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Abstract
NS5A is a key regulator of hepatitis C virus (HCV) life cycle including RNA replication,
assembly, and translation. We and others have shown NS5A to augment HCV IRES-mediated
translation. Further, Quercetin treatment and heat shock protein (HSP) 70 knockdown inhibit
NS5A-driven augmentation of IRES-mediated translation and infectious virus production. We
have also co-immunoprecipitated HSP70 with NS5A and demonstrated cellular colocalization
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leading to the hypothesis that the NS5A/HSP70 complex formation is important for IRES-
mediated translation. Here, we have identified the NS5A region responsible for complex
formation through in vitro deletion analyses. Deletion of NS5A domains II and III failed to reduce
HSP70 binding, whereas domain I deletion eliminated complex formation. NS5A domain I alone
also bound HSP70. Deletion mapping of domain I identified the C-terminal 34 amino acids (C34)
to be the interaction site. Further, addition of C34 to domains II and III restored complex
formation. C34 expression significantly reduced intracellular viral protein levels, in contrast to
same size control peptides from other NS5A domains. C34 also competitively inhibited NS5A-
augmented IRES-mediated translation, while controls did not. Triple-alanine scan mutagenesis
identified an exposed beta-sheet hairpin in C34 to be primarily responsible for NS5A-augmented
IRES-mediated translation. Moreover, treatment with a 10 amino acid peptide derivative of C34
suppressed NS5A-augmented IRES-mediated translation and significantly inhibited intracellular
viral protein synthesis, with no associated cytotoxicity. Conclusion: These results support the
hypothesis that the NS5A/HSP70 complex augments viral IRES-mediated translation, identify a
sequence-specific hairpin element in NS5A responsible for complex formation, and demonstrate
the functional significance of C34 hairpin-mediated NS5A/HSP70 interaction. Identification of
this element may allow for further interrogation of NS5A-mediated IRES activity, sequence
specific HSP recognition, and rational drug design.
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Introduction
Hepatitis C virus (HCV) infection has a worldwide prevalence of 3% and is the main
indication for liver transplantation in developed countries for treatment of cirrhosis (1). In
the United States, HCV is the most common chronic blood borne infection affecting 1.8% of
the population and is the major etiologic factor responsible for the recent doubling of
hepatocellular carcinoma (HCC) (2).

Current HCV therapy consists of pegylated interferon-α (PEG-IFN) and ribavirin which is
suboptimal as 70–80% of US patients are infected with genotype 1, with sustained virologic
response (SVR) of only 50–56% (3). Generally, therapy of all genotypes can be
accompanied by adverse effects, and contraindications to therapy are not infrequent (4).
Standard antiviral combination therapy with interferon has been shown to be an effective
secondary prevention of HCC (5); however, 70–80% of HCV patients are not candidates for
these therapies (6, 7). NS3/4A protease inhibitors in combination with PEG-IFN and
ribavirin have recently been approved and show increased SVR, but also increased adverse
events including anemia and gastrointestinal symptoms (8). Since these therapies still
require interferon, a significant population of patients cannot receive this treatment. Current
approaches for preventing HCV-related HCC in patients with contraindications to standard
therapy are limited. For these reasons, there is the need to develop adjunct or replacement
therapies that are less toxic and more efficacious in terms of higher SVR and HCC
prevention.

HCV possesses a 10kb positive sense RNA genome that encodes 10 viral proteins (9). The
non-structural protein 5A (NS5A) is a 56–59 kDa phosphoprotein that associates with the
viral replicase complex. It has been implicated in the regulation of HCV genome replication,
viral protein translation, and virion assembly (10–12). NS5A also appears to modulate
hepatocyte cell signaling by 1) promoting cell survival (13), 2) facilitating the viral life cycle
(10–12) and 3) interfering with the hepatocyte innate immune response (14).
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The 5′ non-coding region (NCR) of HCV genome lacks a 5′ cap and instead possesses an
internal ribosomal entry site (IRES) (15), a cis-acting element found in some host RNA
transcripts as well as in viruses that allows ribosomal translation initiation to occur internally
within a transcript in lieu of 5′ cap-dependent translation (16). NS5A has been implicated in
modulating HCV IRES-mediated translation (11, 17).

