT GAA CAG CTG TCT GCG CCT-3’
5’-AGG CGC AGA CAG CTG TTC AGC TGA TTC GCT GGC CAA TTC
GGG GGG TTC TCC CCT GGC CAG CCT-3’
5’-CCC GAT CTC GCA GAC GGG TCT-3’
5’-AGA CCC GTC TGC GAG ATC GGG-3’
5’-AGC GAC GGG GCA TGG TCT ACC-3’
5’-GGT AGA CCA TGC CCC GTC GCT-3’
5’-GGG TCT TGG GCA ACC GTA AGC-3’
5’-GCT TAC GGT TGC CCA AGA CCC-3’
5’-TCT TGG TCT GCA GTA AGC GAG-3’
5’-CTC GCT TAC TGC AGA CCA AGA-3’
5’-TCT ACC GTA GCA GAG GAG GCT-3’
5’-AGC CTC CTC TGC TAC GGT AGA-3’
5’-GAG GAG GCT GCA GAG GAC GTC-3’
5’-GAC GTC CTC TGC AGC CTC CTC-3’
5’-GTA GTA ATT TTG GAC GCT TTC GAG CCG CTC CAA-3’
5’-TTG GAG CGG CTC GAA AGC GTC CAA AAT TAC TAC-3’
5’-TGG GCA CGC CCG GAT TTT AAC CCT CCA CTG TTA-3’
5’-TAA CAG TGG AGG GTT AAA ATC CGG GCG TGC CCA-3’
5’-CCT CCA CTG TTA GAG GCG TGG AAG GAC CCG GAC-3’
5’-GTC CGG GTC CTT CCA CGC CTC TAA CAG TGG AGG-3’
5’-TGG AAG GAC CCG GAC TTT GTC CCT CCA GTG GTA-3’
5’-TAC CAC TGG AGG GAC AAA GTC CGG GTC CTT CCA-3’

pET26-Ub-Δ8-CK1α-Δ28-for
pET26-Ub-Δ8-CK1α-Δ28-rev
CK1α -K72A-for
CK1α-K72A-rev
HCV-NS5A-2194-for
HCV-NS5A-2212-for
HCV-NS5A-HindIII-rev
pET26-Ub-for
HCV-NS5A-S2194A-for
HCV-NS5A-S2194A-rev
HCV-NS5A-S2197A-for
HCV-NS5A-S2197A-rev
HCV-NS5A-S2201A-for
HCV-NS5A-S2201A-rev
HCV-NS5A-S2204A-for
HCV-NS5A-S2204A-rev
HCV-NS5A-M4A-for

18 HCV-NS5A-M4A-rev
19
20
21
22
23
24
25
26
27

HCV-NS5A-S2194E-for
HCV-NS5A-S2194E-rev
HCV-NS5A-S2197E-for
HCV-NS5A-S2197E-rev
HCV-NS5A-S2201E-for
HCV-NS5A-S2201E-rev
HCV-NS5A-S2204E-for
HCV-NS5A-S2204E-rev
HCV-NS5A-M4E-for

28 HCV-NS5A-M4E-rev
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

HCV-NS5A-S2401A-for
HCV-NS5A-S2401A-rev
HCV-NS5A-S2404A-for
HCV-NS5A-S2404A-rev
HCV-NS5A-S2406A-for
HCV-NS5A-S2406A-rev
HCV-NS5A-T2407A-for
HCV-NS5A-T2407A-rev
HCV-NS5A-S2409A-for
HCV-NS5A-S2409A-rev
HCV-NS5A-S2413A-for
HCV-NS5A-S2413A-rev
HCV-NS5A-S2255A-for
HCV-NS5A-S2255A-rev
HCV-NS5A-Y2293F-for
HCV-NS5A-Y2293F-rev
HCV-NS5A-S2300A-for
HCV-NS5A-S2300A-rev
HCV-NS5A-Y2306F-for
HCV-NS5A-Y2306F-rev

218

Table 4-1 (part 2)
Table 4-1 (part 2). Oligonucleotides used in this study.
no.
49
50
51
52
53
54
55
56
57
58
59

name
HCV-NS5A-S2255E-for
HCV-NS5A-S2255E-rev
HCV-NS5A-Y2293E-for
HCV-NS5A-Y2293E-rev
HCV-NS5A-S2300E-for
HCV-NS5A-S2300E-rev
HCV-NS5A-Y2306E-for
HCV-NS5A-Y2306E-rev
HCV-NS5A-S2204I-for
HCV-NS5A-S2204I-rev
null
HCV-NS5A-d3p -for

60 HCV-NS5A-d3p
61
62
63
64
65
66
67

null

-rev

HCV-NS5A-EcoRI-for
HCV-NS5A-SacI-rev
HCV-NS5A-SapI-rev
HCV-NS5A-Y93H-for
HCV-NS5A-Y93H-rev
HCV-rep-BlpI-for
HCV-rep-MfeI-rev

sequence
5’-GTA GTA ATT TTG GAC GAG TTC GAG CCG CTC CAA-3’
5’-TTG GAG CGG CTC GAA CTC GTC CAA AAT TAC TAC-3’
5’-TGG GCA CGC CCG GAT GAA AAC CCT CCA CTG TTA-3’
5’-TAA CAG TGG AGG GTT TTC ATC CGG GCG TGC CCA-3’
5’-CTT CCA CTG TTA GAG GAG TGG AAG GAC CCG-3’
5’-CGG GTC CTT CCA CTC CTC TAA CAG TGG AAG-3’
5’-TGG AAG GAC CCG GAC GAA GTC CCT CCA GTG GTA-3’
5’-TAC CAC TGG AGG GAC TTG GTC CGG GTC CTT CCA-3’
5’-GCC AGC TCA TCA GCT ATC CAG CTG TCT GCG CCT-3’
5’-AGG CGC AGA CAG CTG GAT AGC TGA TGA GCT GGC-3’
5’-GAT CTC GCA GAC GGG GCA TGG GCA GCA GTA GCA GAG
GAG GCT GCA GAG GAC-3’
5’-GTC CTC TGC AGC CTC CTC TGC TAC TGC TGC CCA TGC
CCC GTC TGC GAG ATC-3’
5’-GCC CCC GAA TTC TTC ACA GAA GTG GAT GGG-3’
5’-GCG TGT GGC GAG CTC CGC CAA GGC AGA AGA CAC-3’
5’-CGC ATC AGG CGC TCT TCC GCT TCC TCG CTC-3’
5’-TTC CCC ATT AAC GCG CAT ACC ACG GGC CCC TGC-3’
5’-GCA GGG GCC CGT GGT ATG CGC GTT AAT GGG GAA-3’
5’-GCG GAG ACG GCT AAG CGT AGG CTG GCC AGG GGA-3’
5’-GCG GGT GGT GTC AAT TGG TGT CTC AGT GTC TTC-3’
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Table 4-2A
Table 4-2A. Conservation of CK1α phosphorylation sites in NS5A residues 2190-2214.
1a._.H77.NC_004102
1a.US.H77-H21.AF011753
1a.US.99_38.DQ889300
1b.DE.BID-V502.EU155381
1b.TR.HCV-TR1.AF483269
1b.JP.MD1-911.AF165046
1c.ID.HC-G9.D14853
1c.IN.AY051292.AY051292
2a.JP.JCH-6.AB047645
2a._.G2AK1.AF169003
2a.JP.AY746460.AY746460
2b.JP.MD2b1-2.AY232731
2b._.MD2B-1.AF238486
2b._.JPUT971017.AB030907
2c._.BEBE1.D50409
2i.VN.D54.DQ155561
2k.MD.VAT96.AB031663
3a.DE.HCVCENS1.X76918
3a.US.TN78-0.DQ430819
3a.CH.452.DQ437509
3b.JP.HCV-Tr.D49374
3k.ID.JK049.D63821
4a._.01-09.DQ418782
4a.EG.Eg7.DQ988076
4d._.03-18.DQ418786
4d._.24.DQ516083
4f.FR.IFBT84.EF589160
4f.FR.IFBT88.EF589161
5a.GB.EUH1480.Y13184
5a.ZA.SA13.AF064490
6a.HK.6a77.DQ480512
6a.HK.EUHK2.Y12083
6b._.Th580.NC_009827
6c.TH.Th846.EF424629
6d.VN.VN235.D84263
6e.CN.GX004.DQ314805
6f.TH.C-0044.DQ835760
6f.TH.C-0046.DQ835764
6g.HK.HK6554.DQ314806
6g.ID.JK046.D63822
6h.VN.VN004.D84265
6i.TH.C-0159.DQ835762
6i.TH.Th602.DQ835770
6j.TH.C-0667.DQ835761
6k.CN.KM41.DQ278893
6k.CN.KM45.DQ278891
6k.VN.VN405.D84264
6l.US.537796.EF424628
6m.TH.C-0185.DQ835765
6n.CN.KM42.DQ278894
6n.TH.D86/93.DQ835768
6o.CA.QC227.EF424627
6p.CA.QC216.EF424626
6q.CA.QC99.EF424625
6t.VN.VT21.EF632071
6t.VN.TV249.EF632070
7a.CA.QC69.EF108306

LARGSPPSMASSSASQLSAPSLKAT
LARGSPPSMASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LNRGSPPSLASSSASQLSAPSLKAT
LKRGSPPSLASSSASQLSAPSLKAT
LARGSPPSEASSSASQLSAASLRAT
LARGSPPSEASSSASQLSAPSLRAT
LARGSPPSEASSSASQLSAPSLRAT
LARGSPPSQASSSASQLSAPSLKAT
LARGSPPSQASSSASQLSAPSLKAT
LARGSPPSQASSSASQLSAPSLKAT
LARGSPPSAASSSASQLSAPSLRAT
LARGSPPSEASSSASQLSAPSLRAT
LARGSPPSEASSSASQLSAPSLRAT
LARGSPPSEASSSASQLSAPSLKAT
LARGSPPSEASSSASQLSAPSLKAT
LARGSPPSEASSSASQLSALSLKAT
LARGSPPSEASSSASQLSAPSLKAT
LDRGSPPSLASSSASQLSAPSRKAT
LARGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LGRGSPPSLASSSASQLSAPSLKAT
LGRGSPPSLASSSASQLSAPSLKAA
LGRGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LNRGSPPSLANSSASQLSAPSLKAT
LDRGSPPSLASSSASQLSAPSLKAT
LKRGSPPSLASSSASQLSAPSLKAT
LKKGSPPSLASSSANQLSAPSLRAT
LKRGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKGT
LARGSPPSLASSSASQLSAPSLKAT
LGRGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LKRGSPPSLASSSASQLSAPSLKAT
LKRGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSALSLKGT
LARGSPPSLASSSASQLSAPSLKAT
LGRGSPPSLASSSASQLSAPSLKAT
LGRGSPPSLASSSASQLSAPSLKAT
LGRGSPPSLASSSASQLSAPSLKAT
LARGSPPSCASSLASQLSAPSLKAT
LGRGSPPSLAXSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLKAT
LARGSPPSLASSSASQLSAPSLRAT
LARGSPPSLASSSASQLSAPSLRAT
LARGSPPSLASSSASQLSAPSLKAT
LDRGSPPSLASSSASQLSAPSLKAT
LNRGSPPSLASSSASQLSAPSLKAT
LRRGSPPSNASSSASQLSAPSLKAT

HCV genotypes aligned using Los Alamos HCV Sequence Database (43). CK1α phosphorylation
sites shown as white text on black background. Numbers are genotype 1b reference.
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Table 4-2B
Table 4-2B. Conservation of CK1α phosphorylation sites in NS5A residues 2255-2306.
1a._.H77.NC_004102
1a.US.H77-H21.AF011753
1a.US.99_38.DQ889300
1b.DE.BID-V502.EU155381
1b.TR.HCV-TR1.AF483269
1b.JP.MD1-911.AF165046
1c.ID.HC-G9.D14853
1c.IN.AY051292.AY051292
2a.JP.JCH-6.AB047645
2a._.G2AK1.AF169003
2a.JP.AY746460.AY746460
2b.JP.MD2b1-2.AY232731
2b._.MD2B-1.AF238486
2b._.JPUT971017.AB030907
2c._.BEBE1.D50409
2i.VN.D54.DQ155561
2k.MD.VAT96.AB031663
3a.DE.HCVCENS1.X76918
3a.US.TN78-0.DQ430819
3a.CH.452.DQ437509
3b.JP.HCV-Tr.D49374
3k.ID.JK049.D63821
4a._.01-09.DQ418782
4a.EG.Eg7.DQ988076
4d._.03-18.DQ418786
4d._.24.DQ516083
4f.FR.IFBT84.EF589160
4f.FR.IFBT88.EF589161
5a.GB.EUH1480.Y13184
5a.ZA.SA13.AF064490
6a.HK.6a77.DQ480512
6a.HK.EUHK2.Y12083
6b._.Th580.NC_009827
6c.TH.Th846.EF424629
6d.VN.VN235.D84263
6e.CN.GX004.DQ314805
6f.TH.C-0044.DQ835760
6f.TH.C-0046.DQ835764
6g.HK.HK6554.DQ314806
6g.ID.JK046.D63822
6h.VN.VN004.D84265
6i.TH.C-0159.DQ835762
6i.TH.Th602.DQ835770
6j.TH.C-0667.DQ835761
6k.CN.KM41.DQ278893
6k.CN.KM45.DQ278891
6k.VN.VN405.D84264
6l.US.537796.EF424628
6m.TH.C-0185.DQ835765
6n.CN.KM42.DQ278894
6n.TH.D86/93.DQ835768
6o.CA.QC227.EF424627
6p.CA.QC216.EF424626
6q.CA.QC99.EF424625
6t.VN.VT21.EF632071
6t.VN.TV249.EF632070
7a.CA.QC69.EF108306

SFD-PLVA-EEDEREVSVPAEILRK-SRRFAPALPVWARPDYNPLLVETWKKPDY
SFD-PLVA-EEDEREVSVPAEILRK-SRRFARALPVWARPDYNPPLVETWKKPDY
SFD-PLVA-EDDEREISVPAEILRK-SRRFAQALPIWARPDYNPPLLETWKKPDY
SFD-PLRA-EEDEGEVSVPAEILRK-SRKFPRAMPIWARPDYNPPLLESWKDPDY
SFD-PLRA-EEDEREVSVPAEILRK-SRRFPSAMPVWARPDYNPPLLESWENPDY
SFD-PLRA-EEDEREVSVAAEILRK-TRKFPPAIPIWARPDYNPPLIESWRDPDY
SFD-PLVA-EEDDREISVPAEILLK-SKKFPPAMPIWARPDYNPPLVEPWKRPDY
SFD-PLVA-EEDDREISIPAEILRK-FKQFPPAMPIWARPDYNPPLVEPWKRPDY
YLD-PMVE-ETSDREPSIPSEYMLP-RNRFPPALPAWARPDYNPPLVESWKRPDY
SLD-PMAE-EKSDLEPSIPSEYMLP-KSKFPPALPAWARPDYNPPLVESWKKPDY
SLD-SMAE-EKSDLEPSIPSEYMLP-KKRFPPALPAWARPDYNPPLVESWKRPDY
SLD-SMTE-VEDDREPSVPSEYLIR-RRKFPPALPPWARPDYNPPVIETWKRPGY
SLD-SMTE-VEDDREPSIPSEYLIK-RRKFPPALPPWARPEYNPPVIETWKRPDY
SLD-SMTE-VEDDREPSVPSEYLTR-RRKFPPALPPWARPDYNPPVIETWKRPDY
SFD-PVVD-KEDEREPSIPSEYLLP-KSRFPPALPPWARPDYNPPLLETWKRPDY
SLD-SMTE-GEDEREPSVPSEYLLPTREKFPSALPVWARPDYNPPVVETWKRPDY
SLD-PSVE-EEDEREPSVPSEYLLP-KKKFPQALPVWARPDYNPPVVETWKRPDY
SFE-PLRA-QTDDAELSVAAECFKK-PPKYPPALPIWARPDYNPPLLDRWKTPDY
SFE-PLRA-EPDDIELSVAAECFKK-PXKYPPALPIWARPDYNPPLLDRWKAPDY
SFE-PLRA-ETDDAELSVAAECFKK-PPKYPPALPIWARPDYNPPLLDRWKAPDY
SFE-PLRA-EEDDTELSIPAECFKK-PPKYPPALPIWARPDYNPPLLPSWKDPTY
SFE-PLRA-CDDEDELSVAAECFKK-PPKYPPALPIWARPDYNPPLVEPWKDPDY
SFE-PRVAELDDDREVSVAAEILRP-AKRFPPALPIWARPDYNPPLTETWKQQDY
SFE-SCVAEPDDNREVSVAAEILRP-TKKFPPALPIWARPDYNPPLTETWKQQDY
SFE-PLVAETDDDREISVPAEILRT-SRKFPRAIPIWAQPAYNPPLIETWKQPDY
SFE-PLVA-EPDDREXSVPAEILRT-SRKFPRAMPIWAQPAYNPPLIETWKQPDY
SFE-PLVA-EED-KEVSVAAEILRP-TKKFPPAIPIWARPDYNPPLVESWKQPDY
SFE-PLVA-EED-KEVSVEAEILRPGKKKFPPAIPIWARPDYNPPLVESWKQPDY
CFK-PLKE-EEDDREISVSADCFKK-GPAFPPALPVWARPGYDPPLLETWKRPDY
SFE-PLKA-DDDDREISVSADCFRR-GPAFPPALPIWARPGYDPPLLETWKQPDY
SFE-PLTA-EYDEREISVSAECHRPPRHKFPPALPIWARPDYNPPLLQAWQMPGY
SFE-LYPL-EYEEREISVSVECHRQPRCKFPPVFPVWARPDNNPPFIQAWQMPGY
SFD-PLVA-EYDDREISVSAECHRPPRPKFPPALPIWARPDYNPPLLQKWQMPGY
SFD-PLVA-ETDDREISVAAECHRPPRPKFPPALPIWARPDYNPPLLQPWQKPDY
SFD-PLIA-ETDDREISVGAECFNPPRPKFPPALPVWARPDYNPPLLQPWKAPDY
SFD-PLMA-ETDDKEISVAAECHRPPRPKFPPALPIWARPDYNPPLLESWKAPDY
SFD-PLVA-ETDDREISVAAECHRPPRPKYPPALPIWARPDYNPPLXETWKKPDY
SFD-PLVA-ETDDREISVAAECHRPPRPKYPPALPIWARPDYNPPLLETWKKPDY
SFE-PLKA-EXDDREIXVAAECHRPPRLKYPPALPVWARPDYNPPLLESWKAPDY
SFE-PLKA-EFDDREISVAAECHRPPRFKYPPALPVWARPDYNPPLLETWKAPDY
SFD-PLVP-EFEEREMSVPAECHRPRRPKFPPALPIWATPGYNPPVLETWKSPTY
SFD-PLVP-EYDDREPSLSAECHRPNRPKFPPALPIWARPDYNPPLLEPWKSPDY
SFD-PLVP-EYDDREPSVSAECHRPNRPKYPXAXPIWARPDYNPPLLEPWKSPDY
SFD-PIYP-EYDDREPSVPAECHRPNRPKYPPALPIWARPDYNPPLVEPWKXPDY
SFD-PLVP-EYDDRELSVPAECHRPLRPKXPPALPIWARPDYNPPLCETWKKPDY
SFD-PLVP-EYDDREPSVPAECHRPPRPKFPPALPIWARPDYNPPLLETWKKPDY
SFD-PLVP-EYDDREPSVPAECHRPNRPKFPPALPIWARPDYNPPLLETWKKPDY
SFD-PITP-EYDDREPSVPAECHRPKRPKYPPALPIWARPDYNPPLLETWKKPDY
SFD-PIAP-EYDDREPSIPAECHRPSRPEYPPALPIWARPDYNPPLLETWRAPDY
SFD-PIIP-EYDDREPSVPAECHRPNRPKYPPALPIWARPDYNPPLLETWKAPDY
SFD-PITP-EYDDREPSVPAECHRPSRPKYPPALPIWARPDYNPPLLETWKAPNY
SFD-PLVA-EADDREISVAAECHKPPRPKFPPALPIWARPDYNPPLLETWKAPDY
SFD-PLVA-EPDDREISVAAECHRPPRPKFPPALPIWARXDYNXPLLESWKAPDY
SFD-PLVA-EVDDREISTAAECHRPPRQKYPPALPIWARPDYNPPLIETWKKPDY
SFD-PLVA-EVDDREISTAAECHRPPRPKYPPALPIWARPDYNPPLLEVWKSPTY
SFD-PLVA-EVDDREISTAAECHRPPRSKYPPALPIWARPDYNPPLLEVWKSPTY
SFDSASS--XEDDMEPSTAAECLRT-RKVFPPAMPIWARPDYNPPVVENWKDPEY

