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Hepatitis C virus (HCV) triggers massive production of reactive oxygen species (ROS) and affects expression of genes encoding
ROS-scavenging enzymes. Multiple lines of evidence show that levels of ROS production contribute to the development of
various virus-associated pathologies. However, investigation of HCV redox biology so far remained in the paradigm of oxidative
stress, whereas no attention was given to the identification of redox switches among viral proteins. Here, we report that one of
such redox switches is the NS5B protein that exhibits RNA-dependent RNA polymerase (RdRp) activity. Treatment of the
recombinant protein with reducing agents significantly increases its enzymatic activity. Moreover, we show that the NS5B
protein is subjected to S-glutathionylation that affects cysteine residues 89, 140, 170, 223, 274, 521, and either 279 or 295.
Substitution of these cysteines except C89 and C223 with serine residues led to the reduction of the RdRp activity of the
recombinant protein in a primer-dependent assay. The recombinant protein with a C279S mutation was almost inactive in vitro
and could not be activated with reducing agents. In contrast, cysteine substitutions in the NS5B region in the context of a
subgenomic replicon displayed opposite effects: most of the mutations enhanced HCV replication. This difference may be
explained by the deleterious effect of oxidation of NS5B cysteine residues in liver cells and by the protective role of
S-glutathionylation. Based on these data, redox-sensitive posttranslational modifications of HCV NS5B and other proteins merit
a more detailed investigation and analysis of their role(s) in the virus life cycle and associated pathogenesis.
1. Introduction

Hepatitis C virus (HCV) is a widespread human pathogen
that in 80% cases establishes persistent replication in the liver
[1]. The WHO estimates 0.5-2% of the world population to
be chronic hepatitis C (CHC) carriers. CHC is often accom-
panied by persistent inflammation, fibrosis, and various met-
abolic disorders in the liver [2]. All these pathologies
contribute to a possible development of liver cirrhosis and
hepatocellular carcinoma. Together with hepatitis B virus
(HBV), HCV accounts for approximately 80% of HCC cases
in the world [3]. Since 2011, multiple compounds that target
enzymatic activity and/or functions of the HCV protease
(NS3 protein), RNA-dependent RNA polymerase (RdRp,
NS5B protein), and the regulatory NS5A protein were
approved for the treatment of CHC [4]. Using treatment
combinations, sustained virological response rates have
reached 95-99% (for example, [5–7]). At the same time,
clearance of the infection does not reduce risks of the devel-
opment of liver cirrhosis and cancer to the initial level,
observed in the uninfected population [8]. Scarce studies
provided evidence that even acute hepatitis C that clears
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spontaneously leads to an elevated rate of liver pathologies.
So, the investigation of the interplay between the virus and
host cell processes requires additional endeavors.

One of the factors that contributes to liver pathologies is
the disturbance of the redox status of the host cell (reviewed
in [8]). It results from enhanced production of reactive
oxygen species (ROS) and altered expression of ROS-
scavenging enzymes. ROS represent a spectrum of short-
lived oxygen intermediates including hydroxyl radicals
(HO⋅), superoxide anions (O2

⋅-), hydrogen peroxide (H2O2),
and others [9]. As several types of ROS have a very high oxi-
dizing potential towards various biological molecules,
enhanced ROS production above the levels that can be scav-
enged by the host antioxidant systems was considered haz-
ardous for cells. At the same time, there are mounting
pieces of evidence that ROS play signaling and regulatory
functions and thus are indispensable for cells [10]. So, in
recent years, the redox community shifted away from mea-
suring and identifying ROS towards the identification and
investigation of redox switches, such as oxidation of cysteine
-SH groups into sulfenic (-SOH) or sulfinic (-SO2H) acid res-
idues, and S-glutathionylation (i.e., coupling to glutathione
via disulfide bond), and to assess the consequent impact
on protein structure, stability, and function. Oxidation
changes for example the enzymatic activity of protein
phosphatases (PTPs) [11] and thus affects signaling path-
ways, hyperoxidation-driven gain of chaperone activity by
peroxiredoxins [12], and redox-driven glutathionylation
of Na+/K+-ATPase that abolishes their activity and thus
changes the levels of monovalent ions in cells [13].

However, much less is known about redox biology of
viral infections. With few exceptions, studies so far focused
on the investigation of mechanisms by which various viruses
augment ROS production and solicit expression of antioxi-
dant enzymes such as catalase (CAT), superoxide dismutases
(SOD), or glutathione peroxidases (GPx) (as reviewed in
[8, 14, 15] and other reviews). In addition, some efforts were
given to establishing correlations between levels of ROS pro-
duction and virus-associated pathologies [8, 14–17]. In con-
trast, almost no attention was given to a possibility of redox
posttranslational modification of viral proteins and their role
in virus life cycle and pathogenesis. The only exceptions
are the reported S-glutathionylation of retroviral proteases
[18–20], nsP2 of chikungunya virus [21] and of NS5 protein
of Zika, and dengue [22].

There are many pieces of evidence that show that HCV
triggers massive ROS production that is even higher than that
observed in HBV infections. HCV induces mitochondrial
dysfunction and induces ROS-producing enzymes such as
NADPH oxidases (Nox) 1 and 4 [23–26], cytochrome P450
2E1 [23, 24], and ER oxidoreductin 1α (Ero1α) [23]. HCV
also affects the expression of antioxidant enzymes including
those regulated by the Nrf2 transcription factor, although
the results from different groups remain controversial
[27–29]. Several studies also suggest that replication [30]
and production of infectious virions [31] are suppressed by
lipid peroxides whose production is augmented by the infec-
tion. However, a possibility of a direct modulation of HCV
protein functions by ROS or other reactive species, as well
as redox-sensitive cysteine modifications, remains unex-
plored. In the presence of the virus or its proteins, production
of hydrogen peroxide is augmented, which can lead to
oxidation of cysteine residues. In addition, HCV causes
elevation of the levels of oxidized glutathione that may drive
S-glutathionylation of cellular and viral proteins. So, our
goal was to investigate if the NS5B protein is subjected to
S-glutathionylation and if such a modification may play a
role in regulation of NS5B RNA polymerase activity.

2. Experimental Section

2.1. Reagents. The plasmid pJFH1-SGR andHuh7.5 cells were
courteously provided by Prof. C.M. Rice (The Rockefeller
University, New York, USA) and Apath, L.L.C. (St. Louis,
MI, USA). Restriction endonucleases were from Fermentas
(Vilnius, Lithuania), and oligonucleotides were synthesized
by Evrogen JSC (Moscow, Russia). DNA purification kits
and DNA polymerases were also provided by Evrogen.
Ni-NTA-agarose and Rosetta(DE3) Escherichia coli were
purchased fromNovagen (Madison,WI, USA). Most of other
reagents were from Sigma-Aldrich (St. Louis, MO, USA) if
not stated otherwise.