We have previously identified, through co-immunoprecipitation, a complex of NS5A and
heat-shock proteins (HSPs) composed of NS5A, HSP70, and HSP40 (cofactor of HSP70)
and demonstrated their colocalization in Huh-7 cells (18). We further showed that both
NS5A-augmented IRES-mediated translation and virus production are blocked by HSP70
knockdown as well as by HSP synthesis inhibitor Quercetin, with no associated cytotoxicity
(18).

These findings led to the hypothesis that HCV utilizes an NS5A/HSP complex to facilitate
IRES-mediated translation of its genome. Here we report the identification of the NS5A/
HSP70 interaction site on NS5A and demonstrate that a soluble peptide derivative of this
site inhibits NS5A-mediated IRES activity and viral infection.

Experimental Procedures
Plasmid constructs and cloning

HSP70 and HSP40 were amplified from Huh-7 cDNA using polymerase chain reaction
(PCR), and NS5A was amplified from pMSCV-NS5A-FLAG described previously (18).
pGEX-6P-2 plasmid (Amersham, 28-9546-50) was used to generate N-terminal GST fusion
HSP70, HSP40, and NS5A as well as HSP70 nucleotide binding domain and substrate
binding domain. pET-28b plasmid (Novagen, 69865-3) was used to generate C-terminal
His6-tagged HSP70, HSP40, and NS5A. pTRACER-EF/Bsd A plasmid (Invitrogen,
V889-01) was used to generate C-terminal V5-epitope-tagged NS5A, HSP70, and HSP40
and all NS5A subclones. The C34 construct as well as NS5A domain II and domain III
peptides, NS3 peptide (P19), and C34 mutagenesis constructs (ASMs) were cloned into
pCCL-CMV-IRES-EGFP plasmid. The HCV IRES reporter plasmid pNRLFC, and the GFP
retroviral expression vector pMSCVGFP have been previously described (18). Please refer
to Supplementary Experimental Procedures for more details.

Production and purification of recombinant proteins
GST-fusion proteins were expressed in bacteria and purified as previously described (19).
His6-tagged proteins were expressed and purified using Ni-NTA Agarose bead slurry
(Qiagen, 1018244) according to manufacturer’s instructions. V5-epitope-tagged proteins
were expressed using TNT T7 Coupled Reticulocyte Lysate System (Promega, L4610).

GST pull-down assays
GST pull-down assays were performed as previously described (19). Pull-down targets were
evaluated by western analysis.

Antibodies
HSP70 (Santa Cruz Biotech, C92F3A-5), HSP40 (Abcam, ab56589), NS5A (Abcam,
ab20342), V5 epitope (Millipore, AB3792), and allophycocyanin-conjugated-anti-FLAG
(PerkinElmer, AD0059F).
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Cell culture
Cell lines 293T and Huh-7.5 were maintained in a humidified atmosphere containing 5%
CO2 at 37°C in Dulbecco’s modified Eagle’s medium (Mediatech, 10-013-CM)
supplemented with 10% fetal bovine serum (Omega Scientific, FB-01) and 2 mM L-
glutamine (Invitrogen, 25030).

IRES reporter assay
293T cells were transfected with HCV IRES reporter plasmid and either pMSCV-NS5A-
FLAG (bearing wild-type NS5A or one of the mutants) or pMSCV-GFP. pCCL-CMV-
IRES-EGFP plasmid expressing one of the following peptides was also transfected where
indicated: C34, NS5A domain II peptide, NS5A domain III peptide, NS3 peptide, or one of
the C34 mutagenesis peptides. All transfections were done using Fugene6 (Roche,
11814443001). 48 hours post transfection, Renilla and Firefly luciferase activity was
determined using Dual Luciferase Assay System (Promega, E1910).

Flow cytometry
293T cells were transfected with the construct expressing GFP, C34, NS5A domain II
peptide, NS5A domain III peptide, or NS3 peptide. 48 hours post transfection, the cells were
harvested and analyzed by flow cytometry analysis for the FLAG fusion epitope. Cells were
washed with PBS three times, fixed with 1.5% paraformaldehyde, and permeabilized with
0.05% nonidet p40. Cells were stained with 1:500 dilution of allophycocyanin-conjugated-
anti-FLAG antibody for 30 minutes and washed three times with PBS. Flow cytometry was
performed using Becton Dickinson FACSCalibur cytometer and Cellquest v3.3 software.

Infectious virus production
pNRLFC was in vitro transcribed, and the purified RNA was electroporated into Huh-7.5
cells to generate infectious viral supernatant as previously described (20). Viral assays were
done using the HCV reporter virus as described previously (18).

