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The hepatitis C virus (HCV) RNA-dependent RNA-polymerase NS5B is essentially required for viral replication and serves as a
prominent drug target. Sofosbuvir is a prodrug of a nucleotide analog that interacts selectively with NS5B and has been ap-
proved for HCV treatment in combination with ribavirin. Although the emergence of resistance to sofosbuvir is rarely seen in
the clinic, the S282T mutation was shown to decrease susceptibility to this drug. S282T was also shown to confer hypersuscepti-
bility to ribavirin, which is of potential clinical benefit. Here we devised a biochemical approach to elucidate the underlying
mechanisms. Recent crystallographic data revealed a hydrogen bond between S282 and the 2=-hydroxyl of the bound nucleotide,
while the adjacent G283 forms a hydrogen bond with the 2=-hydroxyl of the residue of the template that base pairs with the
nucleotide substrate. We show that DNA-like modifications of the template that disrupt hydrogen bonding with G283
cause enzyme pausing with natural nucleotides. However, the specifically introduced DNA residue of the template reestab-
lishes binding and incorporation of sofosbuvir in the context of S282T. Moreover, the DNA-like modifications of the tem-
plate prevent the incorporation of ribavirin in the context of the wild-type enzyme, whereas the S282T mutant enables the
binding and incorporation of ribavirin under the same conditions. Together, these findings provide strong evidence to
show that susceptibility to sofosbuvir and ribavirin depends crucially on a network of interdependent hydrogen bonds that
involve the adjacent residues S282 and G283 and their interactions with the incoming nucleotide and complementary tem-
plate residue, respectively.

Hepatitis C virus (HCV) has a single-stranded RNA genome of
positive polarity and belongs to the Flaviviridae family (1).

Chronic HCV infection is associated with severe liver disease, in-
cluding cirrhosis, and an increased risk of hepatocellular carci-
noma (2). If adequately treated, HCV can be cured. Previously,
treatment options for HCV infected persons were limited to com-
bination therapy with pegylated alpha interferon (IFN-�) and
ribavirin (3). Ribavirin is a nucleoside analog, with a guanine-like
base moiety, that can be incorporated by the HCV RNA-depen-
dent RNA polymerase (RdRp) opposite cytosine or uracil, al-
though the detailed mechanism of action remains elusive (4). In
2011, the first direct-acting antivirals (DAAs) targeting the viral
protease, or nonstructural protein 3 (NS3), were approved as a
component of IFN-based therapies (5); however, the clinical use
of the narrow-spectrum protease inhibitors boceprevir and tel-
aprevir is limited by a narrow coverage of HCV genotypes and a
low barrier to the selection of resistance (6). Nucleoside or nucle-
otide inhibitors (NIs) that target the HCV RdRp, or nonstructural
protein 5B (NS5B), address these weaknesses (7). Sofosbuvir, a
nucleotide prodrug of 2=-deoxy-2=-�-fluoro-�-C-methyluridine,
was approved by the U.S. Food and Drug Administration (FDA)
in December 2013 in IFN-free combination therapies for chronic
HCV infection (8, 9).

NIs compete with the natural ribonucleoside 5=-triphosphates
(NTPs) for binding to the highly conserved HCV polymerase
active site and, once incorporated, interfere with subsequent
nucleotide additions (10). These compounds generally show
pangenotypic activity and exhibit a high barrier to the devel-

opment of resistance (11). HCV NS5B can initiate RNA syn-
thesis de novo or in the presence of a dinucleotide primer that
represents the initial product following phosphodiester bond
formation (12, 13). This stage of RNA synthesis is fragile and
accompanied by frequent dissociation events (12, 13). Con-
versely, RNA synthesis is highly processive following the incor-
poration of two to three nucleotides, which defines the elonga-
tion stage (14). Since the HCV RNA genome contains
approximately 9,600 residues, the elongation stage provides
theoretically thousands of opportunities for NIs to incorporate
and inhibit viral RNA synthesis (15).