HCV genotypes aligned using Los Alamos HCV Sequence Database (43). CK1α phosphorylation
sites shown as white text on black background. Numbers are genotype 1b reference.
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Table 4-2C
Table 4-2C. Conservation of CK1α phosphorylation sites in NS5A residues 2391-2419.
1a._.H77.NC_004102
1a.US.H77-H21.AF011753
1a.US.99_38.DQ889300
1b.DE.BID-V502.EU155381
1b.TR.HCV-TR1.AF483269
1b.JP.MD1-911.AF165046
1c.ID.HC-G9.D14853
1c.IN.AY051292.AY051292
2a.JP.JCH-6.AB047645
2a._.G2AK1.AF169003
2a.JP.AY746460.AY746460
2b.JP.MD2b1-2.AY232731
2b._.MD2B-1.AF238486
2b._.JPUT971017.AB030907
2c._.BEBE1.D50409
2i.VN.D54.DQ155561
2k.MD.VAT96.AB031663
3a.DE.HCVCENS1.X76918
3a.US.TN78-0.DQ430819
3a.CH.452.DQ437509
3b.JP.HCV-Tr.D49374
3k.ID.JK049.D63821
4a._.01-09.DQ418782
4a.EG.Eg7.DQ988076
4d._.03-18.DQ418786
4d._.24.DQ516083
4f.FR.IFBT84.EF589160
4f.FR.IFBT88.EF589161
5a.GB.EUH1480.Y13184
5a.ZA.SA13.AF064490
6a.HK.6a77.DQ480512
6a.HK.EUHK2.Y12083
6b._.Th580.NC_009827
6c.TH.Th846.EF424629
6d.VN.VN235.D84263
6e.CN.GX004.DQ314805
6f.TH.C-0044.DQ835760
6f.TH.C-0046.DQ835764
6g.HK.HK6554.DQ314806
6g.ID.JK046.D63822
6h.VN.VN004.D84265
6i.TH.C-0159.DQ835762
6i.TH.Th602.DQ835770
6j.TH.C-0667.DQ835761
6k.CN.KM41.DQ278893
6k.CN.KM45.DQ278891
6k.VN.VN405.D84264
6l.US.537796.EF424628
6m.TH.C-0185.DQ835765
6n.CN.KM42.DQ278894
6n.TH.D86/93.DQ835768
6o.CA.QC227.EF424627
6p.CA.QC216.EF424626
6q.CA.QC99.EF424625
6t.VN.VT21.EF632071
6t.VN.TV249.EF632070
7a.CA.QC69.EF108306

LEGEPGDPDLSDG--------------------SWSTVSSGADTED--VVCC
LEGEPGDPDLSDG--------------------SWSTVSSGADTED--VVCC
LEGEPGDPDLSDG--------------------SWSXVSSGADAED--VVCC
LEGEPGDPDLSDG--------------------SWSTVSEEAS-ED--VVCC
LEGEPGDPDLSDG--------------------SWSTVSEEAS-ED--VVCC
LEGEPGDPDFSDG--------------------SWSTVSEEAS-ED--VVCC
LEGEPGDPDLSDG--------------------SWSTVSSDGGT-ED-VVCC
LEGEPGDPDLSDG--------------------SWSTVSSDGGT-ED-VVCC
LEGEPGDPDLEPEQVELQPPPQGGEVAPGSDSGSWSTCSEE----DDAVVCC
LEGEPGDPDLXPELVELQPPPQGGEVAPGSDSGSWSTCSEE----DDSVVCC
LEGEPGDPDLEPERVEPQPPPQGGGVAPGSDSGSWSTCSEE----GDSVVCC
LEGEPGDPDLEFEPARSAPPSEGECEIIDSDSKSWSTVSDQ----EDSVICC
LEGEPGDPDLEFDPTGSAPPSEGECEVIDSDSKSWSTVSDQ----EDSVICC
LEGEPGDPDLEFEPARSAPPSEGECEVIDSDSKSWSTVSDQ----EDSVICC
LEGEPGDPDLEPEQVEHPAPPQEGGAAPGSDSGSWSTCSDV----DDSVVCC
LEGEPGDPDLEPGPVEQEPSPPGGEAAPGSDSGSWSTCSDE----GDSVICC
LEGEPGDPDLESGSVEYHPSSQEGEAAPDLDSGSWSTCSEE----GGSEVCC
LEGEPGDPDLSCD--------------------SWSTVSDS---EEQSVVCC
LEGEPGDPDLSCD--------------------SWSTVSDS---EEQSVVCC
LEGEPGDPDLSCD--------------------SWSTVSDN---EEQNVVCC
LEGEPGDPDLDAD--------------------SWSTVSDS---EEQSVVCC
LEGEPGDPDLSSG--------------------SWSTVSGE----EQSVVCC
LEGEPGDPDLTSD--------------------SWSTVSGS----ED-VVCC
LEGEPGDPDLTSD--------------------SWSTVSGS----ED-VVCC
LEGEPGDPDLTSD--------------------SWSTVSGS----ED-VVCC
LEGEPGDPDLTSD--------------------SWSTVSGT----ED-VVCC
LEGEPGDPDLTSD--------------------SWSTVSGS----ED-VVCC
LEGEPGDPDLTSD--------------------SWSTVSGS----ED-VVCC
LEGEPGDPDLSSG--------------------SWSTVSGE----DN-VVCC
LEGEPGDPDLSSG--------------------SWSTVSDE----DS-VVCC
LEGEPGDPDLSSG--------------------SWSTVSDQ----DD-VVCC
LEGEPGDPDLSSG--------------------SWSTVSDE----DD-VVCC
LEGEPGDPDLSTG--------------------SWSTVSEE----DD-VVCC
LEGEPGDPDLDSA--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSED----HDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEDGEAENDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSDEDDA-NSSVVCC
LEGEPGDPDLSSG--------------------SWSTVSDEDDX-NSXVVCC
LEGEPGDPDLSEG----------------EGSGSWSTVSTE----ETSVVCC
LEGEPGDPDLSDG----------------GGSGSWSTVSSE----ETSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTISEE----GDGVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVICC
LEGEPGDPDLSSG--------------------SWSTVSDE----DESMICC
LEGEPGDPDLSSG--------------------SWSTVSEE----DDSVVCC
LEGEPGDPDLDSG--------------------SWSTVSEE----SDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----EDSIICC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGDPGDPDLESG--------------------SWSTVSEE----GDSVVCC
LEGEPXDPDLSSG--------------------SWSTVSED----GDSVVCC
LEGELGDPDLSSG--------------------SWSTVSEE-----TSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSDG--------------------SWSTVSTR----SD-VICC

HCV genotypes aligned using Los Alamos HCV Sequence Database (43). CK1α phosphorylation
sites shown as white text on black background. Numbers are genotype 1b reference.
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Figure 4-1

Figure 4-1. Expression and purification of CK1α from E. coli. (A) Coomassiestained SDS-polyacrylamide (10%) gel of CK1α induction. Lane 1, molecular weight
markers; lane 2, bacterial cell lysate before induction; lanes 3 and 4, bacterial cell
lysates 24 and 44 h after auto-induction, respectively. The arrow indicates the induced
protein at 35 kDa. (B) Coomassie-stained SDS-PAGE (10%) gel of the sample from
purification steps. Lane 1, molecular weight markers; lane 2, clarified lysate; lane 3, flow
through from the Ni-NTA-agarose column; lanes 4-6, column washes using 5, 50, and
100 mM imidazole, respectively; lanes 7-8, column elutions using 500 mM imidazole.
The arrow indicates the eluted protein at 35 kDa. (C) Coomassie-stained SDS-PAGE
(10%) gel of the sample from purification steps using the Q-Sepharose column. Lane 1,
molecular weight markers; lane 2, sample loaded onto Q-Sepharose column; lane 3,
flow through from the column; lane 4, 100 mM NaCl buffer wash; lanes 5-7, 1 M NaCl
buffer elution fractions. The arrow indicates the eluted protein at 35 kDa.
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Figure 4-2

Figure 4-2. Active CK1α specifically phosphorylates NS5A in vitro. (A) Top,
stoichiometric phosphorylation of 0.5 μM NS5A with 0.5 μM CK1α. Bottom,
quantification of assay showed six moles of phosphate incorporated per mole of NS5A
using wt CK1α alone or mixed with inactive K72A CK1α. Inactive K72A CK1α alone was
unable to phosphorylate NS5A. (B) Stoichiometric phosphorylation of 0.5 μM NS5A by
0.5 μM CK1α is dependent on MgCl2 and cannot be carried out in the presence of
MnCl2. Hereafter, all reactions are performed using 20 mM MgCl2. (C) Stoichiometric
phosphorylation of 0.5 μM NS5A by CK1α is sensitive to NaCl concentration. Hereafter,
all reactions are performed using 100 mM NaCl. (D) Left, purified recombinant HCV
nonstructural proteins with 1 μg loaded per lane. Middle, stoichiometric phosphorylation
of HCV nonstructural proteins by CK1α showed specificity of the kinase for NS5A.
Right, quantification of middle reaction with numbers corresponding to the amount of
phosphate incorporated per mole of viral protein after 60 min.
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Figure 4-3

Figure 4-3. CK1α phosphorylates NS5A in the intrinsically disordered domain
(IDD). (A) Top, schematic representation of the NS5A constructs used to determine the
sites of CK1α phosphorylation in NS5A. Full-length NS5A consists of amino acids 19732419 of the HCV polyprotein using Con1 numbering. NS5A contains three clusters of
highly conserved serine-rich regions, denoted P1 (2194-2210), P2 (2246-2269), and P3
(2380-2409). The amino-terminal 32 amino acid amphipathic α-helix was removed for
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purification purposes, yielding (1) Δ32-NS5A (2005-2419). Truncations of this construct
included (2) 2005-2221, (3) 2194-2419, and (4) 2212-2419. Bottom, stoichiometric
phosphorylation of 0.5 μM NS5A truncations with 0.5 μM CK1α indicated the target
residues are all located within the IDD of NS5A (2194-2419). (B) Mass spectrometric
analysis of CK1α-phosphorylated Δ32-NS5A (2005-2419) identified several residues as
CK1α targets, listed in white text on colored backgrounds. The colors on the NS5A
schematic correspond to the colors behind the amino acid sequence and represent
peptides determined to be phosphorylated by MS analysis. P1 (red) had previously
been suggested to contain putative CK1α phosphorylation sites important for NS5A
hyperphosphorylation. The blue, orange, and green regions, however, correspond to
newly identified CK1α phosphorylation sites in NS5A.
B – J.K. Diedrich and A.J. Tackett
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Figure 4-4

Figure 4-4. Substitutions in cluster 1 modulate CK1α phosphorylation of NS5A.
(A) Coomassie-stained SDS-polyacrylamide (10%) gel of purified wt NS5A and NS5A
derivatives containing alanine substitutions at serine residues identified as
phosphorylation sites within cluster 1 of the viral protein; 1 μg loaded per lane. (B) Left,
stoichiometric phosphorylation of wt NS5A and NS5A derivatives in (A) by CK1α after 60
min. Right, quantification of reactions confirms alanine substitutions in cluster 1
modulate CK1α phosphorylation of NS5A. (C) Rate of CK1α-mediated phosphorylation
of increasing amounts of NS5A after 3 min reveals an increase in phosphorylation
efficiency of the SI derivative relative to wt NS5A. (D) Rate of CK2-mediated
phosphorylation of increasing amounts of NS5A after 3 min confirms an increase in
phosphorylation efficiency of the SI derivative relative to wt NS5A. (E) Coomassiestained SDS-polyacrylamide (10%) gel of purified wt NS5A and NS5A derivatives
containing glutamic acid substitutions at the same serine residues in (A); 1 μg loaded per
lane. (F) Left, stoichiometric phosphorylation of wt NS5A and NS5A derivatives in (E)
by CK1α after 60 min. Right, quantification of reactions confirms glutamic acid
substitutions in cluster 1 modulate CK1α phosphorylation of NS5A.
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Figure 4-5

Figure 4-5. Substitutions in the CTD modulate CK1α phosphorylation of NS5A.
(A) Coomassie-stained SDS-polyacrylamide (10%) gel of purified wt NS5A and NS5A
derivatives containing alanine substitutions at residues identified as phosphorylation
sites within the CTD of the viral protein; 1 μg loaded per lane. (B) Top, stoichiometric
phosphorylation of wt NS5A and NS5A derivatives in (A) by CK1α after 60 min. Bottom,
quantification of reactions confirms alanine substitutions in the CTD modulate CK1α
phosphorylation of NS5A.
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Figure 4-6

Figure 4-6. CK1α phosphorylation is required for p58 formation. (A) Purified
recombinant wt NS5A and NS5A derivatives d2pnull and d2pcon, with 1 μg loaded per
lane. The d2pnull derivative contains phospho-ablative (null) substitutions at four
residues identified as CK1α targets by mass spectrometry (S2255A, Y2293F, S2300A,
and Y2306F), while the d2pcon derivative contains phospho-mimetics (constitutive, or
con) via glutamic acid substitutions at these four sites. (B) Top, stoichiometric
phosphorylation of 0.5 μM wt, d2pnull, and d2pcon NS5A with 0.5 μM CK1α. Prephosphorylation at S2255, Y2293, S2300, and Y2306, mimicked here with glutamic acid
substitutions via d2pcon, is essential for CK1α-mediated p58 formation in vitro. Bottom,
quantification of phosphorylation assay shows a decrease in phosphate incorporation
using the d2pnull derivative relative to wt NS5A. The d2pcon derivative, however, still
incorporated six moles of phosphate per mole of NS5A, indicating that the
phosphorylation mimetic substitutions may be prerequisites for CK1α-mediated
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phosphorylation elsewhere in the viral protein. (C) Quantification of phosphate
incorporation of p56 relative to p58 using a stoichiometric CK1α-mediated
phosphorylation of d2pcon in (B). Three moles of phosphate are incorporated into each
form of NS5A, with the rate of incorporation faster for p56 than p58. (D) Purified
recombinant wt NS5A and NS5A derivatives S2204I (SI), d2pcon, and SI-d2pcon, with 1 µg
loaded per lane. (E) Top, stoichiometric phosphorylation of 0.5 μM wt, SI, d2pcon, and
SI-d2pcon with CK1α after 30 min shows the SI cell culture adaptive mutation, which
prevents p58 formation in cell culture, also prevents p58 formation in a bench-top
biochemical assay. Bottom, quantification of phosphate incorporation for wt, SI, d2pcon,
and SI-d2pcon after 30 min.