Peptide synthesis and characterization
Peptides were synthesized by the solid phase method using CEM Liberty automatic
microwave peptide synthesizer (CEM Corporation), applying 9-fluorenylmethyloxycarbonyl
(Fmoc) chemistry (21) and standard, commercially available amino acid derivatives and
reagents (EMD Biosciences and Chem-Impex International). Rink Amide MBHA resin
(EMD Biosciences) was used as a solid support. Peptides were cleaved from resin using
modified reagent K (TFA 94% (v/v); phenol, 2% (w/v); water, 2% (v/v); TIS, 1% (v/v);
EDT, 1% (v/v); 2 hours) and precipitated by addition of ice-cold diethyl ether. Reduced
peptides were purified by preparative reverse-phase high performance liquid
chromatography (RP-HPLC) to >95% homogeneity and their purity evaluated by matrix-
assisted laser desorption ionization spectrometry (MALDI-MS) as well as by analytical RP-
HPLC). Disulfide bond formation: Peptides were dissolved at a final concentration of 0.25
mg/ml in 50% DMSO:H2O and stirred overnight at room temperature. Subsequently
peptides were lyophilized and re-purified on a preparative C18 SymmetryShield™ RP-
HPLC column to >95% homogeneity. Their purity was evaluated by MALDI-MS as well as
by analytical RP-HPLC. Analytical RP-HPLC: Analytical RP-HPLC was performed on a
Varian ProStar 210 HPLC system equipped with ProStar 325 Dual Wavelength UV-Vis
detector with wavelengths set at 220 nm and 280 nm (Varian Inc.). Mobile phases consisted
of solvent A, 0.1% TFA in water, and solvent B, 0.1% TFA in acetonitrile. Analyses of
peptides were performed with an analytical reversed-phase C18 SymmetryShield™ RP18
column, 4.6×250 mm, 5μm (Waters Corp.) applying linear gradient of solvent B from 0 to
100% over 100 min (flow rate: 1 ml/min).
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Cell viability
Cell viability was determined using MTT Cell Proliferation assay (ATCC, 30–1010K).

Fluorescent microscopy
All images were taken by Olympus CKX41 fluorescent microscope via DP2-BSW
v2.1.6207 software.

Quantitative reverse-transcriptase PCR
Huh-7.5 cells were treated with peptide and infected with Renilla reporter virus. 48 hours
post infection, cells were harvested, and total RNA was extracted using RNeasy Mini Kit
(Qiagen, 74104). cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad,
1708891). Quantitative PCR was performed using the Applied Biosystems 7500 Fast Real-
Time PCR System with 2x SYBR Green Master Mix (Diagenode, GMO-SG2x-A300) in
25μL reactions. The real-time PCR cycling conditions were 50°C for 2 minutes and 95°C
for 10 minutes, followed by 40 cycles at 95°C for 15 seconds, 60°C for 30 seconds and 72°C
for 30 seconds each as well as a final dissociation stage of 95°C for 15 seconds and 60°C for
1 minute. The primers for the viral genome were derived from the 5′-non-coding region and
were CTGGGTCCTTTCTTGGATAA and CCTATCAGGCAGTACCACA. HCV RNA
levels were normalized to the housekeeping gene actin using the primers
CCAACCGCGAGAAGATGA and CCAGAGGCGTACAGGGATAG.

Co-immunoprecipitation
Huh-7.5 cells were treated with 1μM of fluorescein isothiocyanate (FITC)-labeled HCV4
peptide. 24 hours later, cells lysates of FITC-HCV4 treated and control (untreated) cells
were used in co-immunoprecipitation (co-IP) assays with antibody against FITC and IgG1
as control. Co-IPs were done using Protein G Plus-Agarose Immunoprecipitation Reagent
(Santa Cruz Biotech, sc-2002) according to manufacturer’s instructions.

Statistical analysis
Error bars reflect standard deviation. P values were determined by student t test.

Results
The C-terminal region of NS5A domain I is necessary and sufficient for HSP70 binding

We have previously shown that NS5A forms a complex with HSP70 and HSP40 (encoded
by HSPA1A and DNAJ2, respectively) (18). To determine whether NS5A (genotype 1a,
clone H77) interacts directly with either or both of these HSPs, GST-fusion protein pull-
down assays were performed using recombinant proteins purified from bacteria. GST-
HSP70 interacted with NS5A, while GST-HSP40 showed minimal interaction (Fig. 1A).
NS5A/HSP70 binding was further confirmed by using GST-NS5A as bait to successfully
pull down HSP70 (Fig. 1B).