2.2. Construction of the Plasmids. The plasmid pET21-2c-
NS5BΔ21 encoding the C-terminally truncated protein of
the JFH1 isolate was constructed using the two-cistron
vector described previously [32]. The protein-encoding
DNA fragment was amplified from the plasmid pJFH1-
SGR using the oligonucleotides 5′-AATGAATTCCATGT
CATACTCCTGGAC-3′ and 5′-AATCTCGAGGCGGGGT
CGGGCGCGC-3′. The resulting DNA fragment was
digested with endonucleases EcoRI and XhoI and cloned into
the respective sites of the vector pET-21-2c.

Construction of the plasmids for the expression of NS5B
mutants with cysteine-to-serine substitutions was performed
according to an approach of Ho et al. [33]. Briefly, the
fragments containing the mutation were amplified from
the plasmid pET21-2c-NS5BΔ21 using two parts each
using the oligonucleotides listed in Table S1. A typical
reaction contained 5-10 ng of template DNA, 5 pmol of each
flanking primer and mutagenic primer, 200 μM of each
dNTP, and 2 units of Tersus polymerase mix (Evrogen) in
the recommended buffer. Amplification was obtained after
20 cycles of 15 sec at 95°C, 15 sec at 60°C, and 60 sec at 72°C.
Then, 15-30 ng the resulting products representing the
“Head” and the “Tail” of the target fragment bearing the
mutation were mixed together and subjected to additional
12 rounds of PCR, using 5 pmol of each flanking primer.
The products were isolated by agarose gel electrophoresis
with subsequent extraction using a Cleanup Standard kit
(Evrogen), digested with endonucleases listed in Table S1,
and cloned into the plasmid pET21-2c-NS5BΔ21 instead of
the nonmutated fragment.

Construction of the plasmids encoding HCV subgenomic
replicons with substitutions in the NS5B-coding region was
performed similarly, using the plasmid pSGR-JFH1 and the
oligonucleotides listed in Table S2. The mutants with
substitutions of C89S, C179S, C146S, and C223S were done
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by amplification of pairs of fragments constituting the region
between BsrGI and SnaBI sites, whereas the mutants C274S,
C279S, C295S, and D318N, and C521S were constructed by
amplification of the SnaBI-EcoRV fragment. In the latter
case, the analysis of insert orientation was performed. In
case of the C521S mutant, the single SnaBI-EcoRV
fragment was amplified, digested with these endonucleases,
and cloned as discussed above.

The sequence of all constructs was confirmed by
sequencing in Center “Genome” (EIMB, Moscow, Russia).

2.3. Expression and Purification of the NS5B Δ21 Protein.
Wild-type and mutant forms of the NS5B protein were
expressed in E.coli Rosetta(DE3) strain and purified on the
Ni-NTA column as described previously [32] with the excep-
tion of absence 2-mercaptoethanol during purification.

2.4. RNA Polymerase Activity Assay. The RNA-dependent
RNA polymerase activity of the NS5B protein was measured
in primer-dependent and primer-independent assays as
described previously [32, 34]. When required, the protein
was preincubated with 10mM dithiothreitol, 1mM GSH, or
1mM GSSG in the reaction buffer (20mM Tris-HCl,
pH7.5, 20mM KCl, 4mM MgCl2) for 10min in ice prior to
the addition of the template or template/primer complex
and nucleoside triphosphates to initiate the enzymatic reac-
tion. The reaction was carried out in accordance with the
published procedure [32], with the exception of usage of
1 μM UTP.

2.5. Western Blotting. The NS5B protein (0.1-2 μg) mixed
with a Laemmli loading lacking DTT or 2-mercaptoethanol
was incubated at 40°C for 10min, applied onto 10%
SDS-PAGE, and transferred onto a nitrocellulose mem-
brane (GE Healthcare, Little Chalfont, UK) in 25mM Tris,
192mM glycine, and 20% methanol, which was blocked
with 5% nonfat milk in phosphate-buffered saline (PBS) for
1 h at room temperature (RT). The membrane was probed
with a primary antibody to S-glutathionylated proteins
(Millipore, MAB5310, 1 : 1000) in PBS supplemented with
0.1% Tween-20 (PBS-T) or with a serum of the rabbit immu-
nized with the recombinant NS5B protein [35] in 5% nonfat
milk in PBS-T at 4°C overnight and washed 3 times for
10min with PBS-T followed by incubation with a secondary
antibody: anti-mouse antibody (Santa-Cruz Biotechnology,
sc-2005, 1 : 5,000) or anti-rabbit antibody (Santa-Cruz
Biotechnology, sc-2005, 1 : 5,000) in PBS-T for 1 h at RT.
After three additional washing steps with PBS-T, immuno-
blots were visualized using an ECL pico detection system
(Thermo Fisher Scientific, Rockford, IL, USA).

2.6. Mass Spectrometry. The identification of cysteine resi-
dues of the NS5B protein that undergo S-glutathionylation
was performed by MALDI-TOF MS. The protein was incu-
bated alone or in the presence of 170 μM GSSG for 30min
at room temperature, then with a Laemmli buffer lacking
reducing agent for 5min at 98°C, and loaded onto a 10%
SDS-polyacrylamide gel. The band corresponding to NS5B
was excised and subjected to in-gel digestion by trypsin
[36]. For in-gel digestion, trypsin was dissolved in 50mM
ammonium bicarbonate buffer solution in a concentration
of 13 ng/μl correspondingly just before use. The MALDI-
TOF MS analysis of the resulting peptide fragments was per-
formed using an Ultraflex II TOF/TOF mass spectrometer
(Bruker Daltonics, Germany) with a reflector positive ion
mode. Tryptic fragments in solution (1 μl) were transferred
onto the MTP 384 target plate polished steel TF mass spec-
trometric target and mixed with a 1μl of a matrix solution
consisting of 2,4-dihydroxybenzoic acid (201346, Bruker
Daltonics) in concentrations of 20mg/ml, 50% acetonitrile
in water, and 0.1% TFA. Results of 4000 laser impulses
(200 impulses from 20 different points of one spot) were
summed up for every spectrum. The MS data were proc-
essed using Bruker Daltonics Flex Analysis 2.4 software,
and the accuracy of mass determination of peptides was
fixed to 100 ppm. The correlation of the MS data with
the protein sequence was done using Bruker Daltonics
BioTools 3.0 software.

2.7. HCV Replicons. HCV subgenomic replicons were
obtained by in vitro transcription of the RNAs from pSGR-
JFH1 plasmids encoding the wild-type or mutated NS5B pro-
tein and its delivery into Huh7.5 cells by electroporation
according to the standard protocol [37] and selection of the
G418-resistant colonies. The cells were harvested at passages
3, 5, and 8.