230

Figure 4-7

Figure 4-7. S2255E is essential and sufficient for CK1α-mediated p58 formation.
(A) Coomassie-stained SDS-polyacrylamide (8%) gel of purified wt NS5A, d2pcon, and
NS5A derivatives containing glutamic acid substitutions at individual serine and tyrosine
residues that comprise d2pcon; 1 μg loaded per lane. (B) Left, stoichiometric
phosphorylation of 0.5 μM wt NS5A, d2pcon, and NS5A derivatives in (A) by CK1α after
30 min. Only d2pcon and S2255E generated the hyperphosphorylated p58 form of NS5A.
Right, quantification of reactions shows no difference in amount of phosphate
incorporated for the individual substitutions relative to d2pcon. (C) Coomassie-stained
SDS-polyacrylamide (8%) gel of purified wt NS5A, d2pcon, S2255E, S2255Enull (includes
Y2293F, S2300A, and Y2306F), and S2255Acon (includes Y2293E, S2300E, and
Y2306E); 1 μg loaded per lane. (D) Left, stoichiometric phosphorylation of 0.5 μM wt
NS5A and NS5A derivatives in (C) by CK1α after 30 min. The d2pcon, S2255E, and
S2255Enull generated the hyperphosphorylated p58 form of NS5A, while S2255Acon did
not. This confirms that S2255E is essential and sufficient as the pre-phosphorylated
residue needed for p58 formation. Right, quantification of reactions shows little
difference in amount of phosphate incorporated for NS5A derivatives.
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Figure 4-8

Figure 4-8. Anti-pS2255 specifically recognizes CK1α-phosphorylated NS5A
species. (A) Following incubation for 60 min at 37 °C, equal amounts of wt NS5A,
d2pnull, or d2pcon ± CK1α or CK2 were loaded on 7.5% SDS-PAGE gels and analyzed by
western blot. Top, anti-pS2255 specifically interacted with CK1α-phosphorylated wt
NS5A. Anti-pS2255 did not interact with unphosphorylated NS5A or NS5A
phosphorylated by CK2. Anti-pS2255 also did not interact with either d2pnull or d2pcon
derivatives of NS5A in the absence or presence of CK1α or CK2. Bottom, the same blot
probed with anti-NS5A showed equal amounts of NS5A and NS5A derivatives loaded in
each lane. The hyperphosphorylation of d2pcon can be seen in the d2pcon + CK1α lane.
(B) Top, anti-pS2255 specifically interacted with phosphorylated NS5A from extract of
Huh 7.5 cells stably expressing the HCV S2204I (SI) subgenomic replicon. The level of
NS5A phosphorylated at S2255, however, is much lower than the total NS5A detected
by the anti-NS5A antibody. Bottom, the same blot probed with anti-NS5A.
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Figure 4-9

Figure 4-9. Formation of p58 in vitro is dependent on phosphorylation by CK1.
(A) Stoichiometric phosphorylation of 0.5 μM d2pcon by CK1α, CK1δ, CK2, PKA, and
Cdc2 after 30 min. The human α and rat δ isoforms of CK1 are both able to generate
hyperphosphorylated NS5A p58, while CK2 and PKA-mediated phosphorylation remains
p56 in mobility. Cdc2 does not phosphorylate NS5A and is used as a negative control.
(B) Left, phosphorylation of 0.5 μM d2pcon with stoichiometric CK1α (0.5 μM) and excess
CK1α (5 μM). Right, quantification of p58/p56 ratios of the reaction confirms the rate of
phosphorylation is faster with excess CK1α relative to stoichiometric conditions, however
the final 1:1 ratio of each species is unchanged. This verifies that excess CK1α does not
produce more p58, rather the p58 species is just produced faster than with
stoichiometric CK1α.
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Figure 4-10

Figure 4-10. Phosphatase treatment decreases phosphorylation, but not level, of
p58. (A) Top, Pro-Q Diamond phosphoprotein-stained gel of unphosphorylated d2pcon
(0), d2pcon phosphorylated by CK1α after 60 min (60), and then subsequently treated
with CIP for up to 60 min. The hyperphosphorylated p58 species seen prior to CIP
treatment is completely dephosphorylated by CIP by 10 min. Bottom, the same gel
stained with SYPRO Ruby total protein stain reveals that the p58 species formed prior to
CIP treatment remains at the same mobility even once it has been dephosphorylated.
(B) Quantification of p56 and p58 from the Pro-Q-stained gel in (A) confirms the p58
species is dephosphorylated faster than the p56 species. (C) Quantification of the p56
species from the SYPRO-stained gel in (A) confirms a decrease in p56 after
phosphorylation by CK1α generates the p58 form, however the level of p56 does not
increase as the CIP treatment proceeds. (D) Quantification of the p58 species from the
SYPRO-stained gel in (A) confirms the level of NS5A p58 does not decrease even once
it has been dephosphorylated via CIP.
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Figure 4-11

Figure 4-11. Substitutions in cluster 1 modulate p58 formation. (A) Coomassiestained SDS-polyacrylamide (8%) gel of purified wt NS5A, d2pcon, and d2pcon derivatives
containing alanine substitutions at individual serine residues within cluster 1 of NS5A; 1
μg loaded per lane. (B) Top, stoichiometric phosphorylation of 0.5 μM wt NS5A, d2pcon,
and d2pcon derivatives in (A) by CK1α after 30 min. Bottom, quantification of p58/p56
ratio confirms alanine substitutions in cluster 1 modulate p58 formation, with S2204Acon
completely abrogating formation of the p58 species. (C) Coomassie-stained SDSpolyacrylamide (8%) gel of purified wt NS5A, d2pcon, and d2pcon derivatives containing
glutamic acid substitutions at the same residues within cluster 1 as in (A); 1 μg loaded
per lane. (D) Top, stoichiometric phosphorylation of 0.5 μM wt NS5A, d2pcon, and d2pcon
derivatives in (C) by CK1α after 30 min. Bottom, quantification of p58/p56 ratio confirms
glutamic acid substitutions in cluster 1 do not increase p58 formation. Interestingly,
S2204Econ does not permit formation of the p58 species.
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Figure 4-12

Figure 4-12. Substitutions in the NS5A CTD modulate p58 formation. (A)
Coomassie-stained SDS-polyacrylamide (8%) gel of purified wt NS5A, d2pcon, d3pnull,
and d2pcond3pnull derivatives; 1 μg loaded per lane. The d3pnull derivative contains
phospho-ablative (null) substitutions at six residues identified as CK1α targets by mass
spectrometry in the NS5A CTD (S2401A, S2404A, S2406A, T2407A, S2409A, and
S2413A). The d2pcond3pnull derivative contains all four glutamic acid substitutions of
d2pcon and all six alanine substitutions of d3pnull. (B) Left top, stoichiometric
phosphorylation of 0.5 μM wt NS5A, d2pcon, d3pnull, and d2pcond3pnull derivatives in (A) by
CK1α after 30 min. Left bottom, quantification of p58/p56 ratio confirms alanine
substitutions in the NS5A CTD modulate p58 formation. Right, quantification of total
phosphate incorporated into each derivative after 30 min.
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Figure 4-13

Figure 4-13. BMS-790052 inhibits CK1α-mediated formation of p58 in vitro. (A)
Left, catalytic CK1α-mediated phosphorylation of 0.5 μM wt NS5A alone or in the
presence of 50 μM NS5A inhibitor (NS5Ai) BMS-790052. Right, quantification of
phosphorylation reaction shows no inhibition of phosphate incorporation of wt NS5A in
the presence of NS5Ai. (B) Left, catalytic CK1α-mediated phosphorylation of 0.5 μM
d2pcon alone or in the presence of 50 μM NS5Ai, with a decrease in p58 formation
observed when NS5Ai is present. Right, quantification of phosphorylation reaction
confirms a decrease in phosphate incorporation with d2pcon in the presence of NS5Ai.
(C) Left, quantification of p56 alone and in the presence of NS5Ai showed equal levels
of phosphate incorporation. Right, quantification of p58 alone and in the presence of
NS5Ai confirms the decrease in phosphate incorporation in the presence of NS5Ai
observed in (B) is restricted to the p58 form of NS5A. These data suggest the target of
BMS-790052 is a pre-phosphorylated NS5A substrate.
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Figure 4-14

Figure 4-14. Y93H derivative is resistant to BMS-790052 in vitro. (A) Catalytic
phosphorylation of 0.5 μM d2pcon or Y93Hcon by CK1α shows the Y93H substitution does
not affect phosphate incorporation. (B) Pro-Q Diamond phosphoprotein-stained gel of
catalytic phosphorylation of d2pcon and Y93Hcon by CK1α. The numbers below the gel
correspond to the p58/p56 ratio, which indicates the Y93Hcon derivative does not produce
p58 as readily as the d2pcon derivative. (C) Left, Pro-Q-stained gel of catalytic
phosphorylation of d2pcon alone or in the presence of 50 μM NS5A inhibitor (NS5Ai)
BMS-790052. A decrease in the p58/p56 ratio is calculated for the reaction in the
presence of NS5Ai. Right, Pro-Q-stained gel of catalytic phosphorylation of Y93Hcon
alone or in the presence of 50 μM NS5A inhibitor (NS5Ai) BMS-790052. No decrease in
the p58/p56 ratio is calculated for the reaction in the presence of NS5Ai.
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Figure 4-15

Figure 4-15. CK1α phosphorylation promotes NS5A-CypA binding. (A) Schematic
representation of mass spectrometry-mapped CK1α phosphorylation sites on NS5A (●)
and the putative cyclophilin (CypA)-binding site (2276-2306). (B) Left, Pro-Q Diamond
phosphoprotein-stained gel of wt, d2pnull, and d2pcon ± CK1α confirms the stoichiometric
phosphorylation of the recombinant proteins. Right, the same gel stained with SYPRO
Ruby stain for total protein. (C) CypA was incubated with NS5A and increasing
amounts of cyclosporin A (CsA), where designated. The CypA was immunoprecipitated
and the samples were probed with anti-NS5A antibody by western blotting. By 0.625 μM
CsA, the NS5A-CypA interaction has been disrupted such that no NS5A is pulled down
by CypA (far left). Pre-phosphorylation of NS5A with CK1α promoted NS5A-CypA
binding, making it more resistant to CsA disruption such that NS5A is still pulled down in
the presence of 1.25 μM CsA (mid left). The d2pnull derivative behaved similarly to wt
NS5A (compare far left to mid right). Pre-phosphorylation of d2pnull with CK1α no longer
promoted NS5A-CypA interaction (compare mid left to far right). This suggested that the
residues phosphorylated by CK1α that overlap with the CypA-binding site on NS5A may
promote NS5A-CypA interaction.
C – P. Lim
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Figure 4-16

Figure 4-16. CK2 promote NS5A-CypA binding. (A) Schematic representation of
mass spectrometry-mapped CK2 () and PKA () phosphorylation sites on NS5A and
the putative cyclophilin (CypA)-binding site (2276-2306). (B) CypA was incubated with
NS5A and increasing amounts of cyclosporin A (CsA), where designated. The CypA was
immunoprecipitated and the samples were probed with anti-NS5A antibody by western
blotting. By 0.625 μM CsA, the NS5A-CypA interaction has been disrupted such that no
NS5A is pulled down by CypA (top left). Pre-phosphorylation of NS5A with CK2
promoted NS5A-CypA binding, making it more resistant to CsA disruption (top middle).
Pre-phosphorylation of NS5A with PKA had no effect on enhancing NS5A-CypA
interaction (top right). Below each anti-NS5A-probed blot is the same blot probed with
anti-CypA, confirming the presence of CypA in every lane.
B – P. Lim
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Figure 4-17

Figure 4-17. CypA inhibits CK1α-mediated phosphorylation of NS5A. (A) Left,
stoichiometric CK1α-mediated phosphorylation of 0.5 μM wt NS5A alone or in the
presence of 5 μM cyclophilin A (CypA), 5 μM cyclosporin A (CsA), or both 5 μM CypA
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and 5 μM CsA. Right, quantification of phosphate incorporation shows CypA inhibits
CK1α-mediated phosphorylation of wt NS5A, and this inhibition cannot be prevented by
CsA. (B) Left, stoichiometric CK1α-mediated phosphorylation of 0.5 μM d2pcon alone or
in the presence of 5 μM CypA, 5 μM CsA, or both 5 μM CypA and 5 μM CsA. Right,
quantification of phosphate incorporation shows CypA inhibits CK1α-mediated
phosphorylation of d2pcon, and like wt NS5A in (A), this cannot be prevented by the
presence of CsA. (C) Quantification of CK1α-mediated phosphate incorporation shows
CypA-induced inhibition from (B) is distributed across both p56 (left) and p58 (right). (D)
Left, stoichiometric CK1α-mediated phosphorylation of 0.5 μM β-casein alone or in the
presence of 5 μM CypA. Right, quantification of phosphate incorporation shows CypA
does not inhibit CK1α-mediated phosphorylation of β-casein.
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Figure 4-18

Figure 4-18. CK2 and PKA-mediated phosphorylation of NS5A are uninhibited by
CypA. (A) Left, stoichiometric CK2-mediated phosphorylation of 0.5 μM wt NS5A alone
or in the presence of 5 μM cyclophilin A (CypA). Right, quantification of phosphate
incorporation shows CypA does not inhibit CK2-mediated phosphorylation of wt NS5A.
(B) Left, stoichiometric PKA-mediated phosphorylation of 0.5 μM wt NS5A alone or in
the presence of 5 μM CypA. Right, quantification of phosphate incorporation shows
CypA does not inhibit PKA-mediated phosphorylation of wt NS5A.
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Figure 4-19

Figure 4-19. NS5B blocks CK1α-mediated phosphorylation of NS5A. (A)
Schematic representation of mass spectrometry-mapped CK1α phosphorylation sites on
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NS5A (●) and the two putative NS5B-binding sites (2077-2134 and 2249-2306). (B)
Left, stoichiometric CK1α-mediated phosphorylation of 0.5 μM wt NS5A alone or in the
presence of 0.5 μM NS3 or 0.5 μM NS5B. Right, quantification of phosphate
incorporation shows NS5B inhibits CK1α-mediated phosphorylation of wt NS5A, while
NS3 has no effect. (C) Left, stoichiometric CK1α-mediated phosphorylation of 0.5 μM
β-casein alone or in the presence of 0.5 μM NS3 or 0.5 μM NS5B. Right, quantification
of phosphate incorporation shows neither NS3 nor NS5B has any effect on CK1αmediated phosphorylation of β-casein. (D) Left, stoichiometric CK1α-mediated
phosphorylation of 0.5 μM d2pnull alone or in the presence of 0.5 μM NS5B. Right,
quantification of phosphate incorporation shows NS5B inhibits CK1α-mediated
phosphorylation of d2pnull. (E) Left, stoichiometric CK1α-mediated phosphorylation of
0.5 μM d2pcon alone or in the presence of 0.5 μM NS5B. The presence of NS5B
prevents CK1α-induced p58 formation. Right, quantification of phosphate incorporation
shows NS5B inhibits CK1α-mediated phosphorylation of d2pcon.
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Figure 4-20

Figure 4-20. NS5B inhibits phosphorylation of NS5A by CK2 and PKA. Schematic
representation of mass spectrometry-mapped CK2 () and PKA () phosphorylation
sites on NS5A and the two putative NS5B-binding sites (2077-2134 and 2249-2306). (B)
Stoichiometric CK2-mediated phosphorylation of 0.5 μM wt NS5A alone or in the
presence of 0.5 μM NS3 or 0.5 μM NS5B. The quantification of phosphate incorporation
shows NS5B inhibits CK2-mediated phosphorylation of wt NS5A, while NS3 has no
effect. (C) Stoichiometric PKA-mediated phosphorylation of 0.5 μM wt NS5A alone or in
the presence of 0.5 μM NS3 or 0.5 μM NS5B. The quantification of phosphate
incorporation shows NS5B inhibits PKA-mediated phosphorylation of wt NS5A, while
NS3 has no effect.
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Figure 4-21

Figure 4-21. Inhibition of phosphorylation in NS5A IDD promotes stable
replication. (A) Left, western blot of recombinant NS5A and cell lysates from
transiently-transfected mock Huh 7.5 cells or cells transfected with wt, SI, d2pnull, d2pcon,
SI-d2pnull, or SI-d2pcon subgenomic HCV RNA. The presence of the d2pnull substitutions
decreased p58 formation in the absence of the SI cell culture adaptive mutation. NS5A
derivatives containing d2pcon substitutions migrate at a higher molecular weight than
non-d2pcon-containing samples. Right, quantification of p58/p56 levels confirm the loss
of phosphorylation via the d2pnull substitutions decreased p58 formation by 25%, while
the d2pcon substitutions retain the 1:1 ratio observed in wt. No cells transfected with SIcontaining HCV subgenomic replicon RNA were able to produce NS5A p58. (B) Colony
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formation assay of transiently transfected samples from (A). Interestingly, d2pnull
substitutions alone were able to support persistent replication in the absence of the SI
cell culture adaptive mutation. This may arise from the inhibition of p58 formation
mediated by these substitutions observed in (A). The d2pcon substitutions alone or in the
presence of SI were unable to persistently replicate. The numbers below each plate
correspond to the transfection efficiency. (C) Left, qRT-PCR of NS5A from naïve Huh
7.5 cells and from Huh 7.5 cell lines stably expressing the SI, d2pnull, or SI-d2pnull HCV
subgenomic replicons. Right, qRT-PCR of cellular control GAPDH from each of the
same cell lines. The qRT-PCR was performed in triplicate.
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Figure 4-22A

Figure 4-22A. Sequence verification of NS5A from S2204I stable cell line. RT-PCR
was performed to amplify the NS5A gene from Huh 7.5 cells stably replicating the SI
HCV subgenomic replicon. The purified DNA was sequenced to verify no additional
mutations were present in the coding sequence. Highlighted nucleotides in the S2204I
panel are those changed relative to the wt NS5A sequence.
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Figure 4-22B

Figure 4-22B. Sequence verification of NS5A from d2pnull stable cell line. RT-PCR
was performed to amplify the NS5A gene from Huh 7.5 cells stably replicating the d2pnull
HCV subgenomic replicon. Highlighted nucleotides in the S2255A, Y2293F, S2300A,
and Y2306F panels are those changed relative to the wt NS5A sequence. The S2204
residue remains unchanged, despite its previous identification as a critical cell culture
adaptive mutation.
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Figure 4-22C

Figure 4-22C. Sequence verification of NS5A from SI-d2pnull stable cell line. RTPCR was performed to amplify the NS5A gene from Huh 7.5 cells stably replicating the
SI-d2pnull HCV subgenomic replicon. The purified DNA was sequenced to verify no
additional mutations were present in the coding sequence. Highlighted nucleotides in
the S2204I, S2255A, Y2293F, S2300A, and Y2306F panels are those changed relative
to the wt NS5A sequence.
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CHAPTER 5

Domain I of hepatitis C virus nonstructural protein 5A recruits kinases for
phosphorylation in the intrinsically disordered domain of the viral protein

Craig E. Cameron will be a co-author on publications stemming from work presented in
this chapter.
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ABSTRACT

Based on biophysical analysis, nonstructural protein 5A (NS5A) from hepatitis C virus
(HCV) can be divided into two domains: domain I, which can undergo homodimerization
to bind RNA, and the intrinsically disordered domain (IDD). While both regions have
been shown to participate in dozens of interactions with viral and host factors, it is the
IDD that exclusively undergoes extensive phosphorylation by cellular kinases. Yet,
domain I is capable of interacting with and mediating the function of host kinases without
subsequent modification (13, 19). Here, we report a finding discovered during the
analysis of CK1α-mediated phosphorylation of NS5A: domain I of the viral protein may
serve as a kinase recruitment domain. Deletion of domain I significantly decreased the
phosphorylation efficiency of NS5A despite the absence any CK1α target residues in this
region of the viral protein. The titration of domain I inhibited CK1α-, CK2-, and PKAmediated phosphorylation of NS5A substrates and CK1α-mediated phosphorylation of
the off-target β-casein. Interestingly, the addition of domain I to Cdc2-mediated
phosphorylation of histone H1 had no effect, indicating the recruitment may be restricted
to kinases that can phosphorylate NS5A. We further demonstrate that deletion of
domain I is not the only way to restrict kinase recruitment to this region, but that this can
also be achieved through blocking potential interaction sites via RNA-induced
homodimerization. The addition of RNA to phosphorylation reactions inhibited CK1αmediated phosphate incorporation of full-length NS5A, but not the IDD, which does not
bind RNA/homodimerize, indicating that limiting access of CK1α to domain I resulted in
less phosphate incorporation. Together, these results support the role of domain I as a
kinase recruitment domain, and highlight a possible mechanism to target for future HCV
antiviral drugs.
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INTRODUCTION