NS5A consists of the four elements: membrane anchoring domain (MAD), domain I,
domain II, and domain III (Fig. 2D). While MAD is generally considered to be part of
domain I, throughout this paper, the term ‘domain I’ excludes MAD. To determine the
individual domain(s) that bind(s) HSP70, each domain was specifically deleted, and the
resulting proteins were expressed through in vitro coupled transcription/translation
reactions. Each deletion mutant was then tested for HSP70 binding using GST pull-down
assays with GST-HSP70 as bait. Deletion of NS5A domain I abolished HSP70 binding,
while deletion of MAD, domain II, and domain III maintained this interaction (Fig. 1C and
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1D). Furthermore, NS5A domain I, II, and III were individually expressed in vitro and tested
for HSP70 binding. Only NS5A domain I bound HSP70 (Fig. 1E).

To determine which region of NS5A domain I binds HSP70, N-terminal and C-terminal
deletions of domain I were expressed in vitro and tested for HSP70 interaction using GST
pull-down assays. Deletions of 34 and 68 amino acids at the N terminus of NS5A domain I
did not have any effect on its HSP70 binding (Fig. 2A). However, deletion of 34 amino
acids from the C terminus abolished the HSP70-binding capability of NS5A domain I (Fig.
2B). Deleting an additional 34 amino acids at the C terminus showed the same result (Fig.
2B).

To demonstrate that the C-terminal region of NS5A domain I is indeed responsible for
HSP70 binding, the C-terminal 34 amino acids of domain I were added to the NS5A domain
I deletion mutant. This addition restored the HSP70 binding capability of NS5A domain I
deletion mutant in subsequent GST pull-down assays (Fig. 2C). Results of all HSP70
binding assays are summarized in Fig. 2E.

NS5A directly interacts with the nucleotide binding domain of HSP70
HSP70 binds in a non-specific and sequence-independent manner to hydrophobic peptides
through its C-terminal substrate binding domain whereas its N-terminal nucleotide-binding
domain (NBD) interacts with regulatory proteins (22). GST-fusion HSP70-NBD and
HSP70-SBD were tested for interaction with NS5A domain I. Only HSP70-NBD interacted
with NS5A domain I (Fig. 2F).

The C-terminal 34 amino acid peptide of NS5A domain I suppresses NS5A-augmented
IRES-mediated translation

After identifying the C-terminal region of NS5A as the HSP70 binding site in vitro, we
sought to determine whether this region has any functional significance. NS5A is reported to
increase IRES-mediated translation in a cell culture-based bicistronic reporter system (11,
18) (Fig. 3A). This reporter system consists of Firefly luciferase open reading frame (ORF)
driven by HCV IRES and Renilla luciferase ORF under the control of a 5′ cap (Fig. 3A).
The ratio of Firefly to Renilla luciferase activity is used to measure IRES-mediated
translation levels.

The C-terminal 34 amino acid peptide corresponding to amino acids 165–198 of NS5A
domain I (hereafter referred to as C34) was tested for altering IRES-mediated translation.
Peptides of identical length from NS5A domains II and III and a 19 amino acid peptide
(P19) from NS3 (23) were also tested. C34 was found to block NS5A-augmented IRES-
mediated translation in cell culture, while NS5A domain II and III peptides and the NS3
peptide did not (Fig. 3B).

All peptides (designed to bear the FLAG tag at their C termini) were determined to be
expressed at similar levels through flow cytometry of transfected cells with antibody against
the FLAG tag (Fig. 3C).

C34 blocks intracellular viral protein synthesis
Expression of C34 in the HCV cell culture (HCVcc) system using the HCV Renilla reporter
virus significantly reduced intracellular viral protein production as measured by Renilla
luciferase reporter activity (Fig. 3D). In addition, the P19 peptide from NS3 showed modest
reduction in intracellular virus in agreement with previous studies (23) (Fig. 3D). In
contrast, expression of equal sized peptides from other areas of NS5A failed to have an
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effect on infection (Fig. 3D). C34 expression had no effect on cell viability as measured by
MTT assay (data not shown).