2.8. Reverse Transcription and Real-Time PCR. HCV RNA
levels were quantified by reverse transcription and real-time
PCR and normalized to levels of mRNA encoding glucu-
ronidase B (GUS). Briefly, total RNA was purified with a
TRIzol reagent and cDNA was synthesized with random
hexamer primer and RevertAid reverse transcriptase
(Thermo Fisher Scientific, Rockford, IL, USA) according
to the manufacturer’s specifications. PCR was performed
using primers for HCV (5′-GTCTAGCCATGGCGTT
AGTA-3′ and 5′-CTCCCGGGGCACTCGCAAGC-3′) and
GUS (5′-CGTGGTTGGAGAGCTCATTTGGAA-3′ and
5′-ATTCCCCAGCACTCTCGTCGGT-3′).A standard reac-
tion mixture (13 μl) contained the respective primers, cDNA
equivalent to 50 ng total RNA, and qPCRmix-HS SYBR
(Evrogen). The real-time PCR thermal conditions were
55°C for 5min, 95°C for 10min, followed by 40 cycles
each at 95°C for 10 s, and 57°C for 1min (signal collection
temperature). The results were analyzed by the ΔΔCt
approach.

2.9. Alignment of NS5B Sequences. For alignment, the follow-
ing NS5B protein sequences (591 amino acid sequences of
C-terminal part of the HCV polyprotein) of the corre-
sponding HCV isolates (genotypes) were selected: 1a (H77,
AAB66324), 1a (TN, ABR25251), 1a (DH6), 1a (HCV1,
AAA45676), 1b (Con1, CAB46677), 1b (J4, AAC15725),
1b (DH1, KY427256), 2a (JFH1, BAB32872), 2a (JFH2,
BAM28690), 2a (J6, BAA00792), 2b (J8, AFJ14788), 3a
(S52, ADF97232), 4a (ED43, ADF97234), 5a (SA13,
AAC61696), 6a (EUHK2, CAA72801), and 7a (QC69
accession ABN05226). Alignment was performed using
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Figure 1: Primer-dependent (a) and de novo (b) RdRp activity of the recombinant NS5BΔ21 protein is stimulated in the presence of
dithiothreitol. The results are presented as the mean ± SD. The control represents the untreated recombinant protein. ∗p < 0:05 and
∗∗p < 0:001 (Mann-Whitney test).
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Clustal Omega online service [38] at https://www.ebi.ac.uk/
Tools/msa/clustalo/ site.

2.10. Statistical Analysis. Statistical analysis was performed
using GraphPad software (GraphPad Software, San Diego,
CA, USA). The results are presented as the means ± SD. Sig-
nificant differences between two groups were determined
using the Mann-Whitney test, whereas multiple comparisons
were accessed by the Kruskal-Wallis method with the
Benjamini and Hochberg procedure. Statistical differences
between the activities of the mutated NS5B proteins in the
absence and presence of DTT were analyzed by multiple
paired Student’s t-test.

3. Results

3.1. RNA-Dependent RNA Polymerase Activity of NS5B
Protein Is Redox-Dependent. Purification of various DNA
and RNA polymerases and measurement of their enzymatic
activity are often performed in the presence of reducing
agents such as 2-mercaptoethanol or dithiothreitol. However,
to our knowledge, the reasons for the addition of these
reagents are unknown. We asked therefore whether the pro-
tein’s function is dependent on the presence of reducing
agents. So, first, we investigated whether the RdRp activity
of NS5B protein changes upon the addition of reducing
agents. As the most widely used cell model for HCV replica-
tion is based on the virus genome of the JFH1 isolate of 2a
genotype (gt), we expressed NS5B of 2a gt in E.coli and puri-
fied the recombinant protein using the vector previously
developed for the expression of the polymerase of Con1 iso-
late [32]. It should be noted that NS5B was expressed as a
truncated form lacking the C-terminal membrane-spanning
motif comprising 21 amino acid residues (NS5BΔ21). In
order to preserve the state of cysteine residues, purification
was performed in the absence of reducing agents (i.e., DTT
or 2-mercaptoethanol) that are routinely used in the field.
The measurement of RdRp activity was performed in two
assays: an efficient primer-dependent assay based on a
polyA-oligoU primer-template complex and a primer-
independent (i.e., de novo) assay in which the template
was presented by 3′UTR of an antigenomic RNA strand
[39]. In both cases, the activity was measured by incorpora-
tion of [α-32P]UTP into RNA. The results are presented in
Figure 1. It can be seen that in assays, the addition of DTT
caused a significant increase in the RdRp activity of the
NS5BΔ21 protein. In addition, the treatment of the protein
with hydrogen peroxide led to a decrease in its enzymatic
activity (Figure S1). This indicates that the NS5B protein
acts as a redox switch.
3.2. NS5B Is Subject to S-Glutathionylation That Reduces
RdRp Activity of the Recombinant Protein. S-Glutathiony-
lation is one of the cysteine modifications that can be
removed by reducing agents. To investigate whether the
NS5B protein is subjected to S-glutathionylation, the recom-
binant NS5BΔ21 protein was treated with the oxidized
glutathione (GSSG) (Figure 2(a)) with subsequent analysis
by Western blotting using antibodies to glutathionylated cys-
teine residues (anti-PSSG). As additional controls, NS5BΔ21
was treated with DTT or GSH. Strikingly, the western blot-
ting revealed that the untreated recombinant NS5BΔ21 pro-
tein contained glutathionylated cysteines, and treatment
with GSSG further increased the degree of this posttransla-
tional modification (Figure 2(b)). Treatment with a reduced
glutathione or DTT, in contrast, removed glutathione resi-
dues (Figure 2(b)), presumably by dithiol-disulfide exchange
(Figure 2(a)).

Treatment of the NS5BΔ21 protein with GSSG reduced
the levels of its activity in primer-dependent and primer-
independent assays, whereas GSH stimulated it (Figures
(2(c)) and 2(d)). Noteworthy, however, the effect of GSH
was less pronounced than in the case of DTT treatment, as
shown above (Figure 1). But the lower activity of reduced
glutathione is in line with its lower reducing potential
(E′ = ‐264mV at pH7.4), compared to that of DTT
(E′ = ‐360mV) [40]. Thus, the HCV NS5B protein is subject
to S-glutathionylation, which modulates protein RdRp
activity.

https://www.ebi.ac.uk/Tools/msa/clustalo/
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Figure 2: The recombinant NS5BΔ21 protein is subjected to S-glutathionylation which leads to reduction of RdRp activity. (a) A scheme
showing impact of oxidized (GSSG) and reduced (GSH) glutathione on protein S-glutathionylation. (b) A western blot showing
S-glutathionylation of the NS5BΔ21 protein. (c, d) RdRp activity of the NS5BΔ21 protein treated with glutathione isoforms or DTT,
measured in primer-dependent (c) and primer-independent (d) assays. The results are presented as the mean ± SD. The control represents
the untreated recombinant protein. ∗p < 0:05 and ∗∗p < 0:01 (Mann-Whitney test).
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3.3. Identification of Cysteine Residues That Are Subjected to
S-Glutathionylation. The next step was the identification of
the glutathionylated amino acid residues. For that purpose,
a widely used in-gel digestion procedure with trypsin was
performed with subsequent analysis of the resulting peptides
byMALDI mass spectrometry analysis. Two types of samples
were analyzed: the recombinant freshly purified NS5BΔ21
protein and the same protein treated with oxidized glutathi-
one. In both cases, the detected peptides covered 75-85% of
the total protein and most of the cysteine residues. Among
the cysteine residues that escaped detection in a few experi-
ments were C14 and C39 (one experiment) and C366 (one
experiment). But it should be noted that in other repeat exper-
iments the corresponding peptides were detected thus allow-
ing to draw conclusions about their possible modification.