Nonstructural protein 5A (NS5A) from hepatitis C virus (HCV) can be divided into
two domains based on classic biophysical techniques. Domain I has been characterized
as folding into stable secondary and tertiary structure and is capable of
homodimerization into at least two unique conformations (14, 20). The remainder of the
viral protein has been arbitrarily divided into sub-domains, each classified independently
as intrinsically disordered (5, 12). Based on ongoing studies, we propose that this
region functions in concert (Appendix B) and will hereafter refer to it collectively as the
intrinsically disordered domain (IDD).
Domain I of NS5A, when dimerized, makes up the bulk of the optimal RNAbinding domain of the viral protein (8). One of the crystal structures of the domain I
dimer forms a groove 33 Å long and 16 Å wide (20). Based on these sterics and the
positively-charged amino acids that line the groove between the monomers, this region
is favorable for accommodating both single- and double-stranded RNA (20).
Approximately thirty amino acids in addition to domain I, together called domain I-plus, is
the optimal RNA-binding domain of NS5A (8). The inclusion of these thirty amino acids
has been shown to decrease the Kd by nearly 8-fold (6, 8). G/U-rich RNA, or G/U-rich
elements (GREs), at least six nucleotides in length has high-affinity binding to NS5A and
promotes dimerization of domain I-plus (8). The importance of the residues that make
up the “plus” in domain I-plus RNA-binding is the topic of ongoing study (Appendix C).
Domain I of NS5A has also been shown to interact with several other viral and
host factors (3). Recently included in this ever-expanding list of binding partners was
phosphatidylinositol 4-kinase type IIIα (PI4KIIIα) (13, 19). The NS5A-PI4KIIIα interaction
stimulates the activity of the kinase, with kinase inhibition resulting in alterations to the
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membranous webs that make up the HCV replication complexes (19). Further, silencing
of PI4KIIIα has been shown to decrease replication of HCV and virion release (13).
The NS5A IDD flexibility affords this region of the protein the ability to interact
with dozens of host and viral factors (3). It is also exclusively the IDD of NS5A that
undergoes extensive phosphorylation by cellular kinases, most notably PKA (9), CK1α
(15, 16), and CK2 (10). However, other kinases have been shown to interact with NS5A
(1, 2, 17, 18), though not all have been shown to phosphorylate the viral protein, as is
the case with PI4KIIIα, discussed above.
In this study, we explore the role of domain I of NS5A as a kinase recruitment
domain. Though domain I does not undergo phosphorylation by any kinases known to
phosphorylate the viral protein, we demonstrate here that it may mediate kinase binding
and toggle the enzyme downstream to target residues in the IDD. Inhibiting the binding
of kinases to domain I, either through truncations of the viral protein or RNA-induced
dimerization, decreased phosphorylation efficiency of NS5A. The design of future HCV
antivirals targeting NS5A could capitalize on the mechanism of kinase recruitment
proposed here as a means of preventing the modification(s) required for regulating the
function(s) and/or interaction(s) essential for viral genome replication.
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MATERIALS AND METHODS

Materials. Specific reagents used in this study and the respective information for each
are listed under each appropriate sub-heading. All other reagents were of the highest
grade available from Sigma, Fisher, or VWR.

Construction of recombinant NS5A plasmids. All DNA oligonucleotides were from
Integrated DNA Technologies. NS5A 2005-2419, 2005-2187, and 2005-2221 were
generated as previously described (7, 8). Oligos 1 and 3 (Table 5-1) were used with
pET26-Ub-Δ32-NS5A-C(His), encoding resides 2005-2419 of the polyprotein, to amplify
residues 2194-2419. Oligos 2 and 3 (Table 5-1) were used to amplify residues 22122419. Both PCR fragments were digested with SacII and HindIII and ligated into a
SacII/HindIII-digested pET26-Ub vector. All NS5A derivatives were sequenced at the
Penn State Nucleic Acid Facility to verify the correct sequence.

Expression and purification of NS5A proteins. All NS5A proteins used in this study
were His-tagged at the carboxy termini and purified as described in detail in Chapter 4.

Standard in vitro phosphorylation assay. Standard phosphorylation assays were
performed in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH
7.5, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP), 20 mM MgCl2, 100 mM NaCl, 125
μM ATP, 0.5 μCi/μl [γ-32P]-ATP (MP Biomedicals), and 0.25 μM or 0.5 μM NS5A, NS5A
truncation, d2pcon, or β-casein. The d2pcon NS5A derivative is described in Chapter 4.
Reactions were incubated for 10 min at 37 °C, either alone or in the presence of 10 μM
rU15, where specified. After 10 min, home-made CK1α, described in Chapter 4, was
added to 0.05 μM and phosphorylation proceeded for the specified time. All points from
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phosphorylation reactions were quenched with an equal volume of 2x SDS-PAGE
sample buffer. The samples were resolved on an 8% SDS polyacrylamide gel.
Electrophoresis was stopped when the free nucleotide migrated near the bottom of the
gel. 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.

In vitro phosphorylation assay for kinetics analysis. Assays for analysis of
phosphorylation kinetics using specified amounts of NS5A 2005-2419, 2212-2419, βcasein, or histone H1, either alone or in the presence of specified amounts of NS5A
2005-2187, were performed in 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS),
pH 7.2, 20 mM MgCl2, 2.5 mM dithiothreitol (DTT), 2.5 mM sodium orthovanadate (NaOv), 100 mM NaCl, 125 μM ATP, and 0.5 μCi/μl [γ-32P]-ATP. Reactions were incubated
for 10 min at 37 °C, after which time home-made CK1α, or CK2, PKA, or Cdc2 (all from
New England Biolabs, Inc.) was added to 0.05 μM and phosphorylation proceeded for 3
min.
All points from phosphorylation reactions were quenched with an equal volume of
100 mM ethylenediaminetetraacetic acid (EDTA) and mixed with an equal volume of 2x
SDS-PAGE sample buffer. The samples were resolved on an 8% SDS polyacrylamide
gel, as described above. The amount of phosphorylation was normalized to the amount
of radioactivity present in each lane and divided by the time to determine rate, V
(μM/min)
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RESULTS

Loss of domain I decreases NS5A phosphate incorporation. The NS5A protein
encompasses residues 2005-2419 of the HCV polyprotein, using genotype 1b (Con1)
numbering. Truncations of NS5A lacking just domain I (2194-2419) or lacking both
domain I and a cluster of conserved serine residues targeted by CK1α (2212-2419) were
phosphorylated by the kinase under catalytic conditions. The deletion of domain I
resulted in less phosphate incorporation relative to the 2005-2419 NS5A construct (Fig
5-1), though no CK1α phosphorylation sites were mapped to this region of the viral
protein, as described in Chapter 4. No difference was calculated between CK1αmediated phosphorylation of 2194-2419 and 2212-2419.

Efficiency of NS5A phosphorylation is inhibited by the loss of domain I. The rates
of phosphate incorporation for NS5A 2005-2419 and 2212-2419 by the three kinases
most responsible for phosphorylating the viral protein were studied. Phosphorylation of
NS5A 2005-2419 by CK1α had a Vmax/Km = 0.63, a nearly six-fold increase over that
calculated for 2212-2419 (Fig 5-2A). CK2 (Fig 5-2B) and PKA-mediated
phosphorylation (Fig 5-3C) of NS5A 2005-2419 had Vmax/Km values of 0.58 and 0.52,
respectively. These were approximately twice the Vmax/Km values calculated for the
NS5A 2212-2419 truncation.

Addition of domain I (2005-2187) inhibits CK1α-mediated phosphorylation of
NS5A. The rates of CK1α-mediated phosphorylation of NS5A 2005-2419 and 22122419 were found to decrease in the presence of increasing amounts of NS5A 2005-2187
(Fig 5-3A). Calculation of the Vmax/Km confirmed the addition of domain I inhibited
phosphorylation of both NS5A constructs (Fig 5-3B). Increasing amounts of domain I
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decreased both the Vmax and Km of CK1α-mediated phosphorylation of 2005-2419 (Fig
5-3C). The IC50 values of domain I for CK1α phosphorylation of NS5A 2005-2419 (Fig
5-3D) and 2212-2419 (Fig 5-3E) were calculated as 0.73 ± 0.22 and 18.2 ± 6.1 μM,
respectively. To verify NS5A domain I was inhibiting phosphorylation by acting on the
kinase, the IC50 of CK1α-mediated phosphorylation of β-casein was calculated as 0.78 ±
0.28 μM (Fig 5-3F). The addition of NS5A domain I had no inhibition on Cdc2-mediated
phosphorylation of histone H1 (Fig 5-3G). This confirmed nothing inhibitory was present
in the domain I sample that would interfere with phosphorylation, and that the inhibition
observed is likely specific to kinases that phosphorylate NS5A.

Domain I inhibits CK2 and PKA-mediated phosphorylation of NS5A. Addition of
domain I was found to also inhibit phosphorylation of NS5A 2005-2419 by CK2 and PKA
(Fig 5-4). The calculated IC50 values were 0.67 ± 0.27 and 1.20 ± 0.30 μM, for CK2 and
PKA-mediated phosphorylation, respectively.

Domain I may serve as a kinase recruitment domain for NS5A. Our results led us to
hypothesize that domain I of NS5A may recruit kinases for phosphorylation elsewhere in
the viral protein (Fig 5-5). The kinases prefer biding to domain I, based on the lower Km
values calculated. If this pathway is unavailable, the kinases can bind directly to the
intrinsically disordered domain of NS5A. This has been shown through deletion of
domain I. However, this could also be the default pathway if domain I was otherwise
blocked or inaccessible, such as when it would be bound to another substrate or when it
undergoes homodimerization in the presence of RNA (8).

RNA-induced dimerization of domain I inhibits NS5A phosphorylation. To test our
model in Fig 5-5, phosphorylation of NS5A 2005-2419 by CK1α was performed alone
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and in the presence of rU15. It was found that the addition of RNA inhibited CK1αmediated phosphorylation of NS5A (Fig 5-6A). Addition of RNA had no effect on CK1αmediated phosphorylation of the NS5A truncation 2212-2419 (Fig 5-6B), which does not
bind RNA (8). Hyperphosphorylation of NS5A, as carried out by CK1α using the NS5A
derivative d2pcon, was blocked in the presence of rU15 (Fig 5-6C). To further validate
that the mechanism of inhibition that was observed arose from RNA-induced
dimerization of domain I, CK1α-mediated phosphorylation of the off-target β-casein was
performed alone and in the presence of rU15. The addition of RNA had no effect on
phosphate incorporation (Fig 5-6D).
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DISCUSSION

Domain I of HCV NS5A has been shown to associate with PI4KIIIα (13, 19). Of
particular interest to our study is that domain I of the viral protein interacts with the
kinase to direct the enzyme to phosphorylate target substrates elsewhere, all while
avoiding undergoing phosphorylation itself.
While attempting to phosphorylate NS5A truncations with CK1α in order to map
sites of modification by mass spectrometry, as discussed in Chapter 4, we found that
deletion of domain I decreased the level of phosphate incorporation (Fig 5-1). This
finding was very interesting, given that CK1α targets residues exclusively in the IDD of
NS5A. To determine if deletion of domain I had a similar effect on the phosphorylation
efficiency of NS5A by other kinases, the recombinant protein (2005-2419) and a domain
I deletion construct (2212-2419) were phosphorylated by CK1α, CK2, and PKA, such
that the kinetics of phosphate incorporation could be calculated. The rate of phosphate
incorporation was nearly six-fold lower for CK1α-mediated phosphorylation of NS5A
2212-2419 compared to 2005-2419 (Fig 5-2A). CK2 (Fig 5-2B) and PKA (Fig 5-2C)
each phosphorylated the NS5A 2212-2419 NS5A construct at approximately half the
rate of the 2005-2419. These data suggest that each of the three major kinases known
to phosphorylate NS5A utilize domain I for some aspect of phosphorylation efficiency,
albeit CK1α is much more dependent on domain I than either CK2 or PKA.
We hypothesized that domain I of NS5A may help bind and toggle kinases
downstream to the IDD in order to carry out phosphorylation. Thus, we sought to
determine if the addition of domain I alone (2005-2187) could substitute in trans for an
NS5A truncation lacking domain I in cis. Interestingly, the rates of phosphorylation of
NS5A 2005-2419 and 2212-2419 by CK1α were both inhibited by the addition of domain
I (Fig 5-3A). The average Vmax/Km for CK1α-mediated phosphorylation of NS5A 2005266

2419 and 2212-2419 decreased nearly thirteen- and two-fold, respectively, with the
addition of 5 μM domain I (Fig 5-3B). Likewise, the addition of up to 10 μM domain I
was found to inhibit CK1α-mediated phosphate incorporation of NS5A 2005-2419 (Fig 53C). The IC50 of domain I for the phosphorylation of NS5A 2005-2419 and 2212-2419 by
CK1α were calculated as 0.73 ± 0.22 μM (Fig 5-3D) and 18.2 ± 6.1 μM (Fig 5-3E),
respectively. To verify the addition of domain I inhibited phosphorylation of the NS5A
substrates by interacting with the kinase, the IC50 of domain I for the phosphorylation of
β-casein by CK1α was calculated as 0.78 ± 0.28 μM (Fig 5-3F). Finally, to determine if
domain I would only inhibit phosphorylation by kinases that phosphorylate NS5A, the
2005-2187 truncation was titrated into Cdc2-mediated phosphorylation of histone H1
(Fig 5-3G). Cdc2 does not phosphorylate NS5A, as demonstrated in Chapter 4, and
was not inhibited by the addition of domain I. The IC50 of domain I for the
phosphorylation of NS5A 2005-2419 by CK2 and PKA were calculated as 0.67 ± 0.27
μM (Fig 5-4A) and 1.2 ± 0.30 μM (Fig 5-4B), respectively. Taken together, these data
support the hypothesis and model that domain I may serve as a recruitment domain
exclusively for kinases that phosphorylate NS5A (Fig 5-5). The binding of the kinase to
domain I is likely followed by a conformational change in the viral protein that toggles the
kinase downstream to target residues in the IDD. This pathway is preferred based on
lower Km values for phosphorylation of NS5A 2005-2419. Kinases can bind directly to
the IDD if domain I has been truncated, as demonstrated by phosphorylation of NS5A
2212-2419, however this is less favored given the higher Km values for these assays.
If this model holds, then complete deletion of domain I may not be essential to
decrease phosphorylation efficiency of NS5A. If domain I was blocked, such as by
dimerization, kinases that otherwise might bind to domain I would be forced to bind
directly to the IDD to carry out phosphorylation. To test this hypothesis, CK1α-mediated
phosphorylation of NS5A was carried out in the presence of rU15, which has been
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shown to induce domain I dimerization (8). It was found that CK1α-mediated phosphate
incorporation by NS5A 2005-2419 was decreased by half in the presence of rU15 (Fig 56A). As expected, the phosphorylation of NS5A 2212-2419, which does not dimerize in
the presence of rU15 (8), was unaffected by the presence of RNA in the kinase reaction
(Fig 5-6B). Surprisingly, RNA was found to specifically inhibit CK1α-mediated p58
formation using the d2pcon NS5A derivative, discussed in Chapter 4 (Fig 5-6C). To verify
the RNA was inhibiting phosphorylation of NS5A by inducing homodimerization of
domain I, rU15 was added to CK1α-mediated phosphorylation of β-casein. No change
in phosphate incorporation was calculated between the reactions in the absence and in
the presence of RNA (Fig 5-6D). As the rU15 was able to inhibit CK1α-mediated
phosphorylation of NS5A, likely via induced dimerization of domain I, this further
supports the role of domain I of NS5A as a kinase recruitment domain.
The highly potent HCV inhibitor BMS-790052 targets NS5A and blocks
phosphorylation by an unknown mechanism (4, 11), and the interest in NS5A inhibitors
continues to grow (3). The mechanism of cellular kinase-mediated phosphorylation
discussed in this chapter presents a possible target for future antiviral drug development.
The design of compounds that could mimic RNA, specifically GREs, which we have
shown induce dimerization of domain I of NS5A (8), could prevent this region of the viral
protein from interacting with kinases that may carry out modifications on NS5A essential
to the HCV lifecycle, such as formation of the hyperphosphorylated species.
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Table 5-1
Table 5-1. Oligonucleotides used in this study.
no. name
1
2
3

HCV-NS5A-2194-for
HCV-NS5A-2212-for
HCV-NS5A-HindIII-rev

sequence
5’-GCG GAA CTT CCG CGG TGG ATC TCC CCC CTC CTT G-3’
5’-GCG GAA CTT CCG CGG TGG AAA GGC AAC ATG CAC T-3’
5'- GGT ACC AAG CTT CTA TTA GCA GCA GAC GAC GTC CTC-3'
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Figure 5-1

Figure 5-1. NS5A truncations lacking domain I incorporate less phosphate than
the full length viral protein. Left, phosphorylation of 0.5 μM NS5A 2005-2419, 21942419, and 2212-2419 with 0.05 μM CK1α for 60 min. Right, quantification of
phosphorylation assay shows a decrease in phosphate incorporation using the NS5A
truncations lacking domain I relative to NS5A 2005-2419.
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Figure 5-2

Figure 5-2. Deletion of domain I decreases phosphorylation efficiency of NS5A.
Kinetics of NS5A phosphate incorporation, where the amount of phosphate incorporated
(μM) is divided by time (3 min) to determine rate, V (μM/min). (A) Phosphorylation
kinetics of 0.05-1.5 μM NS5A 2005-2419 and 2212-2419 with 0.05 μM CK1α. The
calculated Vmax/Km = 0.63 and 0.11 for NS5A 2005-2419 and 2221-2419, respectively.
(B) Kinetics of 0.05-1.5 μM NS5A 2005-2419 and 2212-2419 phosphorylated with 0.05
μM CK2. Vmax/Km = 0.58 and 0.35 for NS5A 2005-2419 and 2221-2419, respectively.
(C) Phosphorylation kinetics of 0.05-1.25 μM NS5A 2005-2419 and 2212-2419 with 0.05
μM PKA. Vmax/Km = 0.52 and 0.34 for NS5A 2005-2419 and 2221-2419, respectively.
(D) Summary of average Vmax/Km values for data from (A-C).
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Figure 5-3