Mutation of an exposed antiparallel beta-sheet hairpin in C34 inhibits NS5A augmentation
of IRES-mediated translation

Scanning triple alanine substitution mutants of C34 were generated to determine the amino
acids important for NS5A/HSP70 complex-mediated IRES translation. The IRES reporter,
NS5A, and C34 mutants and wild-type were transfected into cells, and IRES activity was
measured. The most significant mutations affecting NS5A activity localized to amino acids
171–179 (ASM3, 4, and 5) (Fig. 4A).

The C34 residues (strain H77) correspond to amino acids 169–202 of the NS5A variant used
in the crystal structure of dimeric NS5A domain I (24); however, the crystal structure itself
terminates at amino acid 198 and, therefore, includes the first 30 amino acids of C34 (Fig.
S1). Amino acids 171–179 correspond to residues 175–183 of the crystal structure. This
region maps to an exposed anti-parallel beta-sheet hairpin (Fig. S1) external to the claw-like
structure of NS5A domain I dimer that binds single-stranded RNA (24).

Mutations of the C34 hairpin in full-length NS5A impair its ability to augment IRES-
mediated translation

To verify the role of C34 hairpin in NS5A-augmented IRES-mediated translation, we
introduced mutations in the hairpin region of full-length NS5A. Four triple alanine
substitution mutants (corresponding to the ASM3, 4, 5, and 7 constructs) were generated and
tested for their effect on IRES-mediated translation. All three mutations in C34 hairpin
significantly reduced IRES-mediated translation levels compared to wild-type NS5A (Fig.
4B). The ASM7 mutation, downstream of the hairpin, however, did not significantly effect
IRES-mediated translation (Fig. 4B).

A 10 amino acid peptide corresponding to the C34 hairpin blocks NS5A-augmented IRES-
mediated translation

The crystal structure of NS5A domain I reveals the hairpin to be the only moiety in C34
with secondary structure (24) (Fig. S1). To determine whether the hairpin alone (as opposed
to the entire C34) would be sufficient for IRES activity, a modified peptide of 10 amino acid
length corresponding to the C34 hairpin was generated (HCV4 peptide) (Table 1). Two
cysteine residues were added to each end to allow for disulfide bond formation and to
achieve a conformation similar to the C34 hairpin. An arginine tag (Table 1) was added to
the N-terminal cysteine to allow for efficient uptake by cells without any transfection
reagent. MTT assays demonstrated toxicity at 100μM and minimal toxicity at 10μM, while
no cytotoxicity was observed at any lower concentrations (Fig. 4C). A 48 hour MTT assay
was also performed with HCV4 and a similar toxicity profile was obtained (data not shown).

Next, cells were treated with HCV4 peptide and transfected with the IRES reporter construct
and either NS5A or GFP. The peptide blocked NS5A-augmented IRES-mediated translation
in a dose dependent manner as shown in Fig. 4D.

The HCV4 peptide blocks intracellular virus production
We next sought to assess the antiviral activity of the HCV4 peptide. Huh-7.5 cells were
treated with HCV4 in the HCVcc system and immediately infected with the HCV Renilla
reporter virus. The HCV4 peptide dramatically suppressed intracellular viral protein
production even in picomolar doses, with an estimated IC50 of 500pM, while the arginine
tag control peptide (Table 1) by itself did not show any effect (Fig. 4E). Cellular uptake of
the peptide was confirmed by fluorescent microscopy of huh-7.5 cells treated with
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fluorescein isothiocyanate (FITC)-labeled HCV4 (Fig. 5). Further, a non-arginine tagged
hairpin peptide (HCV3) (Table 1) transferred into cells using liposomes at 1μM also
suppressed viral protein production compared to the sequence-scrambled control peptide
(HCV2) (Table 1) (Fig. S2).

We further hypothesized that the potent translation inhibitory effect of HCV4 should also
result in a significant inhibition of infectious virion secretion and viral RNA replication.
Levels of infectious virion secretion were measured by infecting naïve huh-7.5 cells with the
supernatant of infected cells. Fig. 6A shows that viral secretion is blocked with HCV4
treatment. Furthermore, quantitative reverse-transcriptase PCR analysis of HCV4-treated
cells revealed a significant decrease in viral RNA replication levels (Fig. 6B).