The results of analysis are summarized in Table 1. As one
can see, within the untreated protein, up to four cysteine res-
idues were subjected to S-glutathionylation. Two of them
were identified unambiguously: C89 and C146. S-
Glutathionylation of cysteines at other positions varied
between the samples. In one sample, glutathionylation was
seen for the residues 170 and 274. In the other, no S-
glutathionylation of C170 was detected. In contrast, two glu-
tathione residues were found in a peptide spanning from aa
271-298 that displayed three cysteine residues at positions
274, 279, and 295. The difference in the glutathionylation sta-
tus of Cys170 and cysteines of a 271-298 amino acid region
might be explained by a lower level of S-glutathionylation
of the respective residues in one of these samples, probably
lower than the detection limit.

In the protein preincubated with GSSG, seven glutathi-
one residues were found in the peptide digest (Table 1). As
in the previous case, three of them were at cysteines 89,
146, and 274. In one out of two samples, glutathionylation
was also detected for C521. Again, in both samples, the pep-
tide aa 271-298 with two glutathione residues was seen.
Taken into account that one of them should be at C274, the
second one should be either at C279 or at C295. Finally, in
one of the samples, the peptide aa 223-259 (bearing C223
and C243) with one glutathione residue was detected accom-
panied by the nonglutathionylated peptide aa 235-250. The
latter indicates that another site of S-glutathionylation is pre-
sented by C223. Indeed, the second sample contained the
glutathionylated peptide aa 212-231 which supported the
localization of this site. It is also worth noting that in all
samples, oxidation of thiols of C89, C521, and C223 and
one of the pair C279/C295 into sulfenic and sulfinic acids
was detected. Thus, these results indicated that the NS5B
protein is glutathionylated at cysteine residues 89, 146, 170,
223, 274, 279, 295, and 521.

To find out which of these cysteine residues are con-
served among HCV isolates, multiple alignment of NS5B
protein variants derived from genotypes 1-7 was performed.
For genotypes 1a, 1b, and 2a, three strains each were included.



Table 1: Cysteine residues of the recombinant NS5BΔ21 protein that are subjected to S-glutathionylation.

Protein
Cysteine residue

14 39 89 146 170 223 243 274 279 295 303 316 366 521

The recombinant NS5BΔ21 Exp1 − − + + + − − + − − − − − −
The recombinant NS5BΔ21 Exp2 − − + + − − − Two1 − − − −
NS5BΔ21, treated with GSSG Exp1 − − + + − +2 − Two3 − − − +

NS5BΔ21, treated with GSSG Exp2 − − + + − +2 − Two3 − − − +
123The peptide comprising aa 271-298 with three cysteines (C274, C279, and C295) contained two glutathione residues. In the same analysis, no
glutathionylation was revealed in a peptide of aa 271-280. A peptide aa 223-259 with two cysteines (C223 and C243) contained one glutathione residue. In a
similar sample, the peptide of aa 235-250 was not glutathionylated. The peptide comprising aa 271-298 contained two glutathione residues. In the same
analysis, a glutathionylated peptide of aa 251-278 is implying that one of the residues is at C274, and the second is either at C279 or C295.

Table 2: Variability of amino acid residues of the NS5B protein from HCV genotypes 1-7 at positions, in which the protein of JFH-1 isolate
contains cysteine residues.

Gt Isolate 14 39 89 146 170 223 243 274 279 295 303 316 366 521

1a

H77 C S C C C C C C C C C C C C

TN C S C C C C C C C C C C C C

HCV1 C S C C C C C C C C C C C C

1b

Con1 C A C C C C C C C C C C C C

J4 C A C C C C C C C C C N C C

DH1 C A C C C C C C C C C C C C

2a

JFH1 C C C C C C C C C C C C C C

JFH2 C C C C C C C C C C C C C C

J6 C C C C C C C C C C C C C C

2b J8 C S C C C C C C C C C C C C

3a S52 C S C C C C C C C C A C C C

4a ED43 C A C A C C C C C C I C C C

5a SA13 C S C A C C C C C C C C C C

6a EUHK2 C S C C C C C C C C C C C C

7a QC69 S S A C C C C V C C A C C C
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The alignment is shown in Supplementary figure S1, whereas
Table 2 represents a summary for cysteine residues. First, the
NS5B proteins from the different genotypes contained
different quantities of cysteine residues: 14 for genotype 2
and 7 isolates to 21-23 for genotype 1 isolate. The residues
170, 223, 243, 279, 295, 366, and 521 were conserved
among all genotypes, and cysteines 14, 89, 274, and 316
were also highly conserved: they are present in the NS5B
protein of all genotypes except for one of the analyzed
isolates. On the other side, cysteines 39, 146, and 303 were
absent in at least two genotypes. It should also be worth
noting that several genotypes were bearing cysteines in
other positions that were absent in case of JFH1 and other
genotype 2 polymerases (Figure S2). So, among eight
cysteine residues of the NS5B protein that are subjected to
S-glutathionylation NS5B, five were conservative, and two
others were highly conserved among all genotypes.

3.4. Substitution of Most Glutathionylated Cysteine Residues
in NS5BΔ21 Protein Leads to Reduced Enzymatic Activity of
the Recombinant Protein. To analyze the role of glutathiony-
lation of the identified cysteines in maintaining the enzy-
matic activity of the viral polymerase, a panel of NS5BΔ21
with single C→S substitution was constructed. The rationale
for such mutations was to exchange the sulfhydryl group
(-SH) with a hydroxyl group (-OH) that cannot be coupled
with GSH or be oxidized. The expression and purification
of the protein forms were carried out according to the same
protocol used for the wild-type enzyme. The degree of their
S-glutathionylation was analyzed using the same anti-PSSG
antibodies as described above. As can be seen from
Figure 3(a), not a single substitution prevented the NS5B
protein from coupling with glutathione. Moreover, several
mutant forms exhibited a somewhat enhanced degree of
glutathionylation.