The crystal structure of the HCV NS5B polymerase has been
determined in the absence or presence of nucleic acid substrates,
with or without a bound nucleotide (16–18). The fold is reminis-
cent of a right hand with fingers, palm, and thumb subdomains
that form a fist-like conformation without sufficient space for the
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RNA primer template to bind (19). The HCV NS5B polymerase
contains a �-hairpin loop that appears to interfere with binding to
double-stranded RNA (20). Recent structures of NS5B with a
bound primer template show that the thumb domain opens rela-
tive to the fingers, which helps to accommodate the nucleic acid
substrate (18). Structures of NS5B that have a bound nucleotide
and mimic the elongation phase shed light on binding of nucleo-
tides and nucleotide analogues (16). The 2=-hydroxyl group of the
ribonucleotide substrate is involved in a hydrogen bonding net-
work that includes position S282 that is associated with resistance
to sofosbuvir (21). The S282T mutation confers decreased suscep-
tibility to most 2=-C-methylated compounds, including sofosbu-
vir (22). This mutation is rarely seen in the clinic, which can be
ascribed to a fitness deficit and a high genetic barrier (15, 23). It
has been suggested that this mutation may discriminate against
the inhibitor, causing a steric clash with the 2=-C-methyl motif;
however, the detailed mechanism of resistance has yet to be eluci-
dated (23). The S282T mutation was also shown to confer hyper-
susceptibility to ribavirin, which adds another layer of complexity
to this problem (32, 33). Here, we devised a biochemical approach
and identified complex interactions between the template strand
and the adjacent residues S282 and G283 that affect susceptibility
to sofosbuvir and ribavirin.

MATERIALS AND METHODS
Nucleic acids, nucleotides, and inhibitors. The following 20-mer het-
eropolymeric RNA template sequences were used in this study: 5=-AACA
GUXUCCUUUUCUCUCC-3= (T20-X14), where the base X represents
uridine (U, T20-U14), thymidine (dT, T20-dT14), 2=-deoxyguanosine
(dG, T20-dG14), 2=-deoxyuridine (dU, T20-dU14), or 2=-fluorouridine
(2=-FU, T20-2=F-U14) (Trilink); and 5=-AACAGUUUCCUUUUCUCUC
C-3= (T20-G16), where the base G represents guanine (G, T20-G16), 2=-
deoxyguanosine (dG, T20-dG16), 2=-deoxy-2=-fluoro-guanosine (2=-FG,
T20-2=F-G16), or 2=-O-methyl-guanosine (2=-O-Me-G, T20-2=OMe-
G16). The modified nucleic acids were provided by Masad Damha
(McGill University): 5=-CUCGAUUUCCUUUUCUCUCC-3= (T20-
A16), where the base A was modified to adenosine (A, T20-A16) or de-
oxyadenosine (dA, T20-dA16) (Trilink); and 5=-AAAUCGAGAAGGAG
AAAGCC-3= (T20-C16), where the base C was modified to cytosine (C,
T20-C16) or 2=-deoxycytidine (dC, T20-dC16) (Trilink). All of the tem-
plates were purified by polyacrylamide gel electrophoresis (PAGE). The
5=-GG-3= dinucleotide (Trilink) was used as a primer. Labeling of the 5=
end of the dinucleotide primer with [�-32P]ATP was carried out with T4
polynucleotide kinase (Thermo Scientific). NTPs were purchased from
Thermo Scientific. The nucleotide analog 2=-C-methyl-CTP (2=-C-meth-
yl-CTP) was provided by Raymond Schinazi (Emory University); the
triphosphate form of the active uridine metabolite of sofosbuvir (2=-de-
oxy-2=-�-fluoro-�-C-methyluridine-TP or 2=-C-Me-2=-F-UTP) was
provided by Gilead, and ribavirin-TP was purchased from Jena Bioscience
(Jena, Germany).