The HCV4 peptide blocks NS5A/HSP70 complex formation in vitro and binds to HSP70 in
vivo

To determine if disruption of the NS5A/HSP70 complex is the mechanism by which the C34
hairpin might inhibit IRES activity and virus production, we tested the ability of the HCV4
peptide to block NS5A/HSP70 complex formation in vitro. GST pull-down assays were
performed as before using GST-HSP70 as bait and NS5A domain I. increasing
concentrations of HCV4 was able to competitively block pull-down of NS5A domain I,
while the HCV2 sequence scrambled control peptide (Table 1) did not (Fig. 7A). To
determine if the HCV4 peptide interacts with HSP70 in vivo, FITC-labeled HCV4 was
introduced into huh-7.5 cells followed by immunoprecipitation with anti-FITC antibody or
IgG isotype control. Western analysis demonstrated HCV4/HSP70 complex formation (Fig.
7B).

Discussion
We and others have previously reported the NS5A/HSP70 interaction (18, 25). However,
direct interaction between NS5A and HSPs was not demonstrated due to the use of cellular
systems. Here we report a direct interaction between NS5A and HSP70 using purified
recombinant proteins and in vitro pull-down assays. This suggests that no other viral or
cellular protein is necessary for the interaction between NS5A and HSP70.

Deletion studies of NS5A domain I narrowed down the HSP70-binding site to the C
terminus of NS5A domain I (C34). Recently it was shown that NS5A amino acids 221–302
may be responsible for NS5A/HSP70 interaction (26). This region includes most of the N
terminus of NS5A domain II and some of the linker peptide between domains I and II.
While this region does not directly bind HSP70, as shown by our in vitro interaction studies
using purified proteins, it may represent an indirect interaction. In another report, a region of
NS5A including the entire domain II and the first few amino acids of domain III was shown
to inhibit NS5A-augmented IRES-mediated translation (17). Both of these reports point to a
common region in NS5A (i.e. domain II), and thus, it may be possible that NS5A domain II
have a negative effect on IRES-mediated translation through (an) adaptor protein(s).
However, further biochemical studies are needed to verify (an) indirect interaction(s).

Our data shows that the C34 hairpin is the site of NS5A/HSP70 interaction. This is
supported by the fact that the HCV4 peptide is able to block pull-down of HSP70 with
NS5A in vitro as well as bind HSP70 in vivo (Fig. 7A and 7B). Furthermore, the C34
hairpin is the only region of C34 with a secondary structure, based on the crystal structure
(24). It has been reported that HSP27 also binds NS5A at residues 1–181 (27). It is
important to note that the C34 hairpin structure lies exactly at the C terminus of this region.
Thus, it may be possible that, in addition to HSP70, other HSPs either interact with the C34
hairpin or are also in complex with HSP70. Recently an alternate crystal structure of dimeric
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NS5A domain I was published which displays the two domain I units to be closer together
closing the proposed RNA-binding cleft (28). Analysis of this structure reveals the two C34
hairpins to be also exposed.

HSP70 binds non-specifically to a large number of hydrophobic peptide sequences (nascent
or denatured) through its C-terminal substrate-binding domain (SBD) allowing the client
peptide to attain its native conformation (29). The N-terminal nucleotide binding domain
(NBD) of HSP70 does not interact with peptides directly. Rather, it binds ATP and
hydrolyzes it to ADP to induce conformational changes in SBD to facilitate its function (29).
NS5A hydrophobicity plot reveals that C34 is not significantly hydrophobic, and the C34
hairpin is, in fact, hydrophilic (data not shown). Our findings reveal a specific and sequence-
dependent interaction between HSP70 and NS5A as there are many regions in NS5A
domain I as well as in other domains that are significantly more hydrophobic than C34. This
specific interaction is further verified by our discovery that only HSP70-NBD binds NS5A
directly. HSP70-NBD is known to interact with proteins that regulate the HSP70 chaperone
activity. These proteins include BAG5, co-chaperones of J-domain proteins (such as
HSP40), and HSP110 all of which bind HSP70-NBD (29–32). Thus, interactions with NBD
of HSP70 are an important regulatory mechanism, and it may be possible that NS5A
modulates HSP70 activity as well resulting in increased IRES activity.