RdRp activity was then measured in a primer-dependent
assay in which the same amount of the protein was present in
the reaction mixture. Using the wild-type protein, no differ-
ences were observed in the de novo system, but the overall
higher levels of nucleotide incorporation were obtained, thus
ensuring better reproducibility and lower level of error. The
substitution of residues 89 and 223 did not affect RdRp
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Figure 3: Most cysteine-to-serine substitutions in NS5BΔ21 decrease its enzymatic activity but do not affect its ability to be activated by a
reducing agent. (a) Western blot for anti-PSSG. (b) Primer-dependent RNA polymerase activity of NS5BΔ21 mutant forms in the absence
and presence of a reducing agent. The results are presented as the mean ± SD. Statistically significant differences between the activities of
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Figure 4: Most cysteine-to-serine substitutions in NS5B upregulate
the replication of the subgenomic HCV subgenomic replicon. The
results are presented as the mean ± SD. Statistical differences in
replication rates between mutation-bearing and wild-type
replicons were accessed by the Kruskal-Wallis method with the
Benjamini and Hochberg procedure. ∗p < 0:05; ∗∗p < 0:001.
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activity, and the change of C174 for serine only moderately
reduced activity (Figure 3(b)). In contrast, other substitutions
decreased the activity by >10-fold. The greatest reduction
was observed for the C279S mutant, for which the incorpo-
ration of a radioactive nucleotide into RNA was close to
the background. Moreover, this substitution also blocked
the increase of RdRp activity upon treatment with the
reducing agent. These results show that glutathionylation
of several NS5B cysteines inhibits the polymerase activity
of the protein.

3.5. Substitution of Most Glutathionylated Cysteine Residues
in NS5B Protein in the Context of the Viral Subgenomic
Replicon Enhanced HCV Replication. In order to verify the
role of NS5B cysteine residues that are glutathionylated, on
polymerase activity in the context of a viral proteome, similar
mutations were introduced into a subgenomic JFH1 replicon.
All the corresponding RNAs produced by in vitro transcrip-
tion were electroporated into Huh7.5 cells and grown in the
presence of the selection agent G418. As a negative control,
the replication-incompetent variant displaying a substitution
of the catalytic Asp318 with asparagine was electroporated.
The results are presented in Figure 4. First, in neither out of
four independent experiments, cells with an NS5B C89S sub-
stitution could be selected. This may indicate that this residue
in indispensable for maintaining replication in liver cells.
Substitution of C146 did not affect HCV replication efficacy.
Substitutions of C179, 295, or 512 with serine residues
significantly enhanced the replication of the viral genome.
A less pronounced stimulation was observed for C223 and
C274 substitutions. Finally, substitutions of C146 or C279
had no notable effect on HCV replication.
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4. Discussion

Numerous reports show that hepatitis C virus alters the
redox state of infected cells (summarized in [23] and other
reviews) with focus on the identification of HCV-induced
ROS sources and levels, identification of ROS-scavenging
enzymes, and search for redox-sensitive pathways that
may be implicated in virus pathogenesis. In contrast, no
attempts have been made so far to analyze the impact of
ROS on viral proteins in terms of redox-sensitive or
redox-dependent posttranslational modifications and how
these ROS-induced posttranslational modifications may
change structural or enzymatic properties of viral proteins
and affect virus replication as well as the development of the
associated liver diseases. It is widely accepted that effects by
which ROS and reactive nitrogen species deregulate any par-
ticular process are based on their ability to induce redox-
sensitive posttranslational modifications. Many of those are
presented by covalent modifications or cysteine thiol groups:
oxidation to sulfenic (-SOH), sulfinic (-SO2H), or even sul-
fonic (-SO3H) acids [41]; S-glutathionylation (a formation
of a mixed disulfide with glutathione) [42]; nitrosation
(commonly referred to as nitrosylation—a conversion of
the -SH group into the -SNO group) [43]; and many others.
Numerous papers show that these posttranslational modifi-
cations play crucial roles in the regulation of many cellular
enzymes and other proteins [17, 41, 43]. Among these,
S-glutathionylation has a prominent role in the regulation
of many pathophysiological events [42]. During last year, it
became clear that this cysteine modification is implicated in
the development of lung fibrosis [44], asthma [45], neural
disorders such as Friedrich’s ataxia [46], and other patholo-
gies, whereas targeted regulation of S-glutathionylation in
cells and tissues presents a novel strategy to treat at least
some of these diseases [44]. In contrast, there are almost no
data on existence of these modifications in case of proteins
of HCV or other infections.

We show here that the hepatitis C virus NS5B protein that
represents anRNA-dependent RNApolymerase undergoes S-
glutathionylation. This finding expands the small list of viral
proteins that are subject to this redox-sensitive posttransla-
tional modification. Besides NS5B, S-glutathionylation was
described for the proteases of human immunodeficiency and
human T-lymphotropic viruses [18–20], the nsP2 protein of
chikungunya virus [21], and NS5 protein of Zika and dengue
[22]. Zika and dengue viruses belong to the Flaviviridae-
family, though to a different genus. Chikungunya virus is
a member of the Togaviridae family that is comprised of
small enveloped viruses whose genome is presented by a
single-stranded nonfragmented (+) strand RNA. The NS5
protein of Zika and dengue viruses that is subject to
S-glutathionylation exhibits two types of enzymatic activ-
ities: guanylyltransferase, RNA guanine-N7-methyltrans-
ferase, nucleoside 2′-O-methyltransferase, and RdRp [22].
S-Glutathionylation moderately decreases at least two of
them: guanylyltransferase and RdRp. The nsP2 protein of
Chikungunya virus is a protease, and its S-glutathionylation
suppresses this activity [21]. Similarly, S-glutathionylation
of HIV protease inhibits its enzymatic activity by preventing
its dimerization [18, 19]. In our case, this posttranslational
modification also decreased the enzymatic activity of the
NS5B protein of HCV; however, the underlying mechanisms
remain unknown.

S-Glutathionylation of NS5B was shown for the
recombinant protein only. Unfortunately, we could not verify
S-glutathionylation of the HCV NS5B protein expressed in
liver cells due to technical restrictions. We tried to immuno-
precipitate the protein with either NS5B or PSSG antibodies
or treatment of the HCV-infected Huh7.5 cells with a bio-
tinylated glutathione (Bio-GEE). All these approaches did
not show the presence of the NS5B in the precipitates, most
probably due to very weak affinity of the antibodies to this
protein. Two commercially available antibodies and one in-
house produced polyclonal antibody that were used for the
detection of NS5B had a detection limit of 30 ng per lane of
a gel. So, future endeavors should require introduction of
any high affinity tag to the NS5B protein which cannot be
done in the context of HCV infectious or noninfectious
replication systems.