Expression and purification of HCV NS5B. The HCV NS5B sequence
derived from genotype 1b (Con-1) without the C-terminal, hydrophobic
tail of 21 amino acids was inserted into the expression vector pET-21
(Novagen). The plasmid encoding the truncated enzyme with a C-termi-
nally added His tag was transformed into Escherichia coli BL21(DE3) cells.
The protein was purified using a Ni-chelating Sepharose column. Mutant
enzymes were generated by site-directed mutagenesis by using a Strat-
agene QuikChange kit according to the manufacturer’s instructions (24).
All mutations were confirmed by sequencing at the Genome Quebec In-
novation Center.

Full-length RNA synthesis. The standard reaction mixture contained
500 nM RNA template (T20-X14), 1 �M HCV NS5B, 0.2 �M radiolabeled
5=-GG-3= primer, and 5 �M NTPs. Reactions were carried out in a buffer

containing 40 mM HEPES (pH 8.0), 15 mM NaCl, 1 mM dithiothreitol,
and 0.5 mM EDTA. RNA synthesis was initiated at room temperature
using 6 mM MgCl2 and stopped at specific time points by the addition of
0.5 M EDTA in 95% formamide containing xylene cyanol and bromophe-
nol blue. The samples were then heat denatured at 95°C for 5 min and
resolved on a 20% polyacrylamide–7 M urea gel. Products were visualized
using a Bio-Rad phosphorimager.

Dose-dependent incorporation of nucleotides and nucleotide ana-
logues. A solution of 500 nM RNA template (T20-G16, T20-dG16, T20-
2=OMe-G16), 1 �M HCV NS5B, and 5 �M ATP and GTP was incubated
for 45 min to halt RNA synthesis at position �15. Increasing concentra-
tions of CTP were then added to determine the incorporation efficiency
against G, dG, and 2=-O-Me-G at position �16. Reactions were allowed to
proceed for 1 min. For 2=C-Methyl-CTP, the standard reaction mixture
contained RNA template (T20-G16, T20-dG16, T20-2=F-G16), 5 �M
GTP, ATP, and UTP, and a 0.5 �M concentration of competing nucleo-
tide CTP, with increasing concentrations of 2=-C-methyl-CTP. For the
active metabolite of sofosbuvir-TP, the standard reaction mixture con-
tained RNA template (T20-A16, T20-dA16), 5 �M GTP, ATP, and CTP,
and a 0.5 �M concentration of the competing nucleotide UTP, with in-
creasing concentrations of sofosbuvir-TP. The reactions were allowed to
proceed at room temperature for 45 min. The concentration of 2=-C-
methyl-CTP or 2=-C-methyl-2=-fluoro-UTP required to inhibit 50% of
the full-length product formation (IC50) was calculated using Prism soft-
ware (GraphPad, Inc.). For the ribavirin assays, the standard reaction
mixture contained RNA template (T20-C16, T20-dC16) and 5 �M CTP
and UTP. Reactions were allowed to proceed at room temperature for 45
min up to position �15. Increasing concentrations of GTP or ribavirin
were then added to determine incorporation efficiency against C or dC at
position �16. GTP was allowed to incorporate for 1 min and ribavirin was
allowed to incorporate for 5 min before the reactions were stopped. Sam-
ples were analyzed as described above. All assays were repeated a mini-
mum of three times.

RESULTS
Experimental strategy. The recent structures of binary and ter-
nary complexes of HCV NS5B revealed that the side chain of S282
is involved in a hydrogen bond network that involves the 2=-hy-
droxyl of the bound nucleotide (Fig. 1). The structures further
show that the complementary residue of the template forms a
hydrogen bond with its 2=-hydroxyl group and the backbone of
the conserved G283 (Fig. 1). In light of these structural obser-
vations, it is tempting to hypothesize that the precise arrange-
ment between the ultimate base pair and the adjacent residues
S282 and G283 is crucial for nucleotide binding and/or incor-
poration. The functional role of the hydrogen bond between
G283 and the 2= hydroxyl of the template is of potential rele-
vance in this regard and remains to be elucidated. To address
this problem, we studied NS5B-mediated RNA synthesis with
chimeric templates with strategically engineered modifications
at the site of incorporation.