Figure 5-3. Addition of domain I inhibits CK1α-mediated phosphorylation of
NS5A. Kinetics of NS5A phosphate incorporation, where the amount of phosphate
incorporated (μM) is divided by time (3 min) to determine rate, V (μM/min). (A) Left,
phosphorylation kinetics of 0.05-1.5 μM NS5A 2005-2419 with 0.05 μM CK1α alone, or
in the presence of 1.5 μM or 5 μM NS5A domain I (2005-2187). Vmax/Km = 0.63, 0.13,
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and 0.05 for NS5A 2005-2419 alone, with 1.5 μM domain I, and with 5 μM domain I,
respectively. Right, kinetics of 0.05-1.5 μM NS5A 2212-2419 with 0.05 μM CK1α alone,
or in the presence of 1.5 μM or 5 μM domain I. Vmax/Km = 0.11, 0.11, and 0.05 for NS5A
2212-2419 alone, with 1.5 μM domain I, and with 5 μM domain I, respectively. (B)
Summary of average Vmax/Km values for data from (A). (C) Increasing the amount of
NS5A domain I decreases phosphate incorporation of NS5A 2005-2419.
Phosphorylation kinetics of 0.05-1.5 μM NS5A 2005-2419 with 0.05 μM CK1α alone, or
in the presence of 1, 3, 5, or 10 μM NS5A domain I (2005-2187). (D) Phosphorylation
of 0.25 μM NS5A 2005-2419, the calculated Km, with 0.05 μM CK1α and increasing
amounts of NS5A domain I 2005-2187. The calculated IC50 = 0.73 ± 0.22 μM. (E)
Phosphorylation of 0.25 μM NS5A 2212-2419, the calculated Km, with 0.05 μM CK1α
and increasing amounts of NS5A domain I 2005-2187. The calculated IC50 = 18.2 ± 6.1
μM. (F) Phosphorylation of 0.2 μM β-casein, the calculated Km, with 0.05 μM CK1α and
increasing amounts of NS5A domain I 2005-2187. The calculated IC50 = 0.78 ± 0.28 μM.
(G) Phosphorylation of 0.05 μM histone H1, the calculated Km, with 0.05 μM Cdc2 and
increasing amounts of NS5A domain I 2005-2187. An IC50 could not be calculated.
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Figure 5-4

Figure 5-4. Domain I inhibits CK2 and PKA-mediated phosphorylation of NS5A.
(A) Phosphorylation of 0.25 μM NS5A 2005-2419, the calculated Km, with 0.05 μM CK2
and increasing amounts of NS5A domain I 2005-2187. The calculated IC50 = 0.67 ± 0.27
μM. (B) Phosphorylation of 0.15 μM NS5A 2005-2419, the calculated Km, with 0.05 μM
PKA and increasing amounts of NS5A domain I 2005-2187. The calculated IC50 = 1.20
± 0.30 μM.
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Figure 5-5

Figure 5-5. Domain I may serve as a kinase recruitment domain for NS5A. Upper
left, monomer of domain I (gold), with the intrinsically disordered domain (IDD) modeled
into the figure with black dashed lines. Upper right, addition of RNA (red) induces
homodimerization of domain I. Left side, the preferred binding of CK1α to domain I,
based on a lower Km, and subsequent conformational change in the IDD results in
CK1α-mediated phosphorylation of the IDD, represented by yellow circles. Right side,
based on our data, the less preferred binding of CK1α directly to the NS5A IDD, with
higher Km, can occur when domain I is absent or otherwise blocked, as presented here
via RNA-induced dimerization.
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Figure 5-6

Figure 5-6. RNA-induced dimerization of domain I inhibits NS5A phosphorylation.
(A) Left, phosphorylation of 0.25 μM NS5A 2005-2419 with 0.05 μM CK1α alone and in
the presence of 10 μM rU15. Right, quantification of phosphorylation assay shows a
decrease in phosphate incorporation when RNA is present. (B) Left, phosphorylation of
0.25 μM NS5A 2212-2419 with 0.05 μM CK1α alone and in the presence of 10 μM rU15.
Right, quantification of phosphorylation assay shows the presence of RNA has no effect
on CK1α-mediated phosphorylation of the NS5A truncation. (C) Left, phosphorylation of
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0.25 μM NS5A d2pcon 2005-2419 with 0.05 μM CK1α alone and in the presence of 10
μM rU15. Right, quantification of phosphorylation assay shows a specific inhibition of
p58 formation in the presence of RNA. (D) Left, phosphorylation of 0.25 μM β-casein
with 0.05 μM CK1α alone and in the presence of 10 μM rU15. Right, quantification of
phosphorylation assay shows no inhibition of β-casein phosphorylation in the presence
of RNA.
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CHAPTER 6

Future directions

280

MECHANISM OF PKA-MEDIATED PHOSPHORYLATION OF NS5A

Though we have been able to determine PKA-mediated phosphorylation of NS5A
promotes accumulation of HCV RNA in cells replicating the subgenomic replicon, a
number of questions remain unanswered regarding the mechanism of this host-mediated
phosphorylation of the viral protein.

Determine if relocalization of PKAc is functional and a result of NS5A or another
HCV protein. We showed in Chapter 2 that, relative to PKAc localization to the Golgi in
naïve Huh 7.5 cells, cells replicating HCV RNA were observed to have a more diffuse
pattern of PKAc staining. We propose to determine if the redistributed PKAc is
functional by using fluorescence resonance energy transfer (FRET)-based reporters to
monitor the dynamics of PKA activity in real-time (6). Proving the redistributed PKAc
retains activity could further support the hypothesis that relocalization of the kinase is
mediated by HCV for the benefit of the viral lifecycle.
A Kinase Anchoring Proteins (AKAPs) localize PKA and target substrates to
specific subcellular regions (5). FRET-based A Kinase Activity Reporters (AKARs) can
be used to visualize kinase activity in single cells. An AKAR consists of four parts. The
first two parts make up a molecular switch, including a substrate sequence for PKA and
a phospho-amino acid-binding domain (PAABD). The other two components of the
AKAR are a FRET pair, flanking the molecular switch on either side. When PKA
phosphorylates the substrate sequence, the PAABD binds to the phosphorylated region,
inducing a conformational change in the AKAR that brings the two FRET pairs together
(6, 16). AKARs have been previously employed to study the dynamics of PKA activity at
the plasma membrane (17), membranous rafts (5), and the nuclei (42) of single cells in
real-time via live-cell fluorescence microscopy. The localization of the AKAR is achieved
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by tagging the construct with a sequence to target the fusion protein to distinct regions of
the cell (6). We propose to utilize this approach to determine if PKA localizes to the
HCV replication complexes as a functional kinase. This could be achieved by adding a
sequence to the construct that would include the α-helix of NS5A responsible for
anchoring the protein to membranes. We could then determine if a positive FRET signal
for PKA activity is observed to colocalize with NS5A or other viral proteins known to
localize to HCV replication complexes.
The relocalization of PKAc observed in cells replicating HCV RNA could arise
from two factors: the presence of NS5A or the presence of some other viral protein from
the HCV polyprotein. To distinguish which of these factors is responsible for the
redistribution of PKAc, we can transfect green fluorescence protein (GFP)-labeled NS5A
into Huh 7.5 cells (25) and then stain for PKAc relative to PKAc in naïve Huh 7.5 cells.
Additionally, though it would not support stable HCV replication, a plasmid of the HCV
polyprotein lacking the NS5A sequence could be transfected into Huh 7.5 cells, and
staining could be performed to determine if PKAc relocalization occurs in the absence of
NS5A.

Examine PKA phosphorylation of NS5A as a function of the cell cycle and HCV
lifecycle. We hypothesize that PKA-mediated phosphorylation of NS5A may be
regulated by the cell cycle and/or HCV lifecycle.
To determine if the cell cycle impacts phosphorylation of NS5A, we propose to
synchronize cells replicating HCV RNA for the same stage of cell cycle via serum
starvation. Following serum starvation, the cells can be cultured in normal growth media
for a period of time that would allow us to harvest cells at time points corresponding to
different stages of the cell cycle for western blot and immunofluoresence analysis.
Commercially available cell cycle markers can be used to determine the stage of the cell
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cycle for individual samples. We can then quantify the level of PKA-phosphorylated
NS5A using our pT2332-NS5A antibody discussed in Chapters 2 and 3. This will allow
us to verify if the level of PKA-phosphorylated NS5A correlates to the stage of the cell
cycle for cells replicating HCV RNA. Phosphorylation of the viral protein by cellular
kinases has never been studied in the context of stages of the cell cycle.
To determine if PKA-mediated phosphorylation of NS5A is restricted to a specific
part of the HCV lifecycle, we propose to utilize the single-cycle HCV infection system
(41). Throughout the course of the infection, samples of infected cells can be harvested
for both western blot and immunofluorescence analysis. We can then probe western
blots or stain cells using our pT2332-NS5A antibody to quantify the level of PKAphosphorylated NS5A as it relates to the progression of the HCV lifecycle. The
phosphorylation of NS5A has never been explored as a function of the viral lifecycle.
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CHARACTERIZATION OF NS5A
FROM HCV-POSITIVE HUMAN LIVER TISSUE

HCV has evolved to function optimally in liver tissue, not hepatoma cells. The cleaved
forms of NS5A in HCV-infected liver tissue may carry out previously undefined functions
relative to the full-length viral protein. It would be beneficial to determine the extent to
which the unique forms of NS5A observed in Chapter 3 are prevalent in the HCVinfected population.

Utilize HCV-infected liver tissue to characterize forms of NS5A present in vivo.
NS5A is one of the most variable HCV proteins, even within the same genotype. We
currently propose the involvement of a cellular activity to produce the repertoire of
cleaved NS5A products. Therefore, it is possible that both viral and host determinants
will contribute to the NS5A species observed in vivo. In our ongoing studies, HCVpositive liver tissue samples can be obtained from patients at Penn State Hershey
Medical Center (HMC). On average, fifteen liver transplants are conducted for endstage HCV and one hundred percutaneuos liver biopsies, including twelve pediatric
cases, for disease staging are performed per year at Penn State HMC. Thus, we have
confidence in being able to obtain a sufficient quantity of samples to make relevant
conclusions. We have optimized our protocol such that each biopsy sample, a few
millimeters in length (Fig 6-1), can be divided into three to four pieces, which will be
analyzed individually, allowing for use of the same sample in multiple experiments. One
piece of tissue sample can be homogenized in extraction buffer supplemented with
protease and phosphatase inhibitors. The clarified supernatant can be quantified and
equal amounts of total protein from each sample can be electrophoresed on SDS-PAGE
gels for subsequent western blot analysis. Cell extract from hepatoma cells and/or
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extract from bovine liver or healthy human liver can be used as negative controls for
HCV proteins. In addition to purified recombinant NS5A, cell extract from hepatoma cell
lines stably replicating the HCV subgenomic replicon can be used as positive controls.
These blots cab be probed using our NS5A antibodies, the specificity of which we have
demonstrated in liver tissue in Chapter 3. We have also demonstrated that cellular
proteins, such as calnexin, can be used as loading controls across all samples. We
anticipate the pattern of cleavage products observed will be conserved across all
patients, as the virus may have evolved a mechanism to utilize cleaved NS5A in vivo to
carry out functions unable to be performed by the membrane-bound, full-length viral
protein most prevalent in the cell culture model. For those samples for which cleaved
forms of NS5A are not detected, or for which cleaved forms are not the bulk forms of the
viral protein present, we can address how sequence variation of the virus may contribute
to this phenotype. All samples analyzed by western blot can be independently used for
total RNA extraction to sequence the NS5A gene, discussed below.

Use antibodies against individual domains of NS5A to reveal the nature of the
unique forms of the viral protein. As shown in Appendix B, we have optimized
antibodies to specific regions of NS5A. These domain-specific antibodies can be used
to further identify forms of the viral protein observed in HCV-infected liver tissue. We
can perform western blot analyses, outlined above, to characterize different forms of the
viral protein observed based on molecular weight and reactivity with specific antibodies.
In addition, immunofluoresence studies of sections of the same liver tissue can be
performed using these antibodies, which will allow us to address the changes in
localization of each form of NS5A in HCV-positive liver tissue relative to what is
observed with the cell culture model. This approach is discussed in detail below.
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Characterize the subcellular localization of forms of NS5A in HCV-infected liver
tissue. Relative to full-length NS5A, which is predominantly cytosolic, the caspasecleaved forms of NS5A have been shown to localize to the nucleus of Huh 7.5 cells in a
PKA-phosphorylation dependent manner (Fig 3-9). Yet, these forms have been
engineered to arise without the need of active caspases, which are absent in the HCV
cell culture model. Our position to study forms of NS5A in authentic HCV-infected
hepatocytes will afford us the ability to determine how these species of the viral protein
localize relative to species observed in Huh 7.5 cells. Using the domain-specific
antibodies discussed above, and formalin-fixed, paraffin-embedded sections of liver
biopsy samples, we can ascertain how unique forms of NS5A localize within HCVinfected cells from human tissue. In particular, we will explore the prevalence of NS5A
in the nucleus of infected cells. The observation of nuclear staining will underscore the
uniqueness of NS5A behavior in HCV-infected liver tissue relative to that in the cell
culture model, as well as point to potentially novel functions for these forms of the viral
protein in HCV-infected hepatocytes.

Determine if viral sequence variation impacts forms of NS5A present in HCVinfected liver tissue. As HCV is a positive-sense RNA virus, it exists as a quasispecies
of viral populations within the host, which results from transcription of its genome via the
highly error-prone viral RNA-dependent RNA polymerase. It would be helpful to
determine if forms of NS5A present in HCV-infected liver tissue arise from mutations
within the viral protein. To accomplish this, we can isolate total RNA from HCV-infected
liver tissue and RT-PCR can be performed in order to produce the NS5A gene for
sequencing, as shown in Chapter 3. Our analysis of sequence variation should focus on
the conservation of the intrinsically disordered domain (IDD), which is extensively
phosphorylated (2, 3, 21, 28, 40) and participates in dozens of interactions (3). The IDD
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has been shown to possess an interferon (IFN) sensitivity-determining region (ISDR)
(12). Deletions within the ISDR are associated with changes in patient response to IFN
treatment (12, 38). We anticipate mutations and/or deletions within this region may
correlate to tissue samples with changes in the observed NS5A proteome. The inability
to generate cleaved forms of NS5A may indicate a mechanism by which some HCV
genotypes are more readily cleared upon infection or with IFN treatment, while
genotypes able to produce cleaved products may establish persistent replication in the
host. In order to determine if the identified sequence variations are responsible for an
inability to detect cleaved forms of NS5A, the viral protein, as sequenced, can be cloned
into the pCMV expression plasmid. This construct can then be transfected into
osteosarcoma-derived Saos-2 cells, based on the protocol first used to characterize the
caspase cleavage sites in NS5A (43). A control NS5A construct known to produce
cleaved forms of NS5A can also be transfected separately, and the pattern of observed
forms of the viral protein can be compared to the sequence of interest using western blot
analysis described above.

Determine the incidence of protein kinase A (PKA)-phosphorylated NS5A in the
HCV-infected population. The human liver is capable of efficient regeneration. Upregulation of growth factors during regeneration induces PKA phosphorylation of Bad,
inhibiting the protein’s pro-apoptotic activity by diverting it away from the mitochondria
(4, 34, 44). We hypothesize that HCV may have evolved a viral population that can
detect a form of NS5A that has been phosphorylated by the activated PKA, signaling an
optimal point to initiate aspects of the viral lifecycle to coincide with an inhibition of
apoptosis (Fig 6-2). We have already shown that PKA phosphorylation of a caspasecleaved form of NS5A localizes to the nucleus relative to the cytoplasmic full-length viral
protein in Chapter 3. It would be beneficial to utilize HCV-infected liver tissue samples to
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characterize the forms of PKA-phosphorylated NS5A across multiple patient samples.
We anticipate that PKA-phosphorylation of NS5A will be observed in all HCV-infected
liver tissue for HCV genotypes with the conserved PKA phosphorylation site, identified
as T2332 in Chapter 2. The threonine residue has been shown to be conserved across
HCV genotypes 1, 2a, 3, and 4. Any tissue sample analyzed from a genotype that does
not have T2332 could be used as a negative control. If PKA-phosphorylated NS5A is
not detectable in a tissue sample from a genotype with the conserved T2332 residue, we
can address whether sequence variation within the viral protein plays a role in the
observed phenotype. For example, deletion and/or substitution of arginine residues
within the PKA consensus motif surrounding T2332 may abrogate phosphorylation (1).
Our in vitro phosphorylation reactions, especially in Chapter 4, have shown that
substitutions within NS5A upstream or downstream of a targeted residue can regulate
the kinetics of phosphate incorporation. This may be due to conformational changes
induced by the substitution(s), which modulate kinase access to the target residue. We
can first focus on the conservation of T2332, followed by residues immediately upstream
or downstream of the PKA target site. We anticipate sequence variation will exist in this
region for those samples in which PKA-phosphorylated forms of NS5A are not
detectable. Derivatives of NS5A with these sequences can be engineered into our
bacterially-expressed NS5A construct. Phosphorylation reactions can be performed with
these derivatives and PKA to determine how the identified changes alter phosphorylation
kinetics relative to wild type NS5A. If no sequence variations surrounding the region of
T2332 that may alter phosphorylation efficiency are immediately obvious, we can then
expand our focus to encompass all of NS5A.