Based on existing crystal structures, it could be speculated
that glutathionylation of several cysteine residues may block
RdRp activity by introducing a bulky tripeptide moiety close
to sites that are critical for catalysis. The first example is C223
that is located in a palm subdomain in a proximity to
aspartate residue D220, which coordinates one of the mag-
nesium ions, D225 which forms a hydrogen bond with a
2′-hydroxyl of an incoming triphosphate, or R222 that also
interacts with NTP [47]. The second example is C89 that is
close to the residues that form a tunnel for the RNA primer
[48]. Surprisingly, the mutants with cysteines 89 or 223
substituted to serine residues exhibited enzymatic activity
similar to that of the wild-type protein. In contrast, the
RdRp activity of the C170S and C274S mutants was only
moderately reduced. The latter is in contrast to a study of
Murakami’s group that demonstrated a significant reduction
in the enzymatic activity of C274A mutant polymerase
[49, 50]. However, such discrepancy could be explained by
a different isolate of virus (JK-1 isolate of a 1b genotype com-
pared to JFH1 isolate of 2a gt used in the present study) or by
the difference in amino acid residue to which the cysteine was
substituted. Next, C146S, C279S, C195S, and C521S mutant
exhibited significantly reduced RdRp activity compared to
the wild-type enzyme. However, the activities of all of them
except C179S were upregulated by pretreatment with DTT.
Again, the result for C279 is in contradiction to the papers
of Murakami’s group [49, 50], where C279A substitution
did not affect the RdRp activity of the NS5B protein. But
again, differences in viral isolate or substitution may account
for this discrepancy. Nevertheless, these results indicate that
several cysteine residues are important for maintaining enzy-
matic activity of the polymerase.

To verify that the substitutions of the cysteine residues in
NS5B proteins lead to the abovementioned changes in its
enzymatic activity, respective substitutions were introduced
into a subgenomic HCV replicon. Stable cells lines were
selected and obtained and used to measure HCV RNA levels.
Strikingly, this system led to absolutely different results: a
C89S mutation that had no effect on RdRp activity in vitro
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did not support HCV replication, whereas a series of muta-
tions that did diminish the activity of the recombinant
enzyme up-regulated HCV replication in cells. The most pro-
nounced difference was seen in the case of the C279S mutant.
This suggests the existence of at least two factors that influ-
ence RdRp activity. First, S-glutathionylation or other cyste-
ine modifications inhibit the polymerase in cells. Second,
the recombinant NS5B protein has a preference for cysteine
compared to serine in the respective positions. However, it
cannot be excluded that these cysteine residues can undergo
other redox-sensitive modifications such as sulfenation or
even sulfination that also decrease RdRp activity. It is
accepted that oxidation of thiol groups into sulfenic groups
may precede S-glutathionylation either through reaction
with GSH or through an enzyme-catalyzed process [51].
There are several examples that both oxidation and
S-glutathionylation occur for cysteine residues with reduced
pKa. Mass spectrometric analysis in this study revealed both
oxidized forms for several cysteines that were subjected to
S-glutathionylation. Though we cannot rule out a possibility
of spontaneous oxidation of these residues by air oxygen, it is
tempting to speculate that at least deep oxidation (i.e., into
sulfinic acids) seen for C89, C521, C223, and a pair
C179/C295 could reflect a high potential of these residues
to redox-sensitive posttranslational modifications. So, future
studies of a wide range of cysteine modifications of the NS5B
protein are required.

Both S-glutathionylation and sulfenation of cysteines rely
upon hydrogen peroxide [41]. HCV infection is known to
trigger enhanced production of ROS and to increase cyto-
plasmic H2O2 levels in particular [23, 25]. Long-lasting
HCV infection also causes a significant increase in oxidized
glutathione levels [31]. These facts assume that HCV infec-
tion should favor protein S-glutathionylation. As glutathio-
nylation of the NS5B protein inhibits its enzymatic activity,
one might expect a negative effect of hydrogen peroxide on
virus replication. Indeed, Choi et al. reported inhibition of
HCV replication by nontoxic doses of H2O2.

5. Conclusions

To sum up, we have shown that the NS5B protein of hepatitis
C virus is subjected to S-glutathionylation and that this mod-
ification alters enzymatic activity. At the same time, results
from the cell system suggest the existence of other modifica-
tions of NS5B cysteine residues that also can affect RdRp
activity of the protein. So, these data point out to the neces-
sity of future investigations of redox-sensitive posttransla-
tional modifications of the HCV NS5B proteins as well as
of other virus proteins and their role in HCV replication.

Data Availability

No data were used to support this study.

Conflicts of Interest

The authors declare that they have no conflicts of interest.
Authors’ Contributions

Marina K. Kukhanova and Vera L. Tunitskaya contributed
equally to this work.

Acknowledgments

Most part of the study was supported by the Russian Science
Foundation (project 19-14-00197), with the exception of
plasmid construction, supported by the DevWeCan French
Laboratories of Excellence Network (Labex, Grant ANR-10-
LABX-61) and PHC Kolmogorov. The interaction between
the authors was supported by the 111 Project (Grant No.
B12003).

Supplementary Materials

Figure S1: primer-dependent RdRp activity of the recombi-
nant NS5BΔ21 protein is inhibited by treatment with hydro-
gen peroxide. Control represents the untreated recombinant
protein. Figure S2: alignment of the NS5B protein derived
from the virus of genotypes 1-7 and conservativeness of
cysteine residues. Table S1: structure of oligonucleotides used
for site-directed mutagenesis in the plasmid pET-2c-
NS5BΔ21. Table S2: structure of oligonucleotides used for
site-directed mutagenesis in the plasmid pSGR-JFH1.
(Supplementary Materials)

References

[1] http://www.who.int/mediacentre/factsheets/fs164/en/.
[2] J. K. Mitchell, S. M. Lemon, and D. R. McGivern, “How do per-

sistent infections with hepatitis C virus cause liver cancer?,”
Current Opinion in Virology, vol. 14, pp. 101–108, 2015.

[3] C. de Martel, D. Maucort-Boulch, M. Plummer, and
S. Franceschi, “World-wide relative contribution of hepatitis
B and C viruses in hepatocellular carcinoma,” Hepatology,
vol. 62, no. 4, pp. 1190–1200, 2015.

[4] R. D’Ambrosio, E. Degasperi, M. Colombo, and A. Aghemo,
“Direct-acting antivirals: the endgame for hepatitis C?,”
Current Opinion in Virology, vol. 24, pp. 31–37, 2017.

[5] M. Bourlière, S. C. Gordon, S. L. Flamm et al., “Sofosbuvir,
velpatasvir, and voxilaprevir for previously treated HCV
infection,” New England Journal of Medicine, vol. 376,
no. 22, pp. 2134–2146, 2017.

[6] G. R. Foster, N. Afdhal, S. K. Roberts et al., “Sofosbuvir and
velpatasvir for HCV genotype 2 and 3 infection,” New England
Journal of Medicine, vol. 373, no. 27, pp. 2608–2617, 2015.

[7] J. J. Feld, I. M. Jacobson, C. Hézode et al., “Sofosbuvir and vel-
patasvir for HCV genotype 1, 2, 4, 5, and 6 infection,” New
England Journal of Medicine, vol. 373, no. 27, pp. 2599–2607,
2015.

[8] A. V. Ivanov, V. T. Valuev-Elliston, D. A. Tyurina et al.,
“Oxidative stress, a trigger of hepatitis C and B virus-induced
liver carcinogenesis,” Oncotarget, vol. 8, no. 3, 2017.