RNA synthesis by wild-type NS5B with RNA and RNA-DNA
chimeric templates. Previous studies have shown that HCV NS5B
is able to utilize DNA templates, albeit with reduced efficiency
(25). The reduction in RNA synthesis can be ascribed to missing
hydrogen bonds between the template and specific amino acids of
the RNA binding channel, including G283. To better understand
the specific contribution of G283, we synthesized chimeric RNA-
DNA templates with chemical modification introduced at the site
of incorporation opposite to the incoming nucleotide substrate.
The modifications are strategically engineered at position �14 of
a model 20-mer heteropolymeric template (T20X14) (Fig. 2A).
Modifications at position �14 include U, dT, dG, dU, or 2=-F-U
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(Fig. 2B). Hence, the lack of the 2=-hydroxyl group is studied in the
context of different bases dT, dG, and dU. In 2=F-U the 2=-hy-
droxyl group is substituted with the bioisosteric 2=-fluoro, which
locks the sugar pucker in an RNA-like North conformation.

RNA synthesis with the regular RNA template shows full-
length product formation in the absence of specific pausing sites.
The replacement of U by dT or dU resulted in pausing at position
�13 (Fig. 2C). This could either be due to the lack of 2=-hydroxyl
group at template position �14, when RNA is replaced by DNA,
or to potential conformational differences in the sugar pucker.
The DNA residue of the template may adopt the South conforma-
tion that is typical for DNA residues (26). However, pausing is also
evident with 2=-F-U at position �14, which suggests that the lack
of the 2=-hydroxyl group rather than putative differences in the
sugar conformation causes pausing of the polymerase. The nature
of the base seems to play an additional role in this regard, given
that pausing is not seen with a dG modification under the same
reaction conditions.

CTP dose-dependent elongation by WT NS5B. To further as-
sess the importance of the 2=-hydroxyl group of the template op-
posite the incoming nucleotide, we included the 2=-O-Me-G and
compared the efficiency of CTP incorporation with the regular
RNA template (G) and the DNA chimeric variant (dG) that
showed no significant pausing. Pre-elongation by NS5B was con-
ducted up to position �15 by the omission of CTP and UTP from
the reaction mixture. The natural CTP substrate, along with UTP,
was then added at increasing concentrations to monitor the effi-
ciency of nucleotide incorporation at the modified template posi-
tion (Fig. 3A). Templates containing G and dG gave rise to full-
length product formation with similar efficiencies (Fig. 3B).
However, templates containing the 2=-O-Me-G modification re-
quired markedly higher substrate concentrations for synthesis of
the full-length product (Fig. 3B). The bulky nature of the 2=-O-Me

group can interfere with several processes, including nucleotide
binding, nucleotide incorporation, and/or translocation of NS5B
relative to the bound nucleic acid. Formation of the posttranslo-
cated conformation is required for nucleotide binding; hence, a
bias to the pretranslocated state of the complex would also reduce
access to the nucleotide binding site (24).

Incorporation of 2=-C-Me-CTP and 2=-C-Me-2=-F-UTP by
WT NS5B and resistance-conferring mutants. We next evalu-
ated the potential impact of changes of the interaction between
G283 and the 2=-hydroxyl group of the RNA template with respect
to the incorporation of NIs. For this purpose, we compared the
efficiency of incorporation of 2=-C-methyl-CTP by WT NS5B to
templates containing G, dG, or 2=-F-G at position �16 (Fig. 4A).
Full-length RNA synthesis by WT NS5B with the natural template
was sensitive to inhibition by 2=-C-Me-CTP, which causes chain-
termination at position �16 (Fig. 4B). The modifications of the
template had now a significant effect on the inhibition pattern.
The S282T mutant enzyme was unable to efficiently incorporate
the inhibitor under these conditions, which is consistent with the
expected, resistant phenotype (Fig. 4C). WT NS5B showed an IC50

of approximately 12 �M, whereas the S282T mutant prevented
incorporation of the inhibitor under these conditions (Table 1).
However, when tested with a template containing dG at position
�16, both WT NS5B and S282T efficiently incorporated the in-
hibitor with IC50s of �10 �M. Similar results were obtained with
templates containing 2=-F-G at position �16. WT NS5B and
S282T are inhibited by 2=-C-Me-CTP with IC50s of 10.6 and 21.5
�M, respectively (Fig. 4B and C and Table 1). Together, these data
provide strong evidence to suggest that the 2=-hydroxyl group of
the template nucleotide also plays an important role in establish-
ing the resistant phenotype.