Determine the clinical significance of cleavage products of NS5A and the PKA
phosphorylated state of the viral protein as related to the stage of liver disease.
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Our model posits that PKA phosphorylation of NS5A occurs in response to hepatocyte
regeneration (Fig 6-2). Active HCV replication should lead to hepatocyte regeneration.
More damage may therefore lead to more regeneration. If this is the case, then a
correlation could exist between the amount of PKA-phosphorylated or cleaved NS5A
present in the liver biopsy and clinical measures of liver damage. In order to evaluate
this possibility, HCV-infected liver tissues can be analyzed via western blot using our
NS5A and PKA-phosphorylated NS5A antibodies such that the level of individual forms
NS5A can be calculated relative to total NS5A in each sample. Quantifying levels of
PKA-phosphorylated NS5A and unphosphorylated NS5A relative to recombinant NS5A,
as we have shown in Chapter 3 using three pediatric HCV-positive biopsies, we have
found a direct correlation between the level PKA-phosphorylated NS5A and the fibrosis
score. This correlation did not exist when cleaved NS5A was evaluated.
The amount of PKA-phosphorylated and cleaved NS5A can be further compared
to four clinical factors: (1) The alanine transaminase (ALT) level can be used to
measure the general degree of hepatocellular injury. (2) The histology score of the liver
tissue, determined by the pathologists, includes a 0-6 score for staging fibrosis/cirrhosis
and a 0-18 score for the histological activity index (HAI) (23). The HAI grading provides
a numerical value for the serial changes in liver histology of a hepatic liver and is further
subdivided into four necroinflammatory scores: piecemeal necrosis (0-4), confluent
necrosis (0-6), lytic necrosis/apoptosis/focal inflammation (0-4), and portal inflammation
(0-4). (3) The model for end-stage liver disease (MELD) or pediatric end-stage liver
disease (PELD) score can also be used to assist in determining the patient’s functional
liver tissue. The MELD score is based on levels of bilirubin, creatinine, and the
international normalized ratio for prothrombin time (INR), while the PELD score, used for
patients under twelve years of age, utilizes albumin in place of creatinine and also takes
into account the patient’s age and any degree of growth failure. MELD and PELD
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scores are used for organ allocation, with higher scores indicating worse liver function
and greater need for transplant. (4) The viral titer can also be considered.
These biochemical and clinical measurements can be determined for the
samples from the patients enrolled in this study. We can evaluate the pediatric
population independent of the adult population. If correlations between populations are
different, this may suggest molecular mechanisms leading to PKA phosphorylation or
cleavage of NS5A may be different in the two populations. If the correlation between
PKA-phosphorylated NS5A and liver damage stands, then future studies may consider if
this form of NS5A can be detected in blood. If this is the case, PKA-phosphorylated
NS5A may be a useful marker for liver damage that can be used as a non-invasive test
for liver damage.

Characterize the pro-/anti-apoptotic state of HCV-infected liver tissue. We
hypothesize that HCV may have evolved to exploit the delicate balance of pro-apoptotic
and anti-apoptotic pathways in an HCV-infected hepatocyte during liver regeneration
(Fig 6-2). In our working model, viral infection induces pro-apoptotic stimuli, leading to
activation of caspases and subsequent signaling pathways (22, 26, 36), including
translocation of the protein Bad (48) or a caspase-8-induced truncated form of the
protein Bid (tBid) to the mitochondria (31, 35). Regardless of the path, the ultimate goal
is apoptosis. Yet, in hepatocytes undergoing active regeneration, key steps in proapoptotic pathways are suppressed, often via activation of PKA, CK1, and CK2 (9, 11,
29, 37, 39, 44), all kinases shown to phosphorylate NS5A (21, 28, 40). PKA-mediated
phosphorylation of Bad (P-Bad) prevents translocation to the mitochondria (15). CK1 or
CK2-mediated phosphorylation of Bid blocks caspase-mediated cleavage, also
preventing translocation to the mitochondria (7). Both the PKA and CK1/CK2
phosphorylation events prevent the release of cytochrome C and the downstream
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activation of caspase-3, thus inducing an anti-apoptotic state within the infected cell. We
propose HCV has adapted to utilize this state for its own propagation via NS5A.
Phosphorylation of caspase-cleaved forms of NS5A by the activated kinases described
above may serve as a sentinel to alert the virus that the optimal pro-/anti-apoptotic
balance has been achieved.
We can directly test aspects of this model by western blotting of extract from
HCV-infected liver tissue for cleaved (active) caspase-8, and phosphorylated Bad (PBad), as well as the absence of truncated Bid (tBid) or cleaved (active) caspase-3. The
presence of cleaved caspase-8 in the absence of cleaved caspase-3 will be consistent
with our model.
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EXPANDING THE FUNCTIONAL PROTEOME OF AN RNA VIRUS
BY PHOSPHORYLATION OF INTRINSICALLY DISORDERED DOMAINS
OF A VIRAL PROTEIN

We have come to appreciate the similarities between the highly dynamic p53 protein and
NS5A. Structurally, both proteins contain domains that fold into stable secondary/tertiary
structures and domains classified as intrinsically disordered (46). Both proteins are
highly connected, participating in dozens of interactions, often via their respective
disordered regions (46). Many times, the same stretch of amino acids within a
disordered region is capable of interacting with several unique factors. This impressive
feat is achieved through an induced coupled folding and binding of the disordered region
with the target protein, with the flexible interaction domain of the former folding into
classic secondary structures, including an α-helix or β-sheet, as needed (46, 49). Given
their ability to bind multiple substrates with high specificity and low affinity, intrinsically
disordered proteins have come to be associated with protein interaction networks linked
to cell-signaling pathways and human diseases, including cancer (19). Many of these
interactions are likely regulated by posttranslational modifications within the disordered
regions (20): while NS5A is only known to be phosphorylated by cellular kinases (3),
modifications on p53 include phosphorylation, acetylation, glycosylation, and methylation
(46).
Using p53 as our inspiration, we hypothesize that posttranslational modifications
in the form of phosphorylation on NS5A may follow a combinatorial and/or hierarchical
pattern. This “phosphorylation code” may induce specific function(s) via conformational
changes in the viral protein needed for interactions with other viral and/or host factors.
These modifications would allow HCV to utilize thousands of different forms of a single
protein. For example, considering the combinatorial pattern of the ten putative CK1α292

mediated phosphorylation sites documented throughout this work, NS5A could exist in
1,024 different phosphorylated states based on phosphorylation from this single kinase
(Eq 1).
Eq 1

This method of essentially expanding the functional proteome of a virus, without having
to encode multiple proteins, fits perfectly with natural constraints placed on the size of
viral genomes. Viruses have evolved to encode only essential information for their
continued propagation, hijacking host machinery needed along the way to rapidly
replicate their stream-lined genomes lacking extraneous nucleotides (8). Both intrinsic
disorder and regulation of protein function via host-mediated phosphorylation are
abundant across the highly diverse range of known viruses ((24, 50) and Table 6-1).
Understanding how HCV utilizes these features via NS5A will undoubtedly shed light on
the elusive importance of the viral protein in the HCV lifecycle.

Analyze phosphorylated forms of NS5A by 2D gel electrophoresis. Based on
classic SDS-PAGE, NS5A migrates at two molecular weights: 56 kDa and 58 kDa (27).
The p56 form of NS5A can exist in an unphosphorylated or phosphorylated state (18),
with the p58 form arising as a hyperphosphorylated species of the viral protein (40),
bringing the number of unique species of NS5A to a total of three. Yet, we have shown
throughout this work that NS5A can undergo basal phosphorylation by several cellular
kinases. Further, NS5A can be hyperphosphorylated by CK1, likely via multiple routes.
The total number of residues modified by host kinases could range from twelve to well
over twenty. Given our success designing an antibody that can detect a specific
phosphorylated species of NS5A from both bench-top biochemical assays to cell
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culture/human liver tissue samples, we propose that a combination of 2D gel
electrophoresis and phospho-specific antibodies will allow us to distinguish several new
forms of the viral protein based on phosphorylation state. This type of analysis will
further underscore the putative complexity of the NS5A “phosphorylation code” from
cells replicating HCV RNA and/or HCV-infected human liver tissue.
Our ability to assign phosphorylated residues to specific spots on a western blot
of a 2D gel could allow us to determine whether different combinations of
phosphorylated species of NS5A vary across the HCV-infected population. For
example, we could compare newly-infected HCV-positive pediatric patient biopsies to
biopsies of adult patients infected longer with the virus to hepatectomy samples from
individuals who harbored the virus for a period of time sufficient to render their liver no
longer functional. As we have demonstrated in Chapter 3 that PKA-mediated
phosphorylation of NS5A may correlate to the level of liver fibrosis, this approach of
analyzing the occurrence of phosphorylated NS5A species via 2D gel electrophoresis
may prove very informative to how phosphorylation of the viral protein changes over the
course of HCV infection and perhaps additional correlation with respect to liver disease.
Novel HCV inhibitors targeting NS5A have been shown to block the
phosphorylation of some, but not all, residues on the viral protein (30). Another possible
advantage to utilizing 2D gel analysis to assign phosphorylated species of NS5A would
be the ability to quickly ascertain which phosphorylation events are blocked in cells
treated with the NS5A inhibitor(s). One could imagine that a phospho-specific antibody
that reacted with a certain number of spots on a western blot of a 2D gel would not react
with the same spots if those modifications were blocked following inhibitor treatment. By
understanding which kinase-specific phosphorylation sites are blocked, this technique
could shed light on the as-yet unknown mechanism of the promising, highly potent HCV
inhibitors. This approach would also allow further characterization of the possible
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“phosphorylation code” of NS5A. We could document the prevalence of phosphorylated
residues via phospho-specific antibodies, as well as with which other modifications these
phosphorylation events are found.

Biophysically characterize the effect of phosphorylation on structure/dynamics of
NS5A. Over 50% of NS5A has been shown to be intrinsically disordered (14, 32, 45).
These findings fit with computer prediction models of disordered regions of proteins,
such as the Predictor of Natural Disordered Regions (PONDR). PONDR designates a
region of a protein as ordered or disordered based on primary sequence alone, taking
into account additional factors that influence protein folding. PONDR analysis of NS5A
agrees with the biophysical data previously reported for the viral protein (Fig 6-3). We
hypothesize that phosphorylation of NS5A by cellular kinases may stimulate protein
folding or induce disorder into folded regions, both as means of promoting proteinprotein interactions. Given our finding in Chapter 4 that a pre-phosphorylated mimetic of
NS5A, hereafter d2pcon, is capable of undergoing CK1α-mediated hyperphosphorylation
in bench-top assays, we asked how the insertion of the same glutamic acid residues
would impact the PONDR output. Interestingly, d2pcon has a region of increased
disorder relative to that predicted for NS5A (Fig 6-3). This is the same region that, as
shown in Chapter 4, when phosphorylated by CK1α, was able to bind cyclophilin A
(CypA) with less susceptibility to cyclosporin A (CsA)-mediated disruption.
We propose to analyze the effect of host kinase-mediated phosphorylation of
NS5A on the structure/dynamics of the viral protein. To do this, we can utilize a number
of biophysical approaches to characterize the phosphorylated intrinsically disordered
domain (IDD) of NS5A and compare this data set to that of the unphosphorylated IDD.
Differential scanning calorimetry (DSC) is a technique to determine the
temperature at which 50% of a protein is folded (Tm). For a disordered protein, there
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really is no Tm, since there is no secondary structure or other folding to denature. As a
starting point, however, we could ask whether phosphorylation of the IDD induces a Tm
relative to unphosphorylated IDD.
Circular dichroism (CD) can be used to estimate the secondary structure of a
protein. CD has been applied to both the arbitrarily assigned individual “domain II” (13,
32, 33) and “domain III” (14, 47) of the NS5A IDD. The “domain II” construct was shown
to have a propensity for some α-helical folding (32, 33), especially in the presence of
trifluoroethanol (13), which stabilizes helical folding. The “domain III” construct was not
observed to adopt any secondary structure formations (14), except for a slight
trifluoroethanol-induced α-helix (47). The effect of phosphorylation on the CD spectrum
for either portion of the NS5A IDD has not been reported, nor has a CD spectrum of the
entire unphosphorylated NS5A IDD been studied. We hypothesize that following
phosphorylation by a cellular kinase, however, an induction of secondary structure within
the IDD may be observed. The addition of trifluoroethanol (TFE) to help stabilize the
structure may be employed, depending on the results obtained. While CD would not
permit specific assignment of location within the IDD for any phosphorylation-induced
structure, it would be a means of acquiring preliminary data before moving on to nuclear
magnetic resonance (NMR).
Both the “domain II” (10, 13, 32, 33) and “domain III” (14, 47) portions of the
NS5A IDD have been studied by various NMR approaches. The underlying conclusion
from each of these studies has been that both are intrinsically disordered, with slight
propensity for TFE-induced α-helix secondary structure. Once again, however, no
information has ever been reported on how phosphorylation modulates either of these
disordered regions, or how the entire NS5A IDD would behave in NMR analysis. We
could analyze 1H, 13C, 15N-labeled NS5A IDD samples via NMR to specifically assign
how individual residues of an unphosphorylated sample would compare to a sample
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phosphorylated by a cellular kinase. This approach would permit us to unambiguously
define how phosphorylation of the NS5A IDD may induce structural changes into the
viral protein. From here, we could further address whether any phosphorylation-induced
secondary structure promotes interaction with other viral or host factors, such as the
CsA-resistant NS5A-CypA interaction following NS5A phosphorylation by CK1, reported
in Chapter 4.
Finally, a long-term project could seek to explore the impact of phosphorylation
on the long-range contacts and dynamics of the NS5A IDD, via techniques including
small-angle X-ray scattering (SAXS) and fluorescence correlation spectroscopy (FCS).
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Table 6-1
Table 6-1. Intrinsic disorder and phosphorylation of (+)-strand RNA viral proteins.
virus

protein

% disorder

bovine viral diarrhea virus
cucumber mosaic virus
cucumber necrosis virus
Dengue virus type 2
hepatitis C virus
potato virus A
Semliki Forest virus
Sindbis virus
tick-born encephalitis virus
turnip crinkle virus
turnip yellow mosaic virus
yellow fever virus

NS5A
2a
p33
NS5
NS5A
VPg
nsP3
nsP3
NS5
p28
66K
NS5

31%
23%
27%
37%
55%
32%
32%
49%
29%
38%
53%
25%

a

a

longest IDR
82
61
70
45
68
20
81
58
30
40
115
47

b

PO4 in IDR
N/A
yes
yes
N/A
yes
yes
yes
yes
N/A
yes
yes
N/A

% disorder predicted by PONDR
longest stretch of disorder in length of amino acids
c
if specific sites have been mapped as phosphorylated residues within the viral protein, this column
documents if the residue(s) reside within a stretch of disordered amino acids
b
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c

Figure 6-1

Figure 6-1. A human liver biopsy sample. We have optimized our technique to divide
a human liver biopsy sample, a few millimeters in length, into three to four pieces for
individual analysis. The biopsy is shown here next to a standard P-200 pipetman tip,
five centimeters in length.
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Figure 6-2

Figure 6-2. Understanding the pro-/anti-apoptotic state of HCV-infected liver cells.
A working model of how HCV may hijack the delicate balance between pro-apoptotic
and anti-apoptotic factors up-regulated during the cycle of HCV-infection and
regeneration of hepatocytes.
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Figure 6-3

Figure 6-3. Phosphorylation of NS5A may promote additional disorder. PONDR
analysis of NS5A (top) and d2pcon (bottom), with the region highlighted in blue indicating
the predicted increase in disorder arising from insertion of glutamic acids.
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INTRODUCTION

NS5A is essential to the HCV lifecycle. A phosphoprotein modified by cellular
kinases, NS5A has been shown to exist in two major phosphorylated states: basally
phosphorylated (p56) and hyperphosphorylated (p58) (14). One of the first kinases
shown to mediate basal phosphorylation of NS5A was casein kinase 2 (CK2) (16).
CK2 is ubiquitously expressed and constitutively active in all eukaryotic cells and
carries out a wide repertoire of functions related to cell differentiation, survival, and
proliferation (9). The kinase is also responsible for phosphorylating substrates that
control every stage of cell cycle progression, including p53 and its regulatory proteins
(26). Localization of CK2 is mainly cytosolic, though it has been shown to associate with
the endoplasmic reticulum and Golgi (7), as well as centrosomes (6). The canonical
CK2 sequence recognition motif is (S/T)-X-X-(E/D/pS), where S/T is the target serine or
threonine residue, X can be any non-basic amino acid, and E/D/pS can be a negativelycharged aspartic acid, glutamic acid, or phosphorylated serine residue (21).
Structurally, CK2 is a multi-subunit kinase: it consists of two catalytic subunits, α
and α’, and one regulatory subunit, β (26). The β subunit maintains stability of the
holoenzyme and modulates substrate recruitment (11). A unique feature of CK2 is its
ability to utilize either ATP or GTP as a phosphate donor (11).
Elevation and deregulation of CK2 has been implicated in a variety of aspects
related to cell transformation and human cancer, including suppression of apoptosis (8,
11). Given the link between CK2 activity and carcinogenesis, the kinase has become an
attractive target for the development of anti-cancer therapies.
CK2 has also been shown to phosphorylate dozens of viral proteins, spanning
the entire range of the seven virus groups. The viral protein EP2 from Epstein-Barr
virus, a member of the Group I double-stranded DNA viruses, is phosphorylated by CK2
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as a means of regulating virus production (19). Phosphorylation of NS1 from the Group
II single-stranded DNA virus parvovirus has been shown to regulate cytopathic effects
and virion release (24). CK2 phosphorylates nonstructural protein 2 from bluetongue
virus, a Group III double-stranded RNA virus, which is necessary for the formation of
viral inclusion bodies and subsequent virion assembly (23). Discussed in detail below,
CK2 has been shown to phosphorylate NS5A from HCV, a member of the Group IV
positive-sense single-stranded RNA viruses. CK2-mediated phosphorylation of the
phosphoprotein P from rinderpest virus, a negative-sense single-stranded RNA virus
from Group V, is essential for viral replication and transcription (15). Phosphorylation of
Tax protein from human T-lymphotropic virus, a Group VI single-stranded RNA-reverse
transcribing retrovirus, has been suggested to modulate the oncogenic potential of the
viral protein (3). The core protein from the hepatitis B virus, a member of the Group VII
double-stranded DNA-reverse transcribing viruses, can be phosphorylated by CK2,
which has been shown to play a role in pregenomic RNA encapsidation and replication
(5). In addition, CK2-mediated phosphorylation of other viral proteins has been shown to
regulate DNA binding (17), interaction with transforming proteins (10), nuclear transport
(1, 2), viral enzymatic activity (20), virus progeny production (4), viral replication and
gene expression (25), and activation of the lytic replication cycle (22).
For the HCV field, CK2 was found to phosphorylate serine residues in the
carboxy-terminus of NS5A (16). The kinase was the first kinase used to phosphorylate
the recombinant viral protein expressed in and purified from E. coli, which resulted in at
least six moles of phosphate incorporated per mole of NS5A (13). Deletion of the
carboxy-terminus of NS5A, including putative CK2 phosphorylation sites, failed to
undergo labeling with inorganic phosphate, but has been shown to support stable
replication of the HCV subgenomic replicon (12). This suggests CK2 phosphorylation is
not required for HCV replication. A similar deletion of the carboxy-terminus of NS5A has
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been shown to inhibit HCV virion production (27). A single serine residue within the
deletion, when substituted with an alanine, was found to be sufficient to reproduce the
defective phenotype (27). Interestingly, an aspartic acid substitution at the site, meant to
mimic phosphorylation, rescues the production of infectious virus particles, indicating a
role of phosphorylation in regulating virion assembly (27).
Despite these discoveries, the sites of CK2-mediated phosphorylation of NS5A
have remained unassigned. In this appendix, we have provided the initial biochemical
characterization and mass spectrometric mapping of CK2-mediated phosphorylation of
NS5A.
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MATERIALS AND METHODS

Materials. Specific reagents used in this study and the respective information for each
are listed under each appropriate sub-heading. All other reagents were of the highest
grade available from Sigma, Fisher, or VWR.

