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Ribonucleotide analog inhibitors of the RNA-dependent RNA polymerase of hepatitis C virus (HCV) represent one of the most
exciting recent developments in HCV antiviral therapy. Although it is well established that these molecules cause chain termina-
tion by competing at the triphosphate level with natural nucleotides for incorporation into elongating RNA, strategies to ratio-
nally optimize antiviral potency based on enzyme kinetics remain elusive. In this study, we used the isolated HCV polymerase
elongation complex to determine the pre-steady-state kinetics of incorporation of 2=F-2=C-Me-UTP, the active metabolite of the
anti-HCV drug sofosbuvir. 2=F-2=C-Me-UTP was efficiently incorporated by HCV polymerase with apparent Kd (equilibrium
constant) and kpol (rate of nucleotide incorporation at saturating nucleotide concentration) values of 113 � 28 �M and 0.67 �
0.05 s�1, respectively, giving an overall substrate efficiency (kpol/Kd) of 0.0059 � 0.0015 �M�1 s�1. We also measured the sub-
strate efficiency of other UTP analogs and found that substitutions at the 2= position on the ribose can greatly affect their level of
incorporation, with a rank order of OH > F > NH2 > F-C-Me > C-Me > N3 > ara. However, the efficiency of chain termination
following the incorporation of UMP analogs followed a different order, with only 2=F-2=C-Me-, 2=C-Me-, and 2=ara-UTP causing
complete and immediate chain termination. The chain termination profile of the 2=-modified nucleotides explains the apparent
lack of correlation observed across all molecules between substrate efficiency at the single-nucleotide level and their overall inhi-
bition potency. To our knowledge, these results provide the first attempt to use pre-steady-state kinetics to uncover the mecha-
nism of action of 2=-modified NTP analogs against HCV polymerase.

Hepatitis C virus (HCV) is believed to have infected approxi-
mately 175 million individuals worldwide, with an estimated

2 to 4 million new infections each year (1). In the United States,
approximately 3.2 million people are chronically infected with
HCV (Centers for Disease Control and Prevention [http://www
.cdc.gov/hepatitis/HCV/Index.htm]). The primary mode of
transmission for HCV is via exposure to infected blood, including
transfusions from infected donors, and through intravenous use
of illicit drugs. Although a minority of all HCV infections will
spontaneously resolve without any clinical outcome, an estimated
80% of cases will progress into chronic hepatitis, leading to a sig-
nificant proportion of cirrhosis and cases of hepatocellular carci-
noma (2). This makes HCV the leading cause of liver transplanta-
tion in the United States.

Hepatitis C virus is a member of the Flaviviridae family (3). It
contains a single, positive-strand RNA genome of about 9.5 kb.
The viral genome encodes only one open reading frame translated
to a polyprotein of approximately 3,000 amino acids. The NS5B
protein is composed of 591 amino acids that are cleaved at the
C-terminal end of the polyprotein. NS5B acts as the RNA-depen-
dent RNA polymerase (RdRp), with critical functions in RNA
replication and transcription. Similar to other known RdRps,
NS5B contains six conserved motifs, designated A through F. The
amino acids involved in the catalytic activity of NS5B are located
within motif A (aspartate at position 220) and in the catalytic triad
GDD at positions 318 to 320 in motif C (4). The orientation of
these residues in the active site of NS5B and their contribution to
the catalytic activity was supported by the crystal structure of the
soluble form of NS5B truncated from its C-terminal transmem-
brane region (delta-21) (4–6). Using the polymerase right-hand
analogy model, the HCV NS5B delta-21 protein also features fin-

ger, palm, and thumb subdomains. Unlike the traditional open-
hand conformation shared by many DNA polymerases, HCV
NS5B has an encircled active site due to extensive interactions
between the finger and thumb subdomains. These contacts are
believed to restrict the flexibility of the subdomains and favor the
first steps, or initiation, of RNA synthesis leading to the formation
of the primer strand. Therefore, it is believed that primer exten-
sion by NS5B during the elongation step requires important struc-
tural changes involving an opening of the thumb and fingers (7,
8). The capacity to experimentally trap and characterize the elon-
gation complex (EC) has been a significant milestone to help un-
derstand replication of RNA by HCV NS5B (9, 10). Under the
elongation mode, the average rate of nucleotide incorporation by
NS5B EC is about 5 to 20 bases per second, in agreement with
previous estimated rates of 200 to 700 bases per minute for NS5B
replicating longer RNA templates (11, 12).

Several nucleotide analogs inhibiting HCV NS5B have been
reported (13–22). These inhibitors must enter liver cells as non-
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phosphorylated nucleosides (or as monophosphate prodrugs) be-
fore being converted to the active triphosphates by cellular ki-
nases. Although it is well established that nucleotide analogs
compete with the natural substrate for incorporation into viral
RNA and cause chain termination, strategies to rationally opti-
mize antiviral potency based on enzyme kinetics have been elu-
sive.

In this study, we isolated the stalled NS5B EC to measure the
efficiency of incorporation of modified nucleotides with a 3=-OH
group under single-turnover conditions. The active metabolite of
the anti-HCV drug sofosbuvir, �-D-2=-deoxy-2=-�-fluoro-2=-�-
C-methyluridine triphosphate (2=F-2=C-Me-UTP), was used as
the benchmark because it is a clinically relevant molecule that is
known to inhibit HCV polymerase without causing significant
toxicity in vitro and in vivo (23). By comparing 2=F-2=C-Me-UTP
to other 2=-substituted nucleotides in our polymerase assay, we
found that substitutions at the 2= position on the sugar moiety had
a profound impact not only on the efficiency of incorporation of
the nucleotide analog itself but also on the incorporation of the
next correct nucleotide. These two kinetic parameters reconciled
the differences in inhibition potencies (50% inhibitory concentra-
tions [IC50s]) found among nucleotide analogs. To our knowl-
edge, these results provide the first detailed mechanistic study of
the role of 2=-position modifications on the efficiency of incorpo-
ration and chain termination of nucleotide analogs used against
HCV polymerase.