Very similar patterns are seen with the uridine analog 2=-C-
Me-2=-F-UTP. WT NS5B was sensitive to 2=-C-Me-2=-F-UTP,
whereas S282T had reduced rates of incorporation of this inhibi-
tor (Fig. 5B and Table 2). With WT NS5B and a template contain-
ing A at position �16, we measured an IC50 of 2 �M, while S282T
had an IC50 of 19.5 �M. When tested with a template containing
dA at position �16, S282T showed sensitivity to sofosbuvir, re-
sulting in a lower IC50 of 2 �M as measured with WT NS5B (Table
2). The lack of a hydrogen bond between G283 and the template at
the site of incorporation seems to neutralize the effect of the 2=-
C-Me group, which is a common structural feature of 2=-C-Me-
2=-F-UTP and 2=-C-Me-CTP.

Incorporation of ribavirin by WT NS5B and S282T. Finally,
we measured the efficiency of incorporation of ribavirin-TP by
WT NS5B and S282T (Fig. 6). Pre-elongation by WT NS5B or
S282T was conducted up to position �15, followed by the addi-
tion of ribavirin-TP in a dose-dependent manner to monitor in-
corporation opposite C or dC at position �16 (Fig. 6A). When
tested with the natural RNA template, we measured higher levels
of RNA synthesis with the S282T mutant compared to WT NS5B
(Fig. 6B and C). Note that both template positions �16 (C) and
�17 (U) allow the incorporation of ribavirin-TP, which together
with the preexisting NTP pool yields a full-length 20-mer product.
The incorporation of ribavirin-TP is negligible when tested
with a template containing dC, indicating that the loss of the
hydrogen bond between G283 and the sugar moiety of the tem-
plate prevents the reaction in this context. However, modest
levels of ribavirin-TP incorporation are seen with the S282T

FIG 1 Hydrogen bonding network at the active site of NS5B. The network
involves three components of a ternary complex of NS5B, primer/template,
and bound nucleotide. The nucleotide (UDP) is shown in green, and the
complementary residue of the template is shown in beige. The 2=-hydroxyl
of the template forms a hydrogen bond with backbone oxygen of G283
(purple), and the covalently linked S282 (red) forms a hydrogen bond with
the 2=-hydroxyl of the bound nucleotide. Active site residues D318 and
D319 (blue) and the diphosphate moiety of the bound nucleotide interact
with the catalytic metal ions. The figure was generated with SwissPdb-
Viewer software (PDB 4WTA).
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mutant enzyme, which supports the trend seen with the natural
RNA template.

DISCUSSION

Sofosbuvir and ribavirin are currently the only FDA-approved NIs
for HCV treatment, although ribavirin is not classified as a DAA
(27). Clinical trials revealed sustained virological response rates of
�90% in the context combination therapies with the two drugs

(28). The emergence of resistance to regimens containing sofos-
buvir is rare, although a few cases are documented (29). The NS5B
S282T variant can emerge in vitro and in vivo under the selective
pressure of 2=-C-methylated nucleotides, including sofosbuvir.
Specific mutations conferring resistance to ribavirin have not
been identified (30). However, Svarovskaia and coworkers re-
ported subtle increases in susceptibility to ribavirin in the context
of the S282T mutation (31, 32). Such a pattern may translate in