Construction of NS5A expression plasmids. The Δ32-NS5A (2005-2419) construct,
as well as NS5A truncations 2005-2221, 2194-2419, and 2212-2419, were generated as
described in Chapter 4.
The S2401A/T2407A NS5A derivative was generated using two-step overlap
PCR, first with oligos 29, 30, 61 and 63 with the pET26-Ub-Δ32-NS5A-C(His) template
(Table 4-1). The resulting PCR fragment containing the S2401A substitution was then
amplified using oligos 35, 36, 61, and 63 to insert the T2407A substitution (Table 4-1).
The final PCR fragment containing both substitutions was digested with EcoRI and SapI
and ligated into an EcoRI/SapI-digested pET26-Ub vector. The NS5A derivative was
sequenced at the Penn State Nucleic Acid Facility to verify the correct sequence.

Expression and purification of NS5A proteins. All NS5A proteins used in this study
were purified as described in Chapter 4.

In vitro phosphorylation assay. Standard phosphorylation of NS5A was performed in
50 mM HEPES, pH 7.5, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP), 20 mM MgCl2,
100 mM NaCl, 125 μM ATP, 0.5 μCi/μl [γ-32P]-ATP (MP Biomedicals), and 0.5 μM NS3,
NS5A, NS5A derivative, or NS5B. Reactions were incubated for 10 min at 37 °C prior to
kinase addition. After 10 min, commercially available CK2 (New England Biolabs, Inc.)
was added to 0.5 μM and phosphorylation proceeded for the specified time.
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All points from phosphorylation reactions were quenched with an equal volume of
2x SDS-PAGE sample buffer. The samples were resolved on an 8% SDS
polyacrylamide gel. Electrophoresis was stopped when the free nucleotide migrated
near the bottom of the gel, which were analyzed with the Typhoon phosphorimager (GE)
and quantified with ImageQuant software. The amount of phosphorylation was
normalized to the amount of radioactivity present in each lane.

Mass spectrometry analysis of CK2-phosphorylated NS5A. Analysis of the CK2phosphorylated residues on NS5A was performed by mass spectrometry with 100 μg
NS5A phosphorylated by CK2 under the conditions listed above. A sample of the
quenched reaction was loaded onto an 8% SDS polyacrylamide gel and stained with
Pro-Q Diamond phosphoprotein gel stain to verify NS5A had been phosphorylated when
compared to an unphosphorylated NS5A sample. Phosphorylated NS5A was in-gel
digested with AspN or trypsin and analyzed by liquid chromatography tandem mass
spectrometry (LC/MS/MS) at the University of Arkansas for Medical Sciences.
Unphosphorylated NS5A was analyzed under the same conditions as a control sample.

NS5A alignment. HCV sequence alignments were performed using The Los Alamos
HCV Sequence Database (18). Genotype references of the NS5A protein sequence
were compared to determine the conservation of the CK2 phosphorylation sites.
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RESULTS

CK2 specifically phosphorylates HCV NS5A. NS5A was phosphorylated by CK2
under stoichiometric conditions, with six moles of phosphate incorporated per mole of
viral protein, suggesting at least six unique sites of modification (Fig A-1A).
The specificity of CK2-mediated phosphorylation was tested by mixing CK2 with
HCV nonstructural proteins NS3, NS5A, and NS5B. Under stoichiometric
phosphorylation conditions, only NS5A was phosphorylated by the kinase (Fig A-1B).

Residues within the carboxy-terminal domain (CTD) of NS5A are the sites of CK2mediated phosphorylation in vitro. To determine where NS5A was phosphorylated by
CK2, truncations of the viral protein were created and assayed for phosphate
incorporation under stoichiometric conditions with the kinase. Deletion of the intrinsically
disordered domain (IDD) of NS5A completely abolished phosphorylation, indicating that
no CK2 target residues were located within domain I of the viral protein (Fig A-2A).
Mass spectrometric analysis of CK2-phosphorylated NS5A confirmed the
presence of phosphorylated residues in the CTD of the viral protein (Fig A-2B). Though
six potential phosphorylation sites were hypothesized, based on the six moles of
phosphate incorporated per mole of viral protein (Fig A-1A), only two residues were
identified as phosphorylated by CK2. These two residues, S2401 and T2407, are well
conserved across almost all HCV genotypes (Table A-1). Interestingly, in genotypes
where S2401 is not conserved, a threonine, glutamic acid, or aspartic acid is the
substituted residue, indicating the possible importance of phosphorylation or mimicking
phosphorylation via a negatively-charged amino acid at this position.
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Substitutions in the CTD modulate CK2 phosphorylation of NS5A. The two putative
CK2-phosphorylated residues identified by mass spectrometry were substituted with
alanine residues to generate the S2401A/T2407A double mutant (Fig A-3A). When
phosphorylated by CK2 under stoichiometric conditions, the amount of phosphate
incorporation decreased to only one mole of phosphate per mole of the NS5A derivative
(Fig A-3B). This indicates that, while additional CK2-targeted phosphorylation sites may
remain unidentified in NS5A, S2401 and T2407 may serve as the initial residues that
must be modified in a phosphorylation cascade. Abrogation at these two sites severely
inhibits CK2-mediated phosphorylation elsewhere in the CTD of the viral protein.
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Table A-1
Table A-1. Conservation of CK2 phosphorylation sites in NS5A residues 2391-2419.
1a._.H77.NC_004102
1a.US.H77-H21.AF011753
1a.US.99_38.DQ889300
1b.DE.BID-V502.EU155381
1b.TR.HCV-TR1.AF483269
1b.JP.MD1-911.AF165046
1c.ID.HC-G9.D14853
1c.IN.AY051292.AY051292
2a.JP.JCH-6.AB047645
2a._.G2AK1.AF169003
2a.JP.AY746460.AY746460
2b.JP.MD2b1-2.AY232731
2b._.MD2B-1.AF238486
2b._.JPUT971017.AB030907
2c._.BEBE1.D50409
2i.VN.D54.DQ155561
2k.MD.VAT96.AB031663
3a.DE.HCVCENS1.X76918
3a.US.TN78-0.DQ430819
3a.CH.452.DQ437509
3b.JP.HCV-Tr.D49374
3k.ID.JK049.D63821
4a._.01-09.DQ418782
4a.EG.Eg7.DQ988076
4d._.03-18.DQ418786
4d._.24.DQ516083
4f.FR.IFBT84.EF589160
4f.FR.IFBT88.EF589161
5a.GB.EUH1480.Y13184
5a.ZA.SA13.AF064490
6a.HK.6a77.DQ480512
6a.HK.EUHK2.Y12083
6b._.Th580.NC_009827
6c.TH.Th846.EF424629
6d.VN.VN235.D84263
6e.CN.GX004.DQ314805
6f.TH.C-0044.DQ835760
6f.TH.C-0046.DQ835764
6g.HK.HK6554.DQ314806
6g.ID.JK046.D63822
6h.VN.VN004.D84265
6i.TH.C-0159.DQ835762
6i.TH.Th602.DQ835770
6j.TH.C-0667.DQ835761
6k.CN.KM41.DQ278893
6k.CN.KM45.DQ278891
6k.VN.VN405.D84264
6l.US.537796.EF424628
6m.TH.C-0185.DQ835765
6n.CN.KM42.DQ278894
6n.TH.D86/93.DQ835768
6o.CA.QC227.EF424627
6p.CA.QC216.EF424626
6q.CA.QC99.EF424625
6t.VN.VT21.EF632071
6t.VN.TV249.EF632070
7a.CA.QC69.EF108306

LEGEPGDPDLSDG--------------------SWSTVSSGADTED--VVCC
LEGEPGDPDLSDG--------------------SWSTVSSGADTED--VVCC
LEGEPGDPDLSDG--------------------SWSXVSSGADAED--VVCC
LEGEPGDPDLSDG--------------------SWSTVSEEAS-ED--VVCC
LEGEPGDPDLSDG--------------------SWSTVSEEAS-ED--VVCC
LEGEPGDPDFSDG--------------------SWSTVSEEAS-ED--VVCC
LEGEPGDPDLSDG--------------------SWSTVSSDGGT-ED-VVCC
LEGEPGDPDLSDG--------------------SWSTVSSDGGT-ED-VVCC
LEGEPGDPDLEPEQVELQPPPQGGEVAPGSDSGSWSTCSEE----DDAVVCC
LEGEPGDPDLXPELVELQPPPQGGEVAPGSDSGSWSTCSEE----DDSVVCC
LEGEPGDPDLEPERVEPQPPPQGGGVAPGSDSGSWSTCSEE----GDSVVCC
LEGEPGDPDLEFEPARSAPPSEGECEIIDSDSKSWSTVSDQ----EDSVICC
LEGEPGDPDLEFDPTGSAPPSEGECEVIDSDSKSWSTVSDQ----EDSVICC
LEGEPGDPDLEFEPARSAPPSEGECEVIDSDSKSWSTVSDQ----EDSVICC
LEGEPGDPDLEPEQVEHPAPPQEGGAAPGSDSGSWSTCSDV----DDSVVCC
LEGEPGDPDLEPGPVEQEPSPPGGEAAPGSDSGSWSTCSDE----GDSVICC
LEGEPGDPDLESGSVEYHPSSQEGEAAPDLDSGSWSTCSEE----GGSEVCC
LEGEPGDPDLSCD--------------------SWSTVSDS---EEQSVVCC
LEGEPGDPDLSCD--------------------SWSTVSDS---EEQSVVCC
LEGEPGDPDLSCD--------------------SWSTVSDN---EEQNVVCC
LEGEPGDPDLDAD--------------------SWSTVSDS---EEQSVVCC
LEGEPGDPDLSSG--------------------SWSTVSGE----EQSVVCC
LEGEPGDPDLTSD--------------------SWSTVSGS----ED-VVCC
LEGEPGDPDLTSD--------------------SWSTVSGS----ED-VVCC
LEGEPGDPDLTSD--------------------SWSTVSGS----ED-VVCC
LEGEPGDPDLTSD--------------------SWSTVSGT----ED-VVCC
LEGEPGDPDLTSD--------------------SWSTVSGS----ED-VVCC
LEGEPGDPDLTSD--------------------SWSTVSGS----ED-VVCC
LEGEPGDPDLSSG--------------------SWSTVSGE----DN-VVCC
LEGEPGDPDLSSG--------------------SWSTVSDE----DS-VVCC
LEGEPGDPDLSSG--------------------SWSTVSDQ----DD-VVCC
LEGEPGDPDLSSG--------------------SWSTVSDE----DD-VVCC
LEGEPGDPDLSTG--------------------SWSTVSEE----DD-VVCC
LEGEPGDPDLDSA--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSED----HDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEDGEAENDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSDEDDA-NSSVVCC
LEGEPGDPDLSSG--------------------SWSTVSDEDDX-NSXVVCC
LEGEPGDPDLSEG----------------EGSGSWSTVSTE----ETSVVCC
LEGEPGDPDLSDG----------------GGSGSWSTVSSE----ETSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTISEE----GDGVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVICC
LEGEPGDPDLSSG--------------------SWSTVSDE----DESMICC
LEGEPGDPDLSSG--------------------SWSTVSEE----DDSVVCC
LEGEPGDPDLDSG--------------------SWSTVSEE----SDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----EDSIICC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGDPGDPDLESG--------------------SWSTVSEE----GDSVVCC
LEGEPXDPDLSSG--------------------SWSTVSED----GDSVVCC
LEGELGDPDLSSG--------------------SWSTVSEE-----TSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSSG--------------------SWSTVSEE----GDSVVCC
LEGEPGDPDLSDG--------------------SWSTVSTR----SD-VICC

HCV genotypes aligned using Los Alamos HCV Sequence Database (18). CK2 phosphorylation
sites shown as white text on black background. Numbers are genotype 1b reference.
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Figure A-1

Figure A-1. CK2 specifically phosphorylates NS5A in vitro. (A) Left, stoichiometric
phosphorylation of 0.5 μM NS5A with 0.5 μM CK2. Right, quantification of assay
showed six moles of phosphate incorporated per mole of NS5A. (B) Left, purified
recombinant HCV nonstructural proteins with 1 μg loaded per lane. Middle,
stoichiometric phosphorylation of HCV nonstructural proteins by CK2 showed specificity
of the kinase for NS5A. Right, quantification of middle reaction with numbers
corresponding to the amount of phosphate incorporated per mole of viral protein after 45
min.
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Figure A-2

Figure A-2. CK2 phosphorylation of NS5A is localized to the CTD of the viral
protein. (A) Top, schematic representation of the NS5A constructs used to determine
the sites of CK2 phosphorylation in NS5A. Full-length NS5A consists of amino acids
1973-2419 of the HCV polyprotein using Con1 numbering. NS5A contains three clusters
of highly conserved serine-rich regions, denoted P1 (2194-2210), P2 (2246-2269), and
P3 (2380-2409). The amino-terminal 32 amino acid amphipathic α-helix was removed
for purification purposes, yielding (1) Δ32-NS5A (2005-2419). Truncations of this
construct included (2) 2005-2221, (3) 2194-2419, and (4) 2212-2419. Bottom,
stoichiometric phosphorylation of 0.5 μM NS5A truncations with 0.5 μM CK2 indicated
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the target residues are all located within the IDD of NS5A (2194-2419). (B) Mass
spectrometric analysis of CK2-phosphorylated Δ32-NS5A (2005-2419) identified two
residues as CK2 targets, listed in white text on red background. The red bar on the
NS5A schematic corresponds to the red bar behind the amino acid sequence and
represents the peptide determined to be phosphorylated by MS analysis.
B – A.J. Tackett
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Figure A-3

Figure A-3. Loss of CK2 phosphorylation sites decreases phosphorylation of
NS5A. (A) Coomassie-stained SDS-polyacrylamide (10%) gel of purified wt NS5A and
an NS5A derivative containing substitutions S2401A and T2407A, identified as CK2
phosphorylation sites on NS5A; 1 μg loaded per lane. (B) Top, stoichiometric
phosphorylation of wt NS5A and S2401A/T2407A derivative in (A) by CK2. Bottom,
quantification of reactions confirms alanine substitutions in the NS5A CTD decreases
CK2-mediated phosphorylation of NS5A.
B – T.J. Croom
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APPENDIX B

The study of individual “domains” of NS5A

Craig E. Cameron1 will be a co-author on publications stemming from work presented in
this appendix.

1

Department of Biochemistry and Molecular Biology, The Pennsylvania State University
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INTRODUCTION

Residues 2005-2187 of NS5A have been shown to undergo homodimerization
into at least two unique conformations (6, 7). This region of the viral protein has been
classified as domain I. The remainder of NS5A has been rather arbitrarily subdivided
into domains II and III, separated by low complexity linker regions (7). Biophysical
characterization of domain II, residues 2212-2307 (1, 5), and domain III, residues 23312417 (2), has determined these regions of NS5A are intrinsically disordered.
We hypothesize that domains II and III function collectively and have considered
them the intrinsically disordered domain (IDD) of NS5A in this thesis. In this appendix,
however, we explore the phosphorylation of these individual “domains” and develop
immunological reagents to distinguish them from the full-length viral protein.
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MATERIALS AND METHODS

Materials. Specific reagents used in this study and the respective information for each
are listed under each appropriate sub-heading. All other reagents were of the highest
grade available from Sigma, Fisher, or VWR.

Construction of NS5A expression plasmids. All DNA oligonucleotides were from
Integrated DNA Technologies. NS5A 2005-2419, 2005-2187, and 2005-2221 were
generated as previously described (3, 4). NS5A 2194-2419 was generated as described
in Chapter 4. Oligos 1 and 2 (Table B-1) were used with pET26-Ub-Δ32-NS5A-C(His),
encoding resides 2005-2419 of the polyprotein, to amplify domain II, residues 22122307. Oligos 3 and 4 (Table B-1) were used to amplify domain III, residues 2331-2417.
The domain II PCR fragment was digested with BsaI and NotI and ligated into a
BsaI/NotI-digested pET24-6H-SUMO vector. The domain III PCR fragment was
digested with BsaI and XhoI and ligated into a BsaI/XhoI-digested pET24-6H-SUMO
vector. Both NS5A truncations were sequenced at the Penn State Nucleic Acid Facility
to verify the correct sequence.

Expression and purification of NS5A proteins. All NS5A proteins used in this study
were purified as previously described (4).

In vitro phosphorylation assay. Phosphorylation of NS5A was performed in 50 mM 4(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.5, 0.5 mM tris(2carboxyethyl)phosphine (TCEP), 20 mM MgCl2, 100 mM NaCl, 125 μM ATP, 0.5 μCi/μl
[γ-32P]-ATP (MP Biomedicals), and 0.5 μM NS5A or NS5A truncation. For reactions that
did not require the use of radiolabeled ATP, the [γ-32P]-ATP was omitted. Reactions
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were incubated for 10 min at 37 °C prior to kinase addition. After 10 min, home-made
CK1α, or commercially available CK2 or PKA (New England Biolabs, Inc.) was added to
the desired final concentration and phosphorylation proceeded for the specified time.
All points from phosphorylation reactions were quenched with an equal volume of
2x SDS-PAGE sample buffer. The samples were resolved on a 12.5% SDS
polyacrylamide gel. Electrophoresis was stopped when the free nucleotide migrated
near the bottom of the 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. Gels of reactions not using radiolabeled ATP were analyzed by
Pro-Q Diamond phosphoprotein (Invitrogen) and SYPRO Ruby total protein (Lonza) gel
stains.

Design and production of antibodies. The rabbit polyclonal domain I antibody was
generated using 1 mg of purified NS5A domain I (4) by Covance, Inc. for our use. The
immunogen for the anti-S2255 antibody was 5 mg of the synthetic peptide V-V-I-L-D-SF-E-P-L-Q-C conjugated to keyhole limpet hemocyanin (KLH) generated by Princeton
BioMolecules Corporation and supplied to Covance, Inc.