MATERIALS AND METHODS
Chemicals, nucleic acids, and protein. All ultrapure-grade nucleoside
triphosphates (NTPs) were purchased from TriLink Biotechnologies (San
Diego, CA) or synthesized at Alios BioPharma Inc. (South San Francisco,
CA). Tritiated nucleotides were purchased from PerkinElmer (Waltham,
MA). Heparin sodium salt (195.9 USP units/mg) was purchased from
Sigma-Aldrich (St. Louis, MO). Solutions of MgCl2, EDTA, NaCl, and
Tris-Cl buffers were purchased from Ambion (Austin, TX). Dithiothreitol
(DTT) was purchased from Sigma-Aldrich (St. Louis, MO). Trichloro-
acetic acid was purchased from Fisher Scientific (Waltham, MA). The
20-mer RNA templates for single UMP incorporation (3=-CCUCUCUU
CGACCUCUCUCC-5=), single GMP incorporation (3=-CCUAUAUUA
GCAAUAUCUAA-5=), and 5=monophosphorylated dinucleotide primer
(pGG) were chemically synthesized by Dharmacon Inc. (Chicago, IL).
The N-terminal hexa-His-tagged NS5B�21 (BK strain, GT1b) was cloned,
expressed, and purified by Emerald Bio (Bainbridge Island, WA) in a manner
similar to that previously described for a �-hairpin loop deletion NS5B
construct (JFH-1 isolate, GT2a) (24).

Isolation of the NS5B EC. The primer extension and pause reaction
mixture containing 6.5 �M NS5B, 20 �M pGG, 20 �M RNA template, 25
�M ATP, and 12.5 �M GTP in the optimized reaction buffer (40 mM
Tris-Cl, pH 7.0, 40 mM NaCl, 5 mM DTT, and 2 mM MgCl2) was run for
2 h at 30°C to generate a 9-mer, followed by the addition of 20 �M CTP
containing 13 nM 33P-radiolabeled CTP, and incubated for 30 s at 30°C to
generate a 10-mer. As previously discovered (9, 25), all of the active EC was
pelleted during the reaction and isolated by centrifugation at 16,000 � g for 5
min at room temperature using a benchtop centrifuge (model 5415 D;
Eppendorf). After centrifugation, the supernatant was removed and the
remaining pellet was washed twice by additional resuspension in the wash
buffer (40 mM Tris-Cl, pH 7.0, 20 mM NaCl, 5 mM DTT, and 2 mM
MgCl2) and centrifugation to remove residual contaminants. The final
pellet containing the EC was resuspended and solubilized in a physiolog-
ically relevant reaction buffer (40 mM Tris-Cl, pH 7.4, 5 mM DTT, 2 mM
MgCl2, and 150 mM NaCl) to serve as the isolated EC for this study. The
supernatant or the resuspended pellet was mixed with the quench buffer
(90% formamide, 50 mM EDTA, 0.1% bromophenol blue, and 0.1%

xylene cyanol) and analyzed by polyacrylamide gel electrophoresis
(PAGE). To test the processivity of the NS5B-RNA complex, heparin (0.2
mg/ml) was added either at the start of the extension and pause reaction or
after purification of the NS5B EC, followed by the addition of ATP, GTP,
and UTP (40 �M each) and incubation for 30 s at 30°C.

Measurement of K1/2 (concentration of NTP at which half of the
total percentage of the product was formed) and individual Kd (equilib-
rium constant) and kpol (rate of nucleotide incorporation at saturating
nucleotide concentration) values using single-nucleotide incorpora-
tion. For single UMP incorporation, UTP was added at up to 10 �M to the
isolated EC for 20, 40, 60, or 80 s at 30°C. For single UMP analog incor-
poration, each UTP analog was added at up to 100 �M to the EC for 5 min.
For single GMP incorporation, GTP was added to the EC (with CMP on
the template) at up to 10 �M for 10, 20, 30, or 60 s at 30°C. The reactions
were stopped by mixing with quench buffer. The time courses of single
2=F-2=C-Me-UMP incorporation at various 2=F-2=C-Me-UTP concentra-
tions were performed to measure the pre-steady-state kinetic parameters
of 2=F-2=C-Me-UMP incorporation. A solution containing 2=F-2=C-Me-
UTP at 0.92, 1.7, 8.2, 24, 74, 222, 667, or 2,000 �M was mixed with isolated
EC to start the incorporation reactions at 30°C. At 5, 10, 20, 40, 80, 160,
and 320 s, the reactions were stopped by mixing with quench buffer.
Calculation of rate constants was performed as detailed in “Data analysis,”
below.

Inhibition potency assay under steady-state kinetics. The HCV
polymerase activity was measured as the incorporation of radiolabeled
nucleotide monophosphates into acid-insoluble RNA products using
HCV NS5B and complementary internal ribosome entry site (IRES)-de-
rived RNA templates as described previously (14), with the following
modifications: HCV polymerase reaction mixtures contained 50 nM 5=-
untranslated region (UTR) RNA template, 1 �M tritiated CTP (18.8 Ci/
mmol), 1 �M ATP, 1 �M GTP, 0.5 �M UTP, 40 mM Tris-HCl (pH 8.0),
20 mM NaCl, 3 mM DTT, 4 mM MgCl2, serial diluted inhibitor, and 100
nM NS5B enzyme in 96-well MultiScreen plates (EMD Millipore, Bil-
lerica, MA). Reaction mixtures were incubated for 2 h at 30°C and stopped
by the addition of equal volumes of 20% (vol/vol) trichloroacetic acid.
Microscint-20 (PerkinElmer, Waltham, MA) was added to the acid-insol-
uble RNA products and read on a MicroBeta Trilux (PerkinElmer, Wal-
tham, MA).