FIG 2 NS5B-mediated RNA synthesis and effects of DNA-like modifications on the template. (A) Experimental design for RNA synthesis with a short model
template. The modification (X) in the template and its complementary residue Y of the newly synthesized RNA are indicated in red. The reaction is initiated with
a dinucleotide primer and yields a 20mer full-length product after exposure to all four NTPs. (B) Structures of modifications at template position �14: dT, dG,
dU (South sugar pucker conformation), and U, 2=F-U (80 to 90% North sugar pucker conformation). (C) RNA synthesis with modified templates as described
in panel B with RNA length markers at positions �15, �16, �17, and �20 are shown on the left. Enzyme pausing is seen at position �13.
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clinical benefits. Moreover, the observation that a mutation in
close proximity to the active site of HCV NS5B can affect suscep-
tibility to ribavirin suggests that the viral RdRp is the drug target.
Potential underlying mechanisms include competitive inhibition
with cellular nucleotide pools, reductions in nucleotide incorpo-
rations following ribavirin-terminated primers, or decreases in
fidelity; however, ribavirin’s mechanism of action remains elusive,
and indirect effects are also being considered. In contrast, bio-
chemical data have shown that sofosbuvir acts as a nonobligate

chain terminator that prevents further incorporation events (31,
32). Modeling studies suggested that that S282T may cause a steric
conflict with the 2=-C-methyl group, which provides a possible
mechanism for resistance. Based on structures of NS5B with a
bound primer/template, Mosley et al. pointed to more complex
mechanisms that can involve adjacent amino acids, such as G283,
which forms a hydrogen bond with the 2=-hydroxyl of the tem-
plate (18). Here, we utilized templates with DNA-like modifica-
tions to disrupt this hydrogen bond and studied the consequences

FIG 3 Incorporation efficiency on modified templates. (A) Schematic of NS5B elongation on T20-G16 templates modified at position �16 (red). The addition
of GTP and ATP to the reaction mixture leads to a 15mer RNA product, and the subsequent addition of UTP and increasing concentrations of CTP yields a 20mer
full-length product. (B) WT NS5B-mediated RNA synthesis performed with increasing concentrations of CTP in the presence of RNA templates containing G,
dG, and 2=-O-Me-G at position �16. (C) Graphical representation of the data in panel B.
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on the rates of incorporation of sofosbuvir and ribavirin, respec-
tively. The data provide a model that helps to explain the effect of
S282T on changes in susceptibility to nucleotide analogue inhib-
itors (Fig. 7).

The model is derived from Fig. 1 and depicts the relevant in-
teractions between the three components that form the ternary
NS5B-primer/template/NTP complex (Fig. 7). The structural data
suggest that the covalently linked residues S282 and G283 facilitate
binding and proper positioning of the NTP substrate and template
(Fig. 1). The loss of the hydrogen bond between G283 and a DNA
template causes in some cases enzyme pausing, which supports
this notion. Pausing is evident with dT, dU, and 2=-F-U modifica-
tions in the template strand, while pausing is not seen with the dG
modification. The additional hydrogen bond in GC versus AT or

TABLE 1 IC50s for 2=-C-Me-CTP incorporation by WT NS5B and
S282T on modified templates

Template

Mean IC50 	 SD (�M) and/or fold increasea

NS5B WT
(IC50)

S282T

IC50 Fold increase

T20-G16 11.3 	 1.3 �200 NA
T20-dG16 10.3 	 1.7 8.0 	 1.4 0.77
T20-2=F-G16 10.6 	 1.1 21.5 	 2.9 2
a The IC50 is the concentration of 2=-C-Me-CTP that inhibits 50% of the enzyme.
Values were calculated by fitting 12 data points to a sigmoidal dose-response equation
using GraphPad Prism (version 5.0). Standard deviation values were determined on the
basis of three independent experiments. The fold increase was calculated as the ratio of
the IC50 of the mutant enzyme to that of the wild-type enzyme. NA, not applicable (we
were not able to calculate a value).

FIG 4 RNA synthesis performed in the presence of increasing concentrations of 2=C-Methyl-CTP. (A) Schematic of chain termination by 2=-C-Me-CTP on
T20-G16 modified at position �16 to G, dG, and 2=-F-G (red). (B and C) RNA synthesis was performed in the presence of increasing concentrations of
2=-C-Me-CTP with WT NS5B (B) and the S282T mutant enzyme (C).
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AU base pairs may at least partially compensate for the loss of the
hydrogen bond between G283 and the 2=-deoxy residue in the
template.