NS5A domains II and III have been implicated in viral genome replication and virion
assembly (10, 12), and domains I, II, and III have been shown to bind viral RNA (33). None
of the NS5A domains, however, have been previously ascribed to regulation of viral IRES-
mediated translation. In this study, we have shown that NS5A domain I plays an important
role in regulation of IRES-mediated translation through the C34 beta-sheet hairpin structure.
We have shown that C34 expression and treatment with the C34 hairpin peptide derivative
(HCV4) block NS5A-augmented IRES-mediated translation. This effect is sequence specific
as peptides of equal length from NS5A domains II and III fail to produce similar results. We
have previously shown that Quercetin treatment and HSP70 knock-down block NS5A-
augmented IRES-mediated translation (18). Taken together, our data implicates the C34
hairpin of NS5A domain I in the regulation of viral IRES-mediated translation.

Our current model of NS5A-augmented IRES-mediated translation consists of a complex of
NS5A, HSP70, HSP40, and probably additional, yet unidentified, factors such as the
ribosome which may stabilize the translation complex (Fig. 7C and 7D). An RNA-binding
cleft between the two claw-like domain I units has been predicted in the crystal structure
(24) (Fig. S1). It has also been reported that HSP70 (specifically the HSPA1A isoform used
in this study) is able to bind to the 40S ribosomal subunit (34). Our finding that NS5A
directly binds HSP70, therefore, provides a possible link between the NS5A dimers and the
ribosome both of which interact with the RNA template. This NS5A/HSP70 interaction may
be responsible for stabilizing the components of translation machinery on the RNA template
during translation initiation and/or elongation.

The significance of C34 region and the hairpin within is further underlined by the mutation
analysis of HCV genome (20). As shown in Fig. S3, the majority of insertion mutants in C34
and all mutants within the hairpin are detrimental for the virus. Quite interestingly, mutation
of the region immediately upstream of the hairpin and the region a few amino acids
downstream are well tolerated (Fig. S3). This data supports our hypothesis that the C34
hairpin is critical for viral proliferation.

It is known that in the context of chronic HCV infection, a number of viral proteins
including NS5A are able to dramatically alter host gene expression to evade the innate
immune response to viral infection resulting in the low efficacy of the currently available
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pegylated interferon-α (PEG-IFN) and ribavirin treatment. Our findings demonstrate the
significance of the NS5A/HSP70 interaction and the role of HSPs in HCV life cycle, in
particular, IRES-mediated viral protein translation. Therefore, the C34 modified hairpin
peptide may be a candidate for HCV therapy. Furthermore, considering the potency of the
C34 hairpin peptide in suppressing viral translation levels, treatment with this peptide may
significantly improve the efficacy of PEG-IFN and ribavirin treatment in patients resistant to
these compounds or allow for IFN-free therapy in combination with other antiviral agents,
which may be beneficial for patients unable to receive IFN therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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His6 hexa-histidine
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ORF open reading frame