Chain termination in the presence of the next correct nucleotides.
After the NS5B EC with the 9-mer RNA was assembled in the extension
and pause reaction, 20 �M CTP containing 33 nM 33P-radiolabeled CTP
was added to the reaction and reacted for 30 s at 30°C to generate the EC
containing a 10-mer RNA with [�-33P]CMP at the 3= end. The 10-mer EC
then was incubated with either 100 �M UTP for 40 s or 100 �M UTP
analog for 5 min to generate an 11-mer RNA with the U analog at the 3=
end. The complex was isolated by centrifugation as described above. To
test for chain termination, the solution containing the 11-mer EC was
mixed with ATP and GTP, each at 100 �M for 20 s, and then stopped by
the addition of quench buffer.

Efficiency of GTP incorporation after U analogs. After the NS5B EC
with the 9-mer RNA was assembled in the extension and pause reaction,
33 nM [�-33P]CTP was added to the reaction and reacted for 30 s at 30°C
to generate the EC containing a 10-mer RNA with [�-33P]CMP at its 3=
end. The complex was isolated by centrifugation as described above. The
isolated EC was reacted with each UTP analog at 100 �M for 5 min to
generate the 11-mer RNA EC with the U analog at its 3= end. The solution
containing this EC was mixed with GTP at various concentrations to start
the incorporation reactions. After incubation for a fixed time period, the
reactions were stopped by the addition of quench buffer.

Product analysis for gel-based assays. The quenched reactions were
denatured for 3 min at 95°C before electrophoresis. The samples were
loaded onto a 22% denaturing polyacrylamide gel with 7 M urea (Na-
tional Diagnostics, Atlanta, GA), and electrophoresis was performed at 80
W using a Sequi-Gen GT system from Bio-Rad (Hercules, CA). Gels were
dried at 80°C for 1 h with a model 583 gel drier (Bio-Rad, Hercules, CA).
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Dried gels were exposed to storage phosphor screens and visualized by a
Typhoon 9400 scanner (GE Healthcare, Piscataway, NJ). Intensities of the
substrate and product bands on the gel were quantified using ImageQuant
software (version 5.2; GE Healthcare, Piscataway, NJ), and the percentage
of RNA products was calculated by dividing the intensity of the product by
the sum of the intensity of the substrate and the product band for each
lane.

Simulation of the single-turnover, single-nucleotide incorporation
reaction. The progress curves of the single-turnover, single-nucleotide
incorporation were obtained by simulation using KinTek Explorer soft-
ware (KinTek Inc., Austin, TX) (26). The two-step nucleotide incorpora-
tion mechanism (Fig. 1A) was used for the simulation.

Data analysis. Single-turnover nucleotide incorporation experiments
were repeated at least two times, and the data were analyzed by nonlinear
regression using the program Prism 5 (GraphPad Software, La Jolla, CA).
Nucleotide incorporation data at various nucleotide concentrations at
selected time points were fitted to the Hill equation:

Y �
� %Max � %Min� · Sn

K1⁄2
n � Sn � %Min (1)

where Y is the percentage of RNA product, S is the concentration of the

testing nucleotide or nucleotide analog, %Min is the offset for data fitting
that accounts for background and misincorporated products, %Max �
%Min is the total percentage of the product formed during the reaction,
and K1/2 is the concentration of NTP at which half of the total percentage
of the product was formed. The substrate efficiency or specificity param-
eter, kpol/Kd, was calculated from K1/2 by the following equation (see the
supplemental material for equation derivation):

kpol

Kd
�

0.693

�t · K1⁄2
(2)

where �t is the time of the reaction.
Each time course of 2=F-2=C-Me-UMP incorporation was fit to a sin-

gle exponential equation to derive the apparent rate of incorporation, k
(equation 3). The apparent rate of incorporation was then plotted against
nucleotide concentration, and the data were fit to a hyperbola equation
(equation 4) to derive the values of kpol and Kd.

Product � A · e�kt � C (3)

k �
kpol · �S�
kd � �S� (4)

The level of discrimination of NTP analogs compared to that of natural
NTPs by the polymerase was calculated as (kpol/Kd,NTP)/(kpol/Kd,NTP analog).

RESULTS
Isolation of HCV polymerase in the elongation mode. The RdRp
reaction leading to a 10-mer product was initiated by incubating
the HCV polymerase NS5B with a dinucleotide GG primer (Fig.
2A). The incorporation of a single [33P]CMP molecule opposite
template G at position 10 allows the radiolabeling of the 10-mer
product; thus, the labeled RNA molecules can be analyzed by
phosphorimaging. The initiation of primer synthesis by RNA
polymerases is slow and inefficient. The lack of processivity during
the initiation step was supported by the fact that addition of hep-
arin at the beginning of the reaction completely inhibited product
formation (Fig. 2B). However, formation of the 20-mer full-
length RNA product from the 10-mer complex was resistant to
heparin inhibition, which is indirect evidence of NS5B reaching

FIG 1 Two-step nucleotide incorporation mechanism. (A) ERn is defined as
the enzyme/primer/template complex, NTP is the nucleotide triphosphate
substrate, and ERn � 1 is the product of the reaction that contains the primer
extended by one nucleotide. For the simulation, k1 	 100 �M�1 s�1, k�1 	
10,000 s�1, k2 	 1 s�1, and k�2 	 0 were applied. The initial concentration for
ERn was set at 0.1 �M, and the starting concentrations for NTP were set at
various points (800, 400, 200, 100, 50, 25, 12.5, 6.25, 3.125, 1.56, and 0.78 �M).
The output for the simulation is the percentage of ERn � 1 in the initial con-
centration of ERn. The simulated progress curves of the percentage of ERn � 1

increase then were generated at up to 60 s and are shown in Fig. 5A. (B) Classic
two-step reaction mechanism for a polymerase reaction.