Western blot analysis. Membranes were probed with rabbit polyclonal anti-domain I,
anti-S2255, or anti-NS5A and goat α-rabbit horseradish peroxidase (Santa Cruz). The
proteins were detected by enhanced chemiluminescence (Millipore).

324

RESULTS

Phosphorylation of some NS5A truncations by CK1α and CK2, but not PKA, alters
the mobility on SDS-PAGE gels. Truncations of NS5A were purified (Fig B-1A) for
individual phosphorylation analysis. It was found that CK1α was able to phosphorylate
full length NS5A (residues 2005-2419), “domain III” (residues 2331-2417), and the entire
NS5A intrinsically disordered domain, comprising residues 2194-2419 (Fig B-1B). As
expected, the kinase did not phosphorylate domain I-plus, as no phosphorylated
residues have been mapped to this region by mass spectrometry, as discussed in
Chapter 4. Interestingly, the “domain II” construct, containing residues 2212-2307, was
not phosphorylated by CK1α, despite at least four targeted residues identified by mass
spectrometry in this region. Also of interest, CK1α-mediated phosphorylation altered the
mobility of the “domain III” truncation following phosphorylation. Like CK1α, CK2
phosphorylated the full length NS5A, “domain III”, and IDD constructs (Fig B-1B),
consistent with the mass spectrometry-mapped residues discussed in Appendix A. CK2
also induced a shift in the “domain III” truncation following phosphorylation. PKA
phosphorylated the full length NS5A and IDD constructs, and the “domain III” truncation
to a lesser extent (Fig B-1B). This is again consistent with the PKA-phosphorylated
residue discussed in Chapter 2.
To verify the change in mobility of the “domain III” construct was truly a result of
phosphorylation, the unphosphorylated sample was electrophoresed on an SDS-PAGE
gel, along with the CK1α, CK2, and PKA-phosphorylated forms of the NS5A truncation.
In addition, the individual kinases were also run on the same gel to determine if any
contaminants would have been responsible for the lower molecular weight species
observed. The gel was subjected to Pro-Q Diamond phosphoprotein stain (Fig B-1C).
The most prominent bands were present in the CK1α and CK2-phosphorylated “domain
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III” lanes between 14 and 21 kDa. A higher molecular weight species was observed at
31 kDa in the CK1α, CK2, and PKA-phosphorylated lanes. The same gel was then
stained with SYPRO Ruby total protein stain (Fig B-1C) to visualize all proteins present
on the gel. The “domain III” protein was detected around 31 kDa, consistent with the
purified protein observed in Fig B-1A and the 31 kDa species in the CK1α, CK2, and
PKA-phosphorylated “domain III” lanes in the Pro-Q-stained gel (Fig B-1C). The lower
molecular weight species running between the 14 and 21 kDa markers in the Pro-Qstained gel were exclusive to the CK1α and CK2-phosphoryalted “domain III” lanes.
There were no contaminating bands present in the individual “domain III”, CK1α, or CK2
lanes. This suggests the phosphorylated species arose from phosphorylation by CK1α
and CK2. Given the number of CK1α and CK2 targeted residues in this region, as
described in Chapter 4 and Appendix A, respectively, and the typically faster migration of
phosphorylated proteins in SDS-PAGE gels, this finding is understandable. PKA, which
only targets one residue in this region, as described in Chapter 2, may not confer
enough of a charge difference to induce the mobility shift mediated by the other kinases.

Immunological reagents interact with specific regions of NS5A. Using recombinant
purified NS5A domain I and a synthetic peptide against residue S2255, located within
“domain II”, we have generated polyclonal antibodies that react specifically with domain I
(Fig B-2) or the intrinsically disordered domain (IDD) (Fig B-3) of NS5A. These
reagents will prove useful in future analysis of NS5A from both cells replicating the HCV
subgenomic replicon and HCV-infected human liver tissue samples.
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Table B-1
Table B-1. Oligonucleotides used in this study.
no. name

sequence

1

His-SUMO-HCV-NS5A-D2-for

2
3

His-SUMO-HCV-NS5A-D2-rev
His-SUMO-HCV-NS5A-D3-for

4

His-SUMO-HCV-NS5A-D3-rev

5’-GCG GGA TCC GGT CTC AAG GTA AGG CAA CAT GCA CTA
CC-3’
5’-GCG GCG GCC GCC TAT TAG ACG TAG TCC GGG TCC TT-3’
5’-GCG GGA TCC GGT CTC AAG GTA GGA CGG TTG TCC TGT
CA-3’
5’-GCG CCA TTG CTC GAG CTA TTA GAC GAC GTC CTC ACT
AGC-3’
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Figure B-1

Figure B-1. CK1α and CK2-mediated phosphorylation alter the mobility of some
NS5A truncations. (A) Coomassie-stained 12.5% SDS-PAGE gel of purified NS5A
and NS5A truncations with 1 μg loaded per lane. (B) Stoichiometric phosphorylation of
NS5A proteins in (A) by CK1α (left), CK2 (middle), and PKA (right). CK1α
phosphorylated full length NS5A (2005-2419), domain III (2331-2417), and the NS5A
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intrinsically disordered domain (2194-2419). A shift in domain III is observed following
phosphorylation. CK2 phosphorylated full length NS5A (2005-2419), domain III (23312417), and the NS5A intrinsically disordered domain (2194-2419). A shift in domain III is
observed following phosphorylation. PKA phosphorylated full length NS5A (2005-2419)
and the NS5A intrinsically disordered domain (2194-2419). (C) Left, Pro-Q-stained gel
of domain III (2331-2417), CK1α, CK1α-phosphorylated domain III, CK2, CK2phosphorylated domain III, PKA, and PKA-phosphorylated domain III. CK1α and CK2
induce a mobility shift in domain III following phosphorylation that is not observed with
PKA. Right, SYPRO-stained gel confirms the lower molecular weight bands visualized
between 14 and 21 kDa in the CK1α and CK2-phosphroylated domain III lanes are
unique species not present in either the domain III, CK1α, or CK2 samples, but arise
following phosphorylation.
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Figure B-2

Figure B-2. Anti-domain I specifically reacts with domain I of NS5A. (A) NS5A
2005-2419 (full length), 2005-2187 (domain I), 2005-2221 (domain I-plus), 2212-2307
(domain II), and 2331-2417 (domain III), with 1 ng of each per lane, were probed with
anti-domain I antibody to verify specificity for the correct region of the viral protein. Antidomain I only reacted with full length NS5A, domain I, and domain I-plus constructs. (B)
Same blot as (A) probed with anti-NS5A to visualize all NS5A samples.
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Figure B-3

Figure B-3. Anti-S2255 specifically reacts with the “domain II” region of NS5A. (A)
NS5A 2005-2419 (full length), 2005-2187 (domain I), 2005-2221 (domain I-plus), 22122307 (domain II), and 2331-2417 (domain III), with 100 ng of each per lane, were probed
with anti-S2255 antibody to verify specificity for the correct region of the viral protein.
Anti-S2255 reacted with full length NS5A and the “domain II” construct. (B) Same blot
as (A) probed with anti-NS5A to visualize all NS5A samples.
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APPENDIX C

Characterization of NS5A residues involved in RNA-binding

Mugisha Niyibizi1, and Craig E. Cameron1 will be co-authors on publications stemming
from work presented in this appendix.

1

Department of Biochemistry and Molecular Biology, The Pennsylvania State University
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INTRODUCTION

NS5A represents a novel class of RNA-binding protein, with a preference for
G/U-rich RNA (1, 2). Dimerization of domain I, residues 2005-2185, forms a groove
consistent with RNA binding based on sterics and charge (3). This construct binds RNA
with a Kd = 800 ± 50 nM (2). Yet, the optimal RNA-binding domain has been mapped to
include domain I plus a stretch of approximately thirty additional amino acids, resulting in
residues 2005-2221 of NS5A, or what we have referred to as domain I-plus (2). The Kd
of domain I-plus is 100 ± 5 nM (2).
This appendix explores the importance of these additional thirty amino acids and
tests the hypothesis that a predicted positively-charged α-helix in this region (Fig C-1)
may intercalate into the backbone of negatively-charged RNA to promote RNA-binding.
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MATERIALS AND METHODS

Materials. Specific reagents used in this study and the respective information for each
are listed under each appropriate sub-heading. All other reagents were of the highest
grade available from Sigma, Fisher, or VWR.

Construction of NS5A expression plasmids. Cloning for 2005-2221 NS5A in the
pET24-His-SUMO vector was performed as previously reported (2). Briefly, the NS5A
gene segments were amplified from the pHCVbart.rep1b/Ava-II using oligos 1-4 (Table
C-1). The BsaI/HindIII digested PCR products were ligated into the pET24-6H-SUMO
vector.

Expression and purification of NS5A proteins. The SUMO-NS5A plasmids were
transformed into Rosetta(DE3) competent cells. Rosetta(DE3) containing the pSUMONS5A plasmids were grown overnight in 100 ml of NZCYM supplemented with 25 μg/ml
kanamycin (K25) and 20 μg/ml chloramphenicol (C20). The overnight culture was used
to inoculate 1 L of K25, C20-supplemented auto-inducing media to OD600 = 0.05. The
cells were grown at 37 °C to OD600 = 1.0 and then grown at 20 °C for an additional 20 h.
The cells were harvested by centrifugation in a Beckman JLA-16.250 rotor at 6,000 rpm
for 10 min, washed once in 250 ml T10E1 (10 mM Tris, pH 8.0, 1 mM EDTA), and
centrifuged again before the cell pellet was weighed. Typical yield was 20-22 g of cell
paste per liter of culture.
The cell pellet was suspended in lysis buffer (100 mM potassium phosphate, pH
8.0, 500 mM NaCl, 10 mM β-mercaptoethanol [BME], 20% glycerol, 5 mM imidazole, 1.4
μg/ml pepstatin A, and 1.0 μg/ml leupeptin), supplemented with protease inhibitor
cocktail tablets (Roche). The suspended cells were lysed by passing through a French
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press. Phenylmethylsulfonyl fluoride (PMSF) was added to a final concentration of 1
mM, and NP-40 was added to 0.1%. The extract was centrifuged in a Beckman JA30.50 rotor for 30 min at 25,000 rpm at 4 °C. The supernatant was loaded onto a NiNTA column at a flow rate of 0.5 ml/min, the rate used for loading all subsequent
columns. The column was washed with buffer A (100 mM potassium phosphate, pH 8.0,
500 mM NaCl, 10 mM BME, and 20% glycerol) containing 5 mM imidazole, 0.1% NP-40,
1.4 μg/ml pepstatin A, 1.0 μg/ml leupeptin, and 1 mM PMSF at a flow rate of 1.0 ml/min,
the rate used for washing and eluting all subsequent columns. The column was washed
two additional times with buffer A containing 5 and 50 mM imidazole. The protein was
eluted with buffer A containing 500 mM imidazole. The collected fractions were assayed
for purity by SDS-PAGE. Ulp1 was added to the pooled fractions (1 μg per 2.5 mg
SUMO fusion) and dialyzed overnight against buffer B (25 mM HEPES, pH 7.5, 100 mM
NaCl, 5 mM BME, and 20% glycerol).
The cleaved 2005-2221 NS5A protein was diluted to 85 mM NaCl and passed
through a Q-sepharose column. The protein was then loaded onto a S-sepharose
column and concentrated by stepping the protein off in 1 column volume fractions of
buffer B containing 1 M NaCl. The pooled fractions were assayed for purity by SDSPAGE and dialyzed overnight against buffer B.
The conductivity of the cleaved 2212-2419 NS5A protein was increased to 500
mM NaCl and pass through a Talon cobalt column. The protein was diluted to 100 mM
NaCl, loaded onto a Q-sepharose column, and concentrated by stepping the protein off
in 1 column volume fractions of buffer B containing 1 M NaCl. SDS-PAGE was used to
assay for purity and the pooled fractions were dialyzed overnight against buffer B.
Proteins were aliquoted and frozen at -80 °C.
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Fluorescence polarization assay. Experiments were performed using a Beacon2000
fluorescence polarization system (Invitrogen). NS5A (0-1000 nM) and 0.1 nM 3’fluoresceine-labeled rU15 (FL-rU15) or rA15 (FL-rA15) were gently mixed in binding
reaction buffer (50 mM HEPES, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 0.5 mM TCEP, and
0.1 mM ZnCl2) and incubated for 30 seconds at 25 °C. Binding of NS5A was measured
by the change in polarization (ΔmP). Data were fit as previously described (2).

Construction of NS5A subgenomic replicon plasmids. Oligos 3 and 4, with oligos 5
and 6 (Table C-1), were used to perform overlap extension PCR on pHCVbart.rep1/AvaII-SI to create the SI-K2187D/R2188D/R2189D derivative. The PCR fragments were
digested with BlpI and MfeI and ligated into the BlpI/MfeI-digested vector. DNA
sequencing was performed on all plasmids at the Penn State Nucleic Acid Facility to
verify the correct sequence.

Cell Culture. Huh 7.5 cells were maintained in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum, 100 units/ml penicillin/streptomycin, and 0.1 mM
nonessential amino acids. Stable cell lines were maintained in the same supplemented
medium containing 0.5 mg/ml G418.

Transfection and G418 selection. In vitro transcribed subgenomic RNA was
transfected into Huh 7.5 cells via the TransMessenger transfection system (Qiagen).
Briefly, 1.6 x 106 cells were mixed with 2 μg RNA per the manufacturer’s protocol. For
colony formation assays, cells were plated in 100-mm dishes and selected under DMEM
containing 0.5 mg/ml G418 for three weeks, exchanging G418-containing media every 3
days. After three weeks, colonies were stained with crystal violet.
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RESULTS

Substitution of negatively-charged residues into the predicted α-helix disrupts
specific RNA binding. Three aspartic acid residues were cloned into the NS5A domain
I-plus (2005-2221) RNA-binding construct in place of three positively-charged amino
acids, in an attempt to disrupt a putative α-helix predicted to assist in RNA-binding (Fig
C-1). The resulting construct was K2187D/R2188D/R2189D. For specific RNA, rU15,
wt NS5A had a Kd = 42.2 ± 5.5 nM and K2187D/R2188D/R2189D had a Kd = 96.1 ± 5.2
nM (Fig C-2A). Using nonspecific RNA, rA15, Kd values for wt NS5A and
K2187D/R2188D/R2189D were 440.6 ± 32 nM and 412.7 ± 13 nM, respectively (Fig C2B). The data were fit to a hyperbola, as previously described (2). These results
suggest the K2187, R2188, and R2189 residues may bind to moieties on the uracil
bases, given the change in Kd for rU15, but not rA15 binding.

Substitution of negatively-charged residues into the predicted α-helix prevents
stable replication of the HCV subgenomic replicon. To determine if
K2187D/R2188D/R2189D had any effect on persistent replication, the substitutions were
cloned into the HCV subgenomic replicon. In vitro transcribed RNA was transfected into
naïve Huh 7.5 cells, which were selected under G418 for three weeks. Compared to the
subgenomic replicon containing the S2204I (SI) cell culture adaptive mutation, which
produced colonies, insertion of K2187D/R2188D/R2189D in the context of the SI
mutation was found to be lethal (Fig C-3). This suggests that these residues may be
involved in RNA-binding and/or other interactions critical for HCV genome replication.
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Table C-1
Table C-1. Oligonucleotides used in this study.
no. name

sequence

1
2
3

SUMO- NS5A-2005-2221-for
SUMO- NS5A-2005-2221-rev
K2187D/R2188D/R2189D-for

4

K2187D/R2188D/R2189D-rev

5
6

HCV-rep-BlpI-for
HCV-rep-MfeI-rev

5’-GCG GGA TCC GGT CTC AAG GTG GAG TCC CCT TCT TCT-3’
5’-CTC GAG AAG CTT CTA TTA GGA GTC ATG ACG GGT AGT-3’
5’-ATT ACG GCG GAG ACG GCT GAC GAC GAC CTG GCC AGG
GGA TCT CCC-3’
5’-GGG AGA TCC CCT GGC CAG GTC GTC GTC AGC CGT CTC
CGC CGT AAT-3’
5’-GCG GAG ACG GCT AAG CGT AGG CTG GCC AGG GGA-3’
5’-GCG GGT GGT GTC AAT TGG TGT CTC AGT GTC TTC-3’
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Figure C-1

Figure C-1. A predicted α-helix may aid NS5A in RNA-binding. (A) Top, schematic
of NS5A domain I (residues 1973-2185 of the HCV polyprotein, Con1 numbering) has
been shown to dimerize (3) and bind RNA with Kd = 800 ± 50 nM (2). The optimal RNAbinding domain extends beyond domain I and includes a stretch of positively-charged
amino acids, binding RNA with Kd = 100 ± 5 nM (2). This stretch of amino acids is
predicted to fold into an α-helix (shown in green). Bottom, expanded view of the
predicted α-helix and the residues that make it up, including K2187, R2188, and R2189.
(B) Crystal structure of dimerized NS5A domain I with single-stranded RNA rU15
modeled into the positively-charged groove. The linker extending beyond domain I
shown to comprise the optimal RNA-binding domain is also modeled into each NS5A
monomer, with the predicted α-helices shown in green. (C) Same structure as (B)
rotated 90° forward, looking down the RNA. The predicted α-helices are again shown on
each NS5A monomer. It is hypothesized that these positively-charged helices could
intercalate into the negatively-charged backbone of the RNA, strengthening the binding.
B, C – I.M. Moustafa
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Figure C-2

Figure C-2. Substitution of negatively-charged residues into the predicted α-helix
disrupts specific RNA binding. (A) Using specific RNA, rU15, Kd values for 20052221 wt NS5A (domain I-plus) and K2187D/R2188D/R2189D domain I-plus were 42.2 ±
5.5 nM and 96.1 ± 5.2 nM, respectively. (B) Using nonspecific RNA, rA15, Kd values for
2005-2221 wt NS5A (domain I-plus) and K2187D/R2188D/R2189D domain I-plus were
440.6 ± 32 nM and 412.7 ± 13 nM, respectively. Solid lines are fits of experimental data
to a hyperbola previously described (2).
M. Niyibizi
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Figure C-3

Figure C-3. Substitution of negatively-charged residues into the predicted α-helix
prevents stable replication of the HCV subgenomic replicon. Colony formation
assay under G418 selection of wt HCV replicon (left), HCV replicon containing the
S2204I cell culture adaptive mutation (middle), and HCV replicon containing both the SI
mutation and the K2187D/R2188D/R2189D substitutions revealed the negatively
charged residues inhibit persistent replicon in an otherwise viable background.
M. Niyibizi
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