[9] M. Gutowski and S. Kowalczyk, “A study of free radical
chemistry: their role and pathophysiological significance,”
Acta Biochimica Polonica, vol. 60, no. 1, p. 1, 2013.

[10] C. R. Reczek and N. S. Chandel, “ROS-dependent signal trans-
duction,” Current Opinion in Cell Biology, vol. 33, pp. 8–13,
2015.

http://downloads.hindawi.com/journals/omcl/2019/3196140.f1.docx
http://www.who.int/mediacentre/factsheets/fs164/en/


10 Oxidative Medicine and Cellular Longevity
[11] C. C. Winterbourn, “Reconciling the chemistry and biology of
reactive oxygen species,”Nature Chemical Biology, vol. 4, no. 5,
pp. 278–286, 2008.

[12] E. A. Veal, Z. E. Underwood, L. E. Tomalin, B. A. Morgan, and
C. S. Pillay, “Hyperoxidation of peroxiredoxins: gain or loss of
function?,” Antioxidants & Redox Signaling, vol. 28, no. 7,
pp. 574–590, 2018.

[13] I. Y. Petrushanko, S. Yakushev, V. A. Mitkevich et al.,
“S-Glutathionylation of the Na,K-ATPase Catalytic α Subunit
Is a Determinant of the Enzyme Redox Sensitivity,” The Jour-
nal of Biological Chemistry, vol. 287, no. 38, pp. 32195–32205,
2012.

[14] A. V. Ivanov, V. T. Valuev-Elliston, O. N. Ivanova et al.,
“Oxidative stress during HIV infection: mechanisms and
consequences,” Oxidative Medicine and Cellular Longevity,
vol. 2016, Article ID 8910396, 18 pages, 2016.

[15] O. Khomich, S. Kochetkov, B. Bartosch, and A. Ivanov, “Redox
Biology of Respiratory Viral Infections,” Viruses, vol. 10, no. 8,
p. 392, 2018.

[16] J. Choi, “Oxidative stress, endogenous antioxidants, alcohol,
and hepatitis C: pathogenic interactions and therapeutic con-
siderations,” Free Radical Biology & Medicine, vol. 52, no. 7,
pp. 1135–1150, 2012.

[17] J. Choi, N. L. B. Corder, B. Koduru, and Y. Wang, “Oxidative
stress and hepatic Nox proteins in chronic hepatitis C and
hepatocellular carcinoma,” Free Radical Biology & Medicine,
vol. 72, pp. 267–284, 2014.

[18] D. A. Davis, C. A. Brown, F. M. Newcomb et al., “Reversible
oxidative modification as a mechanism for regulating retrovi-
ral protease dimerization and activation,” Journal of Virology,
vol. 77, no. 5, pp. 3319–3325, 2003.

[19] D. A. Davis, K. Dorsey, P. T. Wingfield et al., “Regulation of
HIV-1 protease activity through cysteine modification,” Bio-
chemistry, vol. 35, no. 7, pp. 2482–2488, 1996.

[20] D. A. Davis, F. M. Newcomb, D. W. Starke, D. E. Ott, J. J.
Mieyal, and R. Yarchoan, “Thioltransferase (Glutaredoxin) Is
Detected Within HIV-1 and Can Regulate the Activity of
Glutathionylated HIV-1 Proteasein Vitro,” The Journal of
Biological Chemistry, vol. 272, no. 41, pp. 25935–25940, 1997.

[21] C. Saisawang, A. Kuadkitkan, D. R. Smith, S. Ubol, and A. J.
Ketterman, “Glutathionylation of chikungunya nsP2 protein
affects protease activity,” Biochimica et Biophysica Acta -
General Subjects, vol. 1861, no. 2, pp. 106–111, 2017.

[22] C. Saisawang, A. Kuadkitkan, P. Auewarakul, D. R. Smith, and
A. J. Ketterman, “Glutathionylation of dengue and Zika NS5
proteins affects guanylyltransferase and RNA dependent
RNA polymerase activities,” PLoS One, vol. 13, no. 2,
p. e0193133, 2018.

[23] A. Ivanov, O. Smirnova, I. Petrushanko et al., “HCV core
protein uses multiple mechanisms to induce oxidative stress
in human hepatoma Huh7 cells,” Viruses, vol. 7, no. 6,
pp. 2745–2770, 2015.

[24] O. A. Smirnova, O. N. Ivanova, B. Bartosch et al., “Hepatitis C
virus NS5A protein triggers oxidative stress by inducing
NADPH oxidases 1 and 4 and cytochrome P450 2E1,” Oxida-
tive Medicine and Cellular Longevity, vol. 2016, Article ID
8341937, 10 pages, 2016.

[25] N. S. R. DeMochel, S. Seronello, S. H.Wang et al., “Hepatocyte
NAD(P)H oxidases as an endogenous source of reactive oxy-
gen species during hepatitis C virus infection,” Hepatology,
vol. 52, no. 1, pp. 47–59, 2010.
[26] H. E. Boudreau, S. U. Emerson, A. Korzeniowska, M. A.
Jendrysik, and T. L. Leto, “Hepatitis C virus (HCV) proteins
induce NADPH oxidase 4 expression in a transforming
growth factor beta-dependent manner: a new contributor to
HCV-induced oxidative stress,” Journal of Virology, vol. 83,
no. 24, pp. 12934–12946, 2009.

[27] D. Burdette, M. Olivarez, and G. Waris, “Activation of
transcription factor Nrf2 by hepatitis C virus induces the
cell-survival pathway,” The Journal of General Virology,
vol. 91, no. 3, pp. 681–690, 2010.

[28] M. Carvajal-Yepes, K. Himmelsbach, S. Schaedler et al.,
“Hepatitis C virus impairs the induction of cytoprotective
Nrf2 target genes by delocalization of small Maf proteins,”
The Journal of Biological Chemistry, vol. 286, no. 11,
pp. 8941–8951, 2011.

[29] Y. Jiang, H. Bao, Y. Ge et al., “Therapeutic targeting of GSK3β
enhances the Nrf2 antioxidant response and confers hepatic
cytoprotection in hepatitis C,” Gut, vol. 64, no. 1, pp. 168–
179, 2015.

[30] D. Yamane, D. R. McGivern, E. Wauthier et al., “Regulation of
the hepatitis C virus RNA replicase by endogenous lipid perox-
idation,” Nature Medicine, vol. 20, no. 8, pp. 927–935, 2014.

[31] C. Brault, P. Lévy, S. Duponchel et al., “Glutathione peroxidase
4 is reversibly induced by HCV to control lipid peroxidation
and to increase virion infectivity,” Gut, vol. 65, no. 1,
pp. 144–154, 2016.

[32] A. V. Ivanov, A. N. Korovina, V. L. Tunitskaya et al., “Develop-
ment of the system ensuring a high-level expression of hepati-
tis C virus nonstructural NS5B and NS5A proteins,” Protein
Expression and Purification, vol. 48, no. 1, pp. 14–23, 2006.

[33] S. N. Ho, H. D. Hunt, R. M. Horton, J. K. Pullen, and L. R.
Pease, “Site-directed mutagenesis by overlap extension using
the polymerase chain reaction,” Gene, vol. 77, no. 1, pp. 51–
59, 1989.

[34] A. V. Ivanov, V. L. Tunitskaya, O. N. Ivanova et al., “Hepatitis
C virus NS5A protein modulates template selection by the
RNA polymerase in in vitro system,” FEBS Letters, vol. 583,
no. 2, pp. 277–280, 2009.

[35] A. V. Ivanov, O. A. Smirnova, O. N. Ivanova, O. V. Masalova,
S. N. Kochetkov, and M. G. Isaguliants, “Hepatitis C virus pro-
teins activate NRF2/ARE pathway by distinct ROS-dependent
and independent mechanisms in HUH7 cells,” PLoS One,
vol. 6, no. 9, p. e24957, 2011.

[36] A. Shevchenko, H. Tomas, J. Havli, J. V. Olsen, and M. Mann,
“In-gel digestion for mass spectrometric characterization of
proteins and proteomes,” Nature Protocols, vol. 1, no. 6,
pp. 2856–2860, 2006.

[37] T. Kato, T. Date, M. Miyamoto et al., “Efficient replication
of the genotype 2a hepatitis C virus subgenomic replicon,”
Gastroenterology, vol. 125, no. 6, pp. 1808–1817, 2003.

[38] W. Li, A. Cowley, M. Uludag et al., “The EMBL-EBI bioinfor-
matics web and programmatic tools framework,”Nucleic Acids
Research, vol. 43, no. W1, pp. W580–W584, 2015.

[39] S. Reigadas, M. Ventura, L. Sarih-Cottin, M. Castroviejo,
S. Litvak, and T. Astier-Gin, “HCV RNA-dependent RNA
polymerase replicates in vitro the 3′ terminal region of the
minus-strand viral RNA more efficiently than the 3′ terminal
region of the plus RNA,” European Journal of Biochemistry,
vol. 268, no. 22, pp. 5857–5867, 2001.

[40] K. X. Chan, P. D. Mabbitt, S. Y. Phua et al., “Sensing and
signaling of oxidative stress in chloroplasts by inactivation of



11Oxidative Medicine and Cellular Longevity
the SAL1 phosphoadenosine phosphatase,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 113, no. 31, pp. E4567–E4576, 2016.

[41] M. Lo Conte and K. S. Carroll, “The redox biochemistry of
protein sulfenylation and sulfinylation,” The Journal of Biolog-
ical Chemistry, vol. 288, no. 37, pp. 26480–26488, 2013.

[42] J. Zhang, Z. W. Ye, S. Singh, D. M. Townsend, and K. D. Tew,
“An evolving understanding of the S-glutathionylation cycle in
pathways of redox regulation,” Free Radical Biology & Medi-
cine, vol. 120, pp. 204–216, 2018.

[43] N. Gould, P. T. Doulias, M. Tenopoulou, K. Raju, and
H. Ischiropoulos, “Regulation of protein function and signal-
ing by reversible cysteine S-nitrosylation,” The Journal of
Biological Chemistry, vol. 288, no. 37, pp. 26473–26479, 2013.

[44] V. Anathy, K. G. Lahue, D. G. Chapman et al., “Reducing
protein oxidation reverses lung fibrosis,” Nature Medicine,
vol. 24, no. 8, pp. 1128–1135, 2018.

[45] S. M. Hoffman, X. Qian, J. D. Nolin et al., “Ablation of
glutaredoxin-1 modulates house dust mite-induced allergic
airways disease in mice,” American Journal of Respiratory Cell
and Molecular Biology, vol. 55, no. 3, pp. 377–386, 2016.

[46] M. Sparaco, L. M. Gaeta, F. M. Santorelli et al., “Friedreich’s
ataxia: oxidative stress and cytoskeletal abnormalities,” Journal
of the Neurological Sciences, vol. 287, no. 1-2, pp. 111–118,
2009.

[47] S. Bressanelli, L. Tomei, A. Roussel et al., “Crystal structure of
the RNA-dependent RNA polymerase of hepatitis C virus,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 96, no. 23, pp. 13034–13039, 1999.

[48] D. O'Farrell, R. Trowbridge, D. Rowlands, and J. Jager,
“Substrate complexes of hepatitis C virus RNA polymerase
(HC-J4): structural evidence for nucleotide import and de-
novo initiation,” Journal of Molecular Biology, vol. 326,
no. 4, pp. 1025–1035, 2003.

[49] Y. Ma, T. Shimakami, H. Luo, N. Hayashi, and S. Murakami,
“Mutational analysis of hepatitis C virus NS5B in the subge-
nomic replicon cell culture,” The Journal of Biological Chemis-
try, vol. 279, no. 24, pp. 25474–25482, 2004.

[50] W. Qin, T. Yamashita, Y. Shirota, Y. Lin, W. Wei, and
S. Murakami, “Mutational analysis of the structure and func-
tions of hepatitis C virus RNA-dependent RNA polymerase,”
Hepatology, vol. 33, no. 3, pp. 728–737, 2001.

[51] D. M. Townsend, Y. Manevich, L. He, S. Hutchens,
C. J. Pazoles, and K. D. Tew, “Novel role for glutathione
S-transferase pi. Regulator of protein S-glutathionylation
following oxidative and nitrosative stress,” The Journal of
Biological Chemistry, vol. 284, no. 1, pp. 436–445, 2009.


	Hepatitis C Virus RNA-Dependent RNA Polymerase Is Regulated by Cysteine S-Glutathionylation
	1. Introduction
	2. Experimental Section
	2.1. Reagents
	2.2. Construction of the Plasmids
	2.3. Expression and Purification of the NS5B Δ21 Protein
	2.4. RNA Polymerase Activity Assay
	2.5. Western Blotting
	2.6. Mass Spectrometry
	2.7. HCV Replicons
	2.8. Reverse Transcription and Real-Time PCR
	2.9. Alignment of NS5B Sequences
	2.10. Statistical Analysis

	3. Results
	3.1. RNA-Dependent RNA Polymerase Activity of NS5B Protein Is Redox-Dependent
	3.2. NS5B Is Subject to S-Glutathionylation That Reduces RdRp Activity of the Recombinant Protein
	3.3. Identification of Cysteine Residues That Are Subjected to S-Glutathionylation
	3.4. Substitution of Most Glutathionylated Cysteine Residues in NS5BΔ21 Protein Leads to Reduced Enzymatic Activity of the Recombinant Protein
	3.5. Substitution of Most Glutathionylated Cysteine Residues in NS5B Protein in the Context of the Viral Subgenomic Replicon Enhanced HCV Replication

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