FIG 2 Isolating the NS5B elongation complex (EC). (A) Principle of the initiation, labeling, and elongation reactions. Initiation of RNA synthesis by
NS5B was performed in the presence of a GG-dinucleotide primer together with ATP and GTP for 2 h. Because of the template sequence, the NS5B EC
was stalled at the 9-mer position. To track the RNA in the EC by phosphorimaging, 3=-end isotope labeling was performed by incorporation of [33P]CMP
at the 10-mer position. The fast elongation of RNA synthesis could resume by adding UTP (1 min or less). The boldfaced “C” represents the radiolabeled
nucleoside. (B) Processivity of NS5B complex during initiation and elongation. The enzyme processivity during 10-mer and 20-mer formation was
monitored by adding heparin either at the beginning of the initiation reaction or together with UTP after the 10-mer EC was already formed. The error
bars represent the standard deviations from two independent experiments. (C) High-resolution Tris-borate-EDTA– urea gel electrophoresis showing the
formation of the radiolabeled 10-mer RNA product of NS5B activity in the presence of the [33P]CTP tracer (lane 1). After centrifugation of the reaction
product for 5 min at 13,000 � g, the supernatant did not contain any 10-mer product (lane 2). The EC containing the 10-mer product formed a precipitate
that could be washed two times with low-salt buffer and then redissolved in high-salt buffer (lane 3).
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the fast and processive elongation mode (Fig. 2A and B). As pre-
viously reported (9), we could separate the stalled enzyme-RNA
elongation complex (EC) from free protein and unreacted sub-
strates by sedimentation (Fig. 2C). Isolation and purification of
the EC formed by NS5B in complex with a primer-template pro-
vided the basis for single-nucleotide incorporation experiments
under pre-steady-state kinetics.

Pre-steady-state kinetics of 2=F-2=C-Me-UMP incorpora-
tion. The minimum kinetic pathway for nucleotide incorporation
catalyzed by HCV NS5B polymerase EC follows the classic two-
step reaction mechanism for a polymerase reaction (9) (Fig. 1B),
where Kd is the equilibrium dissociation constant for nucleotide
binding, kpol is the rate of nucleotide incorporation at saturating
nucleotide concentration, and kpol/Kd is the parameter that de-
fines the overall specificity or catalytic efficiency of nucleotide
incorporation, which is the key parameter we used for the rest of
this study.

For the study of nucleotide incorporation under single-turn-
over conditions, the preformed HCV polymerase EC stalled at the
10-mer position was rapidly mixed with a reaction buffer contain-
ing �-D-2=-deoxy-2=-�-fluoro-2=-�-C-methyluridine triphos-
phate (2=F-2=C-Me-UTP) at various concentrations (Fig. 3A).
The time courses of 11-mer formation were analyzed by data fit-
ting to a single exponential equation to derive the apparent rates of
incorporation at various concentrations of 2=F-2=C-Me-UTP
(Fig. 3B). The rates were plotted against the concentrations, and
the data were fit to a hyperbola equation to derive Kd and kpol. The
Kd and kpol values for 2=F-2=C-Me-UTP were 113 
 28 �M and

0.67 
 0.05 s�1, respectively, giving an overall substrate efficiency,
kpol/Kd, of 0.0059 
 0.0015 �M�1 s�1 (Fig. 3C).

Chain termination caused by incorporated 2=F-2=C-Me-
UMP. Chain termination can be defined as the incapacity of a
polymerase, following incorporation of a nucleotide analog, to
resume nucleic acid synthesis in the presence of the next correct
nucleotide. In our assay, the NS5B EC was first stalled to the 11-
mer in the presence of either natural UTP or of 2=F-2=C-Me-UTP
before the addition of the next correct nucleotide (Fig. 4A). In the case
of natural UTP, primer extension was fully resumed by adding GTP
and ATP for 20 s, as judged by the formation of the full-length 20-mer
product (Fig. 4B). In comparison, the incorporation of 2=F-2=C-Me-
UMP fully prevented the extension of the stalled 11-mer product in
the presence of the next correct nucleotide for 20 s.

A simple method for single-turnover kinetics of nucleotide
incorporation. As we have shown with 2=F-2=C-Me-UTP, the de-
termination of kpol and Kd under single-turnover enzyme reaction
conditions can be obtained by measuring the time courses of
product formation at various substrate concentrations. However,
this method is not practical to characterize NTP analogs in a high-
throughput manner. In this study, we demonstrated that kpol/Kd

values can also be calculated from a single-time-point reaction
without the need to determine kpol and Kd individually. By simu-
lating the kinetics of the reaction under single-turnover condi-
tions, we observed that at any time point (t1 to t5) the NTP con-
centration at which 50% products are formed, defined as K1/2,
shifts to a lower concentration for longer time periods (Fig. 5A).
At any given time, the K1/2 value can be obtained by fitting the data

FIG 3 Pre-steady-state kinetics of incorporation of 2=F-2=C-Me-UMP. (A) Principle of the reaction. Once the stalled 10-mer EC was isolated, increasing
concentrations of 2=F-2=C-Me-UTP at 0.46 (●), 1.4 (�), 4.1 (Œ), 12.4 (�), 37 (}), 111 (Œ), 333 (�), and 1,000 �M (�) were added to start the 10- to 11-mer
extension reactions. The reactions were quenched by adding formamide with 50 mM EDTA at various time points. The boldfaced and underlined “C” represents
the radiolabeled nucleoside. The box around “A” represents the opposing nucleoside to the incoming nucleotide. (B) Time courses of 11-mer formation at
various 2=F-2=C-Me-UTP concentrations. Each time course was fit to a single exponential equation to obtain the rate of analog incorporation at each concen-
tration. (C) The rates of incorporation were plotted against analog concentrations, and the data were fit to a hyperbola equation to derive the maximum rate of
2=F-2=C-Me-UMP incorporation, with a kpol of 0.67 
 0.05 s�1 and a dissociation equilibrium constant (Kd) of 113 
 28 �M. The calculated overall catalytic
efficiency (kpol/Kd) for 2=F-2=C-Me-UMP incorporation is 0.0059 
 0.0015 �M�1 s�1. The error bars represent the standard deviations from two independent
experiments.
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of product formation as a function of NTP concentration using
the Hill equation (see Fig. S1 in the supplemental material). The
relationship between K1/2 and kpol/Kd follows a simple equation
that is dependent on the time of the reaction (see equation 2). As
demonstrated in the simulation, the calculated value of kpol/Kd