C34 C-terminal 34 amino acids of NS5A domain I

HCVcc HCV cell culture

NBD nucleotide binding domain

SBD substrate binding domain

FLuc Firefly luciferase

RLuc Renilla luciferase

APC allophycocyanin
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Fig. 1.
NS5A domain I directly binds HSP70. The upper part of all panels displays Western
analysis of GST pull-down targets (antibodies are mentioned underneath). Arrows indicate
presence of target polypeptides. The lower part(s) represent(s) Coomassie stains showing
GST-fusion bait proteins. (A) and (B) NS5A directly binds HSP70. (C) Deletion of NS5A
domain I abolishes its HSP70 interaction. (D) The membrane anchoring domain of NS5A is
not required for HSP70 binding. (E) Only NS5A domain I binds HSP70.
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Fig. 2.
The C-terminal region of NS5A domain I is necessary and sufficient for its interaction with
the nucleotide binding domain of HSP70. The upper part of all panels displays Western
analysis of GST pull-down targets using antibody against the V5 epitope. Arrows indicate
presence of target polypeptides. The lower part(s) represent(s) Coomassie stains showing
GST-fusion bait proteins. (A) The N-terminal region of NS5A domain I is not necessary for
HSP70 binding. (B) The C-terminal 34 amino acids of NS5A domain I (C34) are necessary
for HSP70 interaction. (C) C34 region is sufficient for HSP70 binding. (D) Schematic of the
structure of NS5A. (E) Summary of all NS5A subclones used in GST pull-down analyses in
Fig. 1 and 2. (+) and (−) indicate interaction and lack of interaction with HSP70,
respectively. (F) NS5A domain I directly interacts with the nucleotide binding domain of
HSP70, but not with the substrate binding domain.
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Fig. 3.
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The C-terminal 34 amino acids of NS5A domain I (C34) regulate NS5A-augmented IRES-
mediated translation and intracellular viral protein production. (A) Schematic of the
bicistronic reporter construct used to measure IRES-mediated translation. Firefly luciferase
(FLuc) and Renilla luciferase (RLuc) are driven by HCV IRES and a 5′ cap, respectively.
Each reporter has a stop codon to allow independent expression. Firefly to Renilla ratios
reflect changes in IRES-mediated translation. For all experiments, the IRES reporter, either
NS5A or GFP, and a peptide construct (if indicated) were transfected into cells. (B) C34
suppresses the NS5A-driven increase in IRES-mediated translation. (C) Flow cytometry of
cells transfected with the peptide constructs reveals that all peptides (FLAG-tagged) are
expressed at equivalent levels. An allophycocyanin (APC)-conjugated-anti-FLAG antibody
was used. (D) Renilla luciferase assay demonstrates that C34 significantly inhibits
intracellular viral protein production. Huh-7.5 cells were transfected with the indicated
peptide construct and 48 hours later infected with the reporter virus for three hours. Cells
were harvested 24 hours post infection, and Renilla activity was measured. * indicates
P<0.05.
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Fig. 4.
The hairpin structure at the C terminus of NS5A domain I regulates HCV NS5A-driven
IRES activity and intracellular virus production. (A) Triple-alanine scan mutagenesis (ASM)
across the C34 region indicates that amino acids 171–179 of NS5A domain I are primarily
involved in augmenting IRES-mediated translation. (B) Mutations of the C34 hairpin in full-
length NS5A impair its ability to augment IRES-mediated translation. (C) MTT viability
assay showing the cytotoxicity of the HCV4 synthetic peptide derivative of C34 hairpin
(Table 1). (D) HCV4 blocks NS5A-augmented IRES-mediated translation. IRES basal
activity in the absence of NS5A was normalized to one for each concentration of peptide.
There was a slight decrease in IRES basal activity with increasing peptide treatment
(approximately 8% at 1μM). (E) HCV4 significantly suppresses intracellular viral protein
translation. Huh-7.5 cells were treated with the indicated concentrations of HCV4 or the
arginine tag control peptide (Table 1) and immediately infected with the Renilla reporter
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virus for three hours. Cells were assayed 24 hours post infection for Renilla activity. *
indicates P<0.05.
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Fig. 5.
The HCV4 peptide enters huh-7.5 cells efficiently. Cells were treated with 500nM FITC-
HCV4 and washed three times with PBS after 40 minutes and imaged. (A) and (C)
Fluorescent images of FITC-HCV4 treated and untreated cells, respectively. (B) and (D)
phase-contrast images of the same cells as in panels A and C, respectively.
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Fig. 6.
HCV4 peptide treatment inhibits infectious virion secretion and viral RNA replication.
Huh-7.5 cells were treated with HCV4 and immediately infected with Renilla reporter virus.
48 hours later, the supernatant (A) was used to infect naïve cells. 48 hours post infection, the
cells were harvested and assayed for Renilla luciferase activity. (B) Huh-7.5 cells were
treated with HCV4 and infected as in part B. 48 hours later, cell lysates were used to
quantify viral RNA levels.
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Fig. 7.
The HCV4 peptide blocks NS5A/HSP70 binding in vitro and binds HSP70 in vivo. (A) GST
pull-down assays showing that increasing concentrations of the HCV4 peptide competitively
blocks pull-down of HSP70 with GST-NS5A while the sequence-scrambled control peptide
(Table 1) does not. (B) HSP70 co-immunoprecipitates with HCV4. Huh-7.5 cells were
treated with 1μM FITC-HCV4 and harvested 24 hours later for co-immunoprecipitation (co-
IP). Co-IP targets were analyzed through Western analysis with antibody against HSP70
demonstrating that the peptide binds HSP70 in vivo. (C) A proposed model of NS5A-
augmented IRES-mediated translation. Our data supports the hypothesis that the NS5A/
HSP70 complex formation is important for NS5A-augmented IRES-mediated translation.
(D) Soluble C34 hairpin peptide derivative inhibits NS5A/HSP70 binding resulting in the
inhibition of NS5A-augmented IRES-mediated translation.
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