S282T diminishes binding and/or incorporation of 2=C-meth-
ylated compounds. The putative steric clash between S282T and
the 2=-C-methyl group of the inhibitor can diminish the interac-
tion between the side chain of residue 282 and the sugar moiety of
the nucleotide analogue. The altered interaction may in turn affect
proper base pairing (Fig. 7A). As a result, the compound is not in
a favorable position for incorporation. However, a DNA residue
in the template appears to neutralize this effect. A possible expla-
nation is that the lack of the hydrogen bond between G283 and the
2=-OH of the template causes an increase in flexibility at the nu-
cleotide binding site that permits incorporation of the analogue. It

TABLE 2 IC50s for sofosbuvir incorporation by WT NS5B and the
S282T mutant on T20-A16 and T20-dA16

Enzyme

Mean IC50 	 SD (�M) and fold increasea

T20-A16 T20-dA16

IC50 Fold increase IC50 Fold increase

WT NS5B 2.1 	 0.1 1.4 	 0.2 0.6
S282T 19.5 	 2 9.2 2.1 	 0.5 9.2
a IC50 is the inhibitory concentration of 2=-C-Me-2=-F-UTP that inhibits 50% of the
enzyme. Values were calculated by fitting 12 data points to a sigmoidal dose-response
equation using GraphPad Prism (version 5.0). Standard deviation values were
determined on the basis of three independent experiments. The fold increase was
calculated as the ratio of the IC50 of the mutant enzyme to that of the wild-type enzyme.

FIG 5 RNA synthesis performed in the presence of increasing concentrations of sofosbuvir-TP. (A) Schematic of chain termination by 2=-C-Me-2=-F-UTP on
T20-A16 modified at position �16 to A or dA (red). (B and C) RNA synthesis performed in the presence of increasing concentrations of 2=-C-Me-2=-F-UTP with
WT NS5B and the S282T mutant on the natural template T20-AU16 (B) and the modified template T20-dA16 (C).
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is therefore conceivable that the postulated constraints intro-
duced by the S282T mutation are relieved through a more fa-
vorable positioning of the template for base pairing with the
inhibitor (Fig. 7B). The total available space for productive
inhibitor binding is likely increased. This model is consistent
with an increase in the rates of incorporation of ribavirin-TP in
the context of S282T. Ribavirin-TP is a poor substrate for
NS5B, which is likely due to weak base pairing between the
pseudo base of ribavirin and the template. The DNA residue of
the template further enhances this effect, which helps to ex-
plain the lack of activity in this context (Fig. 7C). The ability to
incorporate ribavirin-TP is partially restored with the S282T
mutant. This suggests an improvement in inhibitor binding,

although the nature of the altered interaction remains to be
characterized (Fig. 7D).

Taken together, our findings provide strong evidence demon-
strating that susceptibility to nucleotides and nucleotide analogs
depends crucially on a network of interdependent hydrogen
bonds that involve the adjacent residues S282 and G283 and their
interactions with the incoming nucleotide and complementary
template residue, respectively. Changes in this ring-like structure
can affect substrate binding and/or the precise alignment of sub-
strate and primer for catalysis. However, the inherently flexible
nature of this hydrogen bonding network may also be exploited in
drug development efforts. The data provide a rationale and the
experimental tools for the design of inhibitors that are simultane-

FIG 6 RNA synthesis performed in the presence of increasing concentrations of ribavirin-TP. (A) Chemical structure of ribavirin-5=-triphosphate. (B) A scheme
depicts the incorporation of ribavirin (R), indicated in red, on T20-C16 templates modified at position �16. Note that ribavirin can get incorporated opposite
C and U. (C) RNA synthesis performed by WT NS5B and S282T with increasing concentrations of ribavirin on T20-C16 and T20-dC16. (D) Graphical
representation of the data shown in panel C.
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ously modified at their base and sugar moieties in attempts to
maximize inhibitor binding and rates of incorporation.
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