from each time point was similar to the initial value of kpol/Kd set
for the reaction (see Fig. S1). As a practical example, single-nucle-
otide incorporation with the purified NS5B EC was performed
using increasing concentrations of natural UTP (Fig. 5B). For each
reaction time, ranging from 20 to 80 s, the K1/2 value was used to
calculate the catalytic efficiency of UMP incorporation, (kpol/
Kd)UTP, as 0.16 
 0.02 �M�1 s�1 (Fig. 5C and Table 1). While K1/2

values decreased proportionally with the increase of reaction time,
the overall catalytic efficiency was independent of the time of re-
action. Similar results were obtained with single GMP incorpora-
tion opposite template C, with (kpol/Kd)GTP of 0.20 
 0.04 �M�1

s�1 (Table 2).
Relationship between substrate efficiency (kpol/Kd) and inhi-

bition potency (IC50) of 2=-modified nucleotide analogs. We in-
vestigated whether substrate incorporation efficiency within a
chemical series plays a role in defining the inhibition potency of
nucleotide analogs. Five 2=-modified UTP analogs were selected

for single-nucleotide incorporation experiments (Fig. 6A). In ad-
dition, 3=-dUTP was used as a control because it is an obligate
chain terminator. All of the other nucleotides have a hydroxyl
moiety at the 3= position (3=-OH), which potentially enables fur-
ther primer extension once the nucleotide analog is incorporated
into the RNA. The incorporation of each UTP analog was mea-
sured at a single time point with increasing concentrations of the

FIG 4 Chain termination with 2=F-2=C-Me-UMP. (A) Principle of the reac-
tion. Once the stalled 10-mer EC was isolated, adding either UTP (40 s) or
2=F-2=C-Me-UTP (5 min) enabled the formation of the 11-mer product. After
this step, GTP and ATP were added for 20 s as the next correct nucleotides to
monitor 20-mer formation. The boldfaced and underlined “C” represents the
radiolabeled nucleoside. The box around “A” represents the opposing nucle-
oside to the incoming nucleotide. (B) High-resolution Tris-borate-EDTA–
urea gel electrophoresis showing the extension of 10- to 11-mer RNA products
with 2=F-2=C-Me-UTP, followed by the addition of the next correct nucleo-
tides (�). The formation of RNA products longer than the 11-mer was ex-
pressed as the percentage of the initial amount of 11-mer formed for either
UTP or 2=F-2=C-Me-UTP in the absence of GTP and ATP (�). “/” indicates
that no product was detected.

FIG 5 Single-turnover kinetics of nucleotide incorporation. (A) Simulated
progress curves of product formation at various nucleotide concentrations.
Single-nucleotide incorporation was simulated using arbitrary values of Kd of
100 �M and kpol of 1 s�1, resulting in a theoretical specificity or substrate
efficiency, kpol/Kd, of 0.01 s�1 �M�1. (B) Single incorporation of UMP oppo-
site template A. High-resolution Tris-borate-EDTA– urea gel electrophoresis
shows the extension of 10- to 11-mer RNA products. Increasing concentra-
tions of UTP ranging from 0.0015 to 10 �M were added to start the extension
reaction. Four different time points were measured to evaluate the effect of
time on K1/2 and on kpol/Kd. The boldfaced “C” represents the radiolabeled
nucleoside. The box around “A” represents the opposing nucleoside to the
incoming nucleotide. (C) Quantitative analysis of product formation. For each
time point, percent UMP incorporation was calculated and plotted as a func-
tion of UTP concentration. The data were fit to a sigmoidal dose-response
equation (equation 1) to obtain K1/2 values, as reported in Table 1.

TABLE 1 Enzymatic efficiency of single UMP incorporation opposite
adenosine (U·A)a

Time
point (s)

K1/2

(�M)
kpol/Kd

(�M�1 s�1)
Mean kpol/
Kd (�M�1 s�1)

20 0.2 0.18
40 0.12 0.15 0.16 
 0.02
60 0.08 0.14
80 0.05 0.16
a The RNA template was 3=-CCUCUCUUCGACCUCUCUCC-5=.
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analog, and the corresponding K1/2 measurement was used to de-
rive kpol/Kd values (Table 3). Compared to those for natural UTP,
we found a wide range of catalytic efficiencies, from 0.029 
 0.005
�M�1 s�1 for 2=F-UTP (6-fold discrimination) to 0.000076 

0.000010 �M�1 s�1 for 2=N3-UTP (2,105-fold discrimination).
Removing the 3=-OH group from UTP (3=-dUTP) caused a 114-
fold loss in catalytic efficiency. For 2=F-2=C-Me-UTP, the catalytic
efficiency of 0.0037 
 0.0018 �M�1 s�1 using the K1/2 method
(Table 3) was similar to the kpol/Kd value of 0.0059 �M�1 s�1 that
was obtained by measuring kpol and Kd individually (Fig. 3C).

The inhibition potency (IC50) of each UTP analog was also
determined in a radiometric assay under steady-state kinetics in
the presence of competing UTP and with [3H]CTP as the tracer. In
this assay, a long RNA template allows multiple incorporations of
each NTP. The incorporation of an obligate chain terminator such
as 3=-dUTP resulted in potent inhibition of the reaction, with an
IC50 of 0.35 
 0.03 �M (Table 3). Under these conditions, 2=F-
2=C-Me-UTP and 2=C-Me-UTP also inhibited NS5B with similar
IC50s of 0.21 
 0.05 and 0.25 
 0.04 �M, respectively. By com-
parison, 2=ara-UTP was significantly less potent, with an IC50 of
2.8 
 0.6 �M. The other molecules were inactive (2=F-, 2=NH2-,
and 2=N3-UTP had IC50s of �1,000 �M). Notably, we could not
establish any correlation between the efficiency of incorporation
of 2=-modified UTP analogs and their inhibition potency (Fig.
6B). We investigated further if changes in the efficiency of chain
termination could be responsible for this lack of correlation.

Chain termination with 2=-modified nucleotides and effi-
ciency of incorporation of the next correct nucleotide. Similar to

what was originally done with 2=F-2=C-Me-UTP (Fig. 4A), the
NS5B EC was first stalled as the 11-mer in the presence of each
UTP analog before adding the next correct nucleotides, GTP
and ATP, for 20 s. As expected, the incorporation of 3=-dUMP
fully prevented the extension of the stalled 11-mer product in
the presence of the next correct nucleotides (Fig. 7). Similarly,
both 2=ara-UMP and 2=C-Me-UMP fully inhibited the forma-
tion of the 20-mer product. However, 2=F-, 2=NH2-, and 2=N3-
UMP all supported at least 90% extension of the 11-mer stalled
primer.

In order to uncover subtle differences in chain termination
properties of the nucleotide analogs, we also developed a quanti-
tative assay aimed at measuring the efficiency of incorporation of
the next correct nucleotides. Each UTP analog (or natural UTP)
was used to stall the NS5B EC as an 11-mer product (Fig. 8A). GTP
then was added at various concentrations for up to 20 min, and the
amount of 12- and 13-mer formation was monitored. The incor-
poration of the next correct GMP to the RNA following natural
UMP was efficient, as supported by the (kpol/Kd)GTP after UMP value
of 1.2 
 0.5 �M�1 s�1 (Fig. 8B). By comparison, the efficiency of
incorporation of GMP following 2=F-UMP did not decrease sig-
nificantly, with a modest 1.6-fold discrimination from GMP
incorporation following a natural UMP (Fig. 8B and Table 4).
Interestingly, the 2=N3 and 2=NH2 substitutions resulted in a

TABLE 2 Enzymatic efficiency of single GMP incorporation opposite
cytidine (G·C)a

Time
point (s)

K1/2

(�M)
kpol/Kd

(�M�1 s�1)
Mean kpol/
Kd (�M�1 s�1)

10 0.44 0.16
20 0.14 0.24 0.20 
 0.04
30 0.097 0.24
60 0.066 0.17
a The RNA template was 3=-CCUAUAUUAGCAAUAUCUAA-5=.

FIG 6 Differences between substrate efficiency and inhibition potency of nucleotide analogs. (A) Chemical structures of nucleotide analogs. 3=dUTP was used
as a control for chain termination. All of the other molecules contain a 3=OH group, with a modification at the 2= position: OH, F, NH2, C-Me, N3, or ara. (B)
Substrate efficiency (kpol/Kd) for each NTP analog was measured from single-nucleotide incorporation experiments, and discrimination levels were calculated as
(kpol/Kd,UTP)/(kpol/Kd,UTP analog). Inhibition potency, expressed as IC50, was measured with a long RNA template under steady-state conditions where each UTP
analog competes against natural UTP. The discrimination values and IC50s for each nucleotide can be found in Table 3.

TABLE 3 Comparison between substrate efficiency and inhibition
potency of UTP analogs

UTP analog kpol/Kd
a (�M�1 s�1) Discriminationb IC50 (�M)

3=d 0.0014 
 0.0002 114 0.35 
 0.03
2=F 0.029 
 0.005 6 �1,000
2=NH2 0.0053 
 0.0017 30 �1,000
2=N3 0.000076 
 0.000010 2105 �1,000
2=ara 0.00024 
 0.00001 667 2.8 
 0.6
2=C-Me 0.0027 
 0.0002 59 0.25 
 0.04
2=F-2=C-Me 0.0037 
 0.0018 45 0.21 
 0.05
a The values of kpol/Kd for UTP and UTP analog incorporation were calculated from
experimentally obtained K1/2 values using equation 2, and the means 
 standard
deviations from more than two repeats are reported.
b Calculated as (kpol/Kd,UTP)/(kpol/Kd,UTP analog).
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4.1- and 16-fold, respectively, discrimination of the incorpora-
tion of the next correct GMP (Table 4). As expected, 2=ara-
UMP prevented the incorporation of the next GMP, with a
(k

pol
/Kd)GTP after 2=ara-UMP value of 0.00009 
 0.00001 �M�1s�1.

Of all the 2=-modified nucleotide analogs we tested, 2=F-2=C-Me-
UMP and 2=C-Me-UMP caused the most dramatic effect: no
GMP incorporation was detected at up to 1 mM GTP for up to
20 min, resulting in a discrimination level of �2 � 106 for both
compounds compared to that of natural UMP (Fig. 8C and
Table 4).

DISCUSSION

The ability to design nucleotide analogs as substrates for viral
polymerases has been the cornerstone to successful development
of many antiviral therapeutics. Perhaps the best examples are his-
torically found with HIV reverse transcriptase, an enzyme that is
potently inhibited by the triphosphate form of dideoxycytidine,
3=-azidothymidine, 2=,3=-dideoxy-3=-thiacytidine (3TC), or 9-(2-
phosphonomethoxypropyl)adenine (PMPA). In these cases, inhi-
bition potency is conferred by the lack of the hydroxyl group at the
3=position on the sugar moiety of the nucleotide, thereby prevent-
ing further DNA primer extension once the nucleotide analog is
incorporated. By definition, these molecules are obligate chain
terminators. More recently, the emergence of novel RNA poly-
merase inhibitors revealed an important shift in the paradigm of
chain termination: nucleotide analogs containing a 3=-OH group
can also act as bona fide chain terminators. For example, inhibi-
tion of HCV RNA polymerase can be achieved with 3=-hydroxyl
ribonucleotides containing an azido group at the 4= position (14,
27) or a methyl at the 2=-C position (13, 20, 22, 28). The combi-
nation of a C-methyl and a fluoro group at the 2= position on the
sugar, perhaps best exemplified by the 2=-deoxy-2=-fluoro-2=-C-
methyl (2=F-2=C-Me) UMP prodrug sofosbuvir, so far has pro-
vided some of the most potent and least toxic NS5B polymerase

inhibitors (23). However, the ability to introduce substitutions at
the 2= position while retaining substrate recognition has been con-
strained by the need to maintain an important hydrogen bond
formed between the 2= group and amino acid Asp225 in the active
site of NS5B (29). The second limitation to the design of more
potent HCV polymerase inhibitors is the lack of understanding of
the detailed mechanism of inhibition of ribonucleotide analogs

FIG 7 Chain termination in the presence of the next correct nucleotide. High-
resolution Tris-borate-EDTA– urea gel electrophoresis showing the extension
of 10- to 11-mer RNA products with UTP or UTP analogs, followed by the
addition of the next correct nucleotides (�), following the same scheme as that
explained in the legend to Fig. 4A. Formation of RNA products longer than the
11-mer was expressed as the percentage of the initial amount of 11-mer formed
for each UTP analog in the absence of GTP and ATP (�). “/” indicates that no
product was detected.

FIG 8 Kinetics of next-correct-nucleotide incorporation. (A) Principle of the
reaction. Once the stalled 10-mer EC was isolated, adding either the natural
UTP (40 s) or a UTP analog (5 min) enabled the formation of the 11-mer
product. After this step, GTP at various concentrations was added and reacted
for a fixed time. The boldfaced “C” represents the radiolabeled nucleoside. The
box around “A” represents the opposing nucleoside to the incoming nucleo-
tide. (B) Gel image showing the GTP concentration-dependent incorporation
of one or two consecutive GMPs into the 11-mer RNA containing a UMP or
2=F-UMP at its 3= end. The sum of the 12- and 13-mer RNA products was
expressed as a percentage of the initial amount of 11-mer. The percentage of
GMP incorporation product was plotted as a function of GTP concentration
after UMP (left) and 2=F-UMP (right). The data were fit to a sigmoid dose-
response equation (equation 1) to obtain K1/2 values. The kpol/Kd values for
GMP incorporation after UMP and 2=F-UMP were calculated from K1/2 values
using equation 2, and the means 
 standard deviations from more than two
repeats are reported in Table 4. (C) GTP incorporation after 2=F-2=C-Me-
UMP and 2=C-Me-UMP terminated RNA. Once the stalled 10-mer EC was
isolated, it was mixed with 100 �M UTP analogs for 5 min to form the 11-mer
product. After this step, GTP at various concentrations was added and reacted
for 20 min. The gel image shows that no GMP incorporation (12-mer) was
detected up to 1 mM GTP reaction for 20 min, resulting for both compounds
in a discrimination level of �2 � 106 compared to GTP incorporation after
natural UMP (Table 4).
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that have been, for the most part, empirically discovered. In spite
of the recent high-resolution crystal structure of HCV NS5B in
complex with the RNA primer-template duplex (24), the exact
positioning of the incoming nucleotide and its interactions with
key amino acids during catalysis remain elusive, which has pre-
vented the use of structure-based drug design for this class of
inhibitors. Another limitation to the design of ribonucleotide an-
alogs resulted from the lack of a robust in vitro assay system to
conduct pre-steady-state kinetics with NS5B-RNA elongation
complex (EC), thereby preventing detailed mechanistic studies of
nucleotide incorporation. The difficulty in assembling a stable
NS5B-RNA EC in vitro stems primarily from the fact that the
RdRp, with its �-hairpin loop, adopts a closed conformation that
prevents direct binding of a double-stranded RNA as the sub-
strate. In contrast, similar RNA polymerases, such as the ones
from poliovirus, norovirus, and foot-and-mouth disease virus,
can readily accommodate preformed primers because they do not
harbor any equivalent autoinhibitory secondary structure (30–
32). This technical limitation was recently solved by optimizing
the conditions to trap the stable EC containing HCV NS5B with a
primer template and separating the EC from the abortive short
RNA products and unincorporated nucleotides (9). Being able to
remove the unreacted species (RNA and NTPs) from the EC in
order to avoid potential interference in the assay was paramount
in order to conduct single-nucleotide incorporation experiments;
therefore, this methodology was used as the basis for our study
(Fig. 2).

The first goal of the study was to determine the maximum rate
of nucleotide incorporation (kpol) and the dissociation equilib-
rium constant (Kd) for 2=F-2=C-Me-UTP, the active metabolite of
sofosbuvir. We used 2=F-2=C-Me-UTP as a benchmark, because it
is a clinically relevant molecule that is known to inhibit HCV
polymerase (15–17). We found that the NS5B EC only moderately
discriminates 2=F-2=C-Me-UTP, with Kd and kpol values of 113 

28 �M and 0.67 
 0.05 s�1 (Fig. 3), respectively, compared to 490
�M and 27 s�1 for natural UTP (10). Under conditions of single-
turnover kinetics, we demonstrated that the efficiency of nucleo-
tide incorporation (kpol/Kd) of 2=F-2=C-Me-UMP can be accu-
rately determined from a single reaction time point (0.0037 

0.0018 �M�1 s�1) (Table 3). This value is similar to the catalytic
efficiency obtained by measuring kpol and Kd individually from
time course experiments (0.0059 
 0.0015 �M�1s�1) (Fig. 3).
Using this new method, we also determined the catalytic efficiency
of natural UMP and GMP incorporation to be (kpol/Kd)UTP 	

0.16 
 0.017 �M�1s�1 and (kpol/Kd)GTP 	 0.20 
 0.043
�M�1s�1, respectively (Fig. 5 and Tables 1 and 2). These values
are within 3-fold of those obtained with conventional pre-steady-
state kinetic experiments, further validating our method (9, 10).
Our single-reaction-time-point assay enabled us not only to con-
veniently measure the incorporation efficiency of nucleotides un-
der pre-steady-state kinetics with the NS5B EC but also apply it to
other systems where enzyme and compound supply are limited
(33).

The second goal of our study was to use transient kinetics to
understand the relationship between substrate efficiency and in-
hibition potency of nucleotide analogs toward HCV NS5B. We
chose a series of 2=-modified UTP containing a hydroxyl group at
the 3= position in order to measure the contribution of the 2=
moiety (i) to the extent of discrimination by the EC and (ii) to its
ability to cause chain termination. Nucleotide analogs containing
the 2=F and 2=NH2 moieties were the most efficient substrates,
where discrimination compared to natural UTP was only 6- and
30-fold, respectively. However, none of these molecules were able
to inhibit HCV NS5B (IC50, �1 mM) (Table 3). In contrast, 2=F-
2=C-Me-, 2=C-Me-, and 2=ara-UTP were less efficiently incorpo-
rated. However, these compounds were potent against NS5B, with
IC50s of 0.21 
 0.05 �M for 2=F-2=C-Me-UTP, 0.25 
 0.04 �M for
2=C-Me-UTP, and 2.8 
 0.6 �M for 2=ara-UTP (Table 3). Be-
tween these three molecules, incorporation efficiency correlated
well with inhibition potency (Fig. 6). However, the fact that a very
efficient substrate such as 2=F-UTP was unable to inhibit NS5B led
us to consider that the nature of the 2= moiety can also affect
efficiency of incorporation of the next incoming nucleotide. This
was confirmed by our qualitative and quantitative chain termina-
tion assays, where 2=F, 2=NH2, and 2=N3 substitutions in the last
nucleotide of the nascent RNA were unable to prevent formation
of longer extension products in the presence of the next correct
nucleotides, suggesting they are not chain terminators for the EC
(Fig. 7 and 8). The fact that 2=F-UTP did not cause any chain
termination was surprising, given that 2=F-cytidine had previously
been shown to inhibit HCV replication (34). In our hands, 2=F-
CTP did not act as an inhibitor against HCV polymerase (see Fig.
S2 in the supplemental material). When incorporated by other
polymerases, 2=-fluoro-modified nucleotides could significantly
reduce the efficiency of polymerization (35, 36). These different
results highlight that the 2=-fluoro moiety by itself might cause
some level of chain termination. However, given the results pre-
sented in this study, we can conclude that the 2=-fluoro substitu-
tion contributes less to chain termination than the 2=-C-methyl
moiety.

How much reduction of incorporation efficiency for the next
nucleotide would be required to cause potent overall inhibition?
The incorporation of 2=ara-UMP did not completely prevent the
incorporation of the next nucleotide, but its efficiency was re-
duced by 13,000-fold compared to that of natural UMP (Table 4).
At this level of discrimination, we can consider 2=ara-UTP to be a
pseudo-obligate chain terminator. Likewise, 2=F-2=C-Me-UMP
and 2=C-Me-UMP behaved exactly like 3=d-UMP, with no detect-
able levels of incorporation of the next correct nucleotide. To our
knowledge, this represents the first attempt to provide quantita-
tive analysis of chain termination by measuring the efficiency of
incorporation of the next correct nucleotide. It is generally as-
sumed that, in the absence of any proofreading mechanism, nu-
cleotide incorporation by RNA polymerases is irreversible. How-

TABLE 4 Incorporation efficiency of the next correct GMPs after
incorporated UMP analogs

Incorporated UMP
analogs kpol/Kd

a (�M�1 s�1) Discriminationb

2=F 0.74 
 0.3 1.6
2=NH2 0.076 
 0.02 16
2=N3 0.29 
 0.1 4.1
2=ara 0.00009 
 0.00001 13,000
2=C-Me �5.8 � 10�7 �2 � 106

2=F-2=C-Me �5.8 � 10�7 �2 � 106

a The values of kpol/Kd for GTP incorporation after UMP or UMP analogs were
calculated from experimentally obtained K1/2 values using equation 2, and the means 

standard deviations from more than two repeats are reported.
b Calculated as (kpol/Kd, GTP after UMP 	 1.2 
 0.5 �M�1 s�1)/(kpol/Kd, GTP after UMP analog).
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ever, it has recently been reported that HCV NS5B was able to
excise the 3=-terminal nucleotide from the RNA (25). A suggested
extension of this finding could be to measure the effect of NTP-
mediated excision on the stability of incorporation and the inhi-
bition potency of chain terminators, such as those we just charac-
terized. Moreover, studies will be needed to understand at the
structural level how subtle modifications on the sugar moiety can
influence substrate recognition and chain termination efficiency.
The current model provided by crystal structures of free nucleo-
tides shows that although 2=-deoxyribonucleotides typically adopt
a 2=-endo conformation, the 2=-fluoro group seems to lock the
nucleotide into a 3=-endo (north) position that is similar to that of
ribonucleotides (27, 37). However, it remains to be seen how these
modifications at the 2=-OH position affect the orientation of the
sugar in the context of the ternary complex composed of NS5B,
the double-stranded RNA, and the incoming nucleotide. Addi-
tional kinetic studies combined with structural analysis would
help us understand the mechanism of inhibition of RNA poly-
merases of important human pathogens.
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