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Background: Previous studies have failed to reconstitute an active replication complex with hepatitis C virus (HCV)
RNA-dependent RNA polymerase.
Results: The replication complex from HCV was assembled, purified, and characterized.
Conclusion: A highly active replication complex can be formed with HCV polymerase that catalyzes fast and processive RNA
replication.
Significance: A purified and active replication complex is essential for mechanistic studies and drug discovery.

NS5B is theRNA-dependent RNApolymerase responsible for
replicating hepatitis C virus (HCV) genomic RNA.Despitemore
than a decade of work, the formation of a highly active NS5B
polymerase�RNA complex suitable for mechanistic and struc-
tural studies has remained elusive. Here, we report that through
a novel way of optimizing initiation conditions, we were able to
generate a productive NS5B�primer�template elongation com-
plex stalled after formation of a 9-nucleotide primer. In contrast
to previous reports of very low proportions of active NS5B, we
observed that under optimized conditions up to 65% of NS5B
could be converted into active elongation complexes. The elon-
gation complexwas extremely stable, allowingpurification away
from excess nucleotide and abortive initiation products so that
the purified complex was suitable for pre-steady-state kinetic
analyses of polymerase activity. Single turnover kinetic studies
showed that CTP is incorporated with apparent Kd and kpol val-
ues of 39� 3�M and 16� 1 s�1, respectively, giving a specificity
constant of kpol/Kd of 0.41 �M�1 s�1. The kinetics of multiple
nucleotide incorporation during processive elongation also
were determined. This work establishes a novel way to generate
a highly active elongation complex of the medically important
NS5B polymerase for structural and functional studies.

Hepatitis C virus (HCV)3 belongs to the Flaviviridae virus
family that includes several important human and animal
pathogens such as Dengue virus (DENV), West Nile virus

(WNV), yellow fever virus (YFV), and bovine diarrhea virus
(BVDV).HCV infects�3%of theworld population and chronic
infection of HCV can lead to hepatitis, liver cirrhosis, and can-
cer. HCV has a 9.6-kb single-stranded positive RNA genome,
which encodes three structural proteins (C, E1, and E2) and
seven nonstructural proteins (p7, NS2, NS3, NS4A, NS4B,
NS5A, and NS5B) (1).
NS5B is the 68-kDa RNA-dependent RNA polymerase of

HCV. Like other RNA-dependent RNA polymerases in the Fla-
viviridae family, NS5B catalyzes de novo RNA replication and
does not require a primer to initiate replication from the 3�-end
of the RNA template. RNA replication catalyzed by NS5B can
be divided into three phases: de novo initiation, transition from
initiation to elongation, and processive elongation.De novo ini-
tiation involves the binding of the 3�-end of the RNA to the
active site of NS5B, recruiting the first two nucleotides and
catalyzing the first nucleotidyl transfer reaction to form a dinu-
cleotide (2). The dinucleotide serves as a primer for the addition
of subsequent nucleotides (3, 4). Based on studies with recom-
binant NS5B protein, the initiation phase of RNA synthesis
appears to be slow and inefficient, often leading to short abor-
tive products (2, 3, 5). After several cycles of nucleotide incor-
poration, a major transition from the initiation to the elonga-
tion phase of RNA synthesis occurs, and nucleotide
incorporation becomes fast and processive (6, 7). However, in
previous reports, the fraction of the NS5B participating in the
RNA elongation synthesis was estimated to be very low, in the
range of �1% of total protein, and this has precluded detailed
mechanistic analysis (8). Thus, even though the enzyme was
cloned and the crystal structure was solved more than a decade
ago, measurements of the kinetics, thermodynamics, and fidel-
ity governing nucleotide incorporation are lacking, and analysis
of the mechanistic basis for inhibition of HCV replication by
new pharmaceuticals has been limited.
Detailed kinetic studies, combined with structural analysis,

previously have provided valuable mechanistic insight to
understand the function andmechanism of inhibition formany
polymerases (see for example Ref. 9). Thus far, attempts to
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characterize HCV NS5B using steady-state kinetics have pro-
vided limited information, because of the difficulty in data
interpretation. In steady-state kinetic analysis of a polymerase,
the kinetic parameters kcat andKm are complex functions of the
rates ofmultiple steps along the reaction pathway leading to the
products. In contrast, pre-steady-state kineticmethods can dis-
sect the complex reaction pathway and measure the kinetics of
individual steps. These methods are especially important for
characterizing the complex mechanism involving a DNA or
RNA polymerase (10–12). To study the kinetics of nucleotide
incorporation using pre-steady state kinetic methods, it is first
necessary to obtain a stoichiometric polymerase�primer�
template ternary complex. Unlike other polymerases, such a
ternary complex cannot be formed productively with HCV
NS5B (8, 13, 14). Crystal structures of NS5B showed that its
active site is encircled by the loops extending from the “fingers”
domain and is occluded by the �-loop and the C-terminal tail
(15–17). These structural elements likely prevent NS5B from
productively binding a primer-template duplex RNA. In sup-
port of that postulate, mutations (point mutation or deletions)
in these structural elements on NS5B have increased the elon-
gation activity of NS5B from a duplex RNA but have decreased
its de novo initiation activity (18–21). HCV polymerase there-
fore is likely to go through amajor conformational change dur-
ing the transition from initiation to elongation of RNA synthe-
sis and, in its ground state, is only able to perform de novo
initiation of RNA synthesis or use very short (2–3 nucleotide)
primer molecules for initiation.
In this work, a productive elongation complex containing

HCV NS5B and a duplex RNA primer-template was obtained
by an extension and pause reaction, without the need tomutate
or delete major structural elements of NS5B. Surprisingly, we
found conditions that allowed the majority (65%) of the NS5B
protein to be assembled productively into active elongation
complexes, thus increasing active site concentration signifi-
cantly over previous reports. The elongation complex could be
purified after the initial assembly reaction by a simple precipi-
tation method, taking advantage of the fact that the elongation
complex was insoluble under low salt reaction conditions. The
purified elongation complex was highly active and exception-
ally stable, even under high salt conditions or in the presence of
heparin, suggesting a major conformational change, leading to
very slow RNA dissociation from NS5B in the elongation con-
formation. Using this purified elongation complex, we exam-
ined the kinetics of single and multiple nucleotide incorpora-
tion catalyzed by NS5B using pre-steady-state kinetic methods.
This elongation complex can now be used to study the mecha-
nisms of replication, drug inhibition, and drug resistance of
HCV involving NS5B.

EXPERIMENTAL PROCEDURES

Chemicals and Nucleic Acids—All NTPs were ultrapure
grade purchased from USB Corp. (Cleveland, OH). Heparin
sodium salt (195.9 USP units/mg) was from Sigma-Aldrich.
MgCl2, EDTA, NaCl solutions, and Tris-Cl buffers were pur-
chased from Ambion (Austin, TX).
The unique 20-mer RNA template (5�-AAUCUAUAAC-

GAUUAUAUCC-3�), 5�-mono-phosphorylated pGG dinucle-

otide primer and non-phosphorylated OHGG dinucleotide
primer were synthesized chemically by Dharmacon, Inc. (Chi-
cago, IL). The 5�-end labeling reaction of OHGGwas conducted
with [�-32P]ATP (PerkinElmer Life Sciences), and T4 polynu-
cleotide kinase in forward reaction buffer (Invitrogen) for 1 h at
37 °C. The reaction was stopped by heating at 95 °C for 3 min.
The radiolabeled pGGwasmixedwith cold pGG tomake radio-
labeled pGG stock solutions. (The original radiolabeled pGG
was �1%.)
Expression and Purification of NS5B(�21)—N-terminal

penta-His-tagged NS5B�21 (con1 strain, codon sequence is
from GenBankTM accession no. AJ242654; 21 C-terminal
amino acids were removed from the full-length NS5B protein)
was cloned into a pET17b vector (Novagen) and expressed in
Escherichia coli BL21(DE3) cells. Cells were cultured in TB
medium at 37 °C. Isopropyl 1-thio-�-D-galactopyranoside
induction was started at an A600 of 0.6 at 20 °C. After an 18-h
induction, cells were collected and stored at �80 °C. Cells were
resuspended in a lysis buffer (50 mM HEPES, pH 7.5, 20% (v/v)
glycerol, 20 mM imidazole, 0.1% (w/v) octyl glucoside, 2 mM

�-mercaptoethanol, protease inhibitor mixture (Roche Diag-
nostics, Indianapolis, IN), and 300 mM NaCl). The lysate was
treated with DNase for 10min. The lysate was passed through a
microfluidizer and centrifuged at 13,000 rpm for 30 min. The
supernatant was applied to a Superflow nickel-nitrilotriacetic
acid column (Qiagen, Valencia, CA). NS5B protein was eluted
with a buffer containing 50 mM HEPES, pH 7.5, 300 mM NaCl,
20% (v/v) glycerol, 350 mM imidazole, 0.1% (w/v) octyl gluco-
side, and 2mM �-mercaptoethanol. Peak fractions were pooled,
diluted 1:1 with a buffer containing 20 mMHEPES, pH 7.5, 15%
(v/v) glycerol, and 2 mMDTT, centrifuged at 15,000 rpm for 30
min, and finally passed through a 0.2 �M filter. The filtrated
sample was applied to an SP-Sepharose column (GE Health-
care) equilibrated in buffer A (50 mMHEPES, pH 7.5, 15% (v/v)
glycerol, 0.1% (w/v) octyl glucoside, and 2 mM DTT). The col-
umn was washed with five column volumes of buffer A. The
proteinwas elutedwith a gradient of 0.15� 1.0MNaCl in buffer
A. Peak fractions were pooled and loaded onto a Superdex 200
column (GE Healthcare) equilibrated in buffer B (10 mM Tris-
HCl, pH7.5, 10% (v/v) glycerol, 5mMDTT, and 0.1% (w/v) octyl
glucoside) containing 600 mM NaCl. Peak fractions were
pooled, concentrated, and dialyzed to buffer B containing 200
mM NaCl. The protein was stored at �80 °C until use.
The protein concentration was measured by absorbance at

280 nm with an extinction coefficient of 170,850 cm�1 M�1.
The identity of the protein was confirmed by mass spectrome-
try analysis of intact protein and tryptic digested products.
Extension andPause Reaction—Atypical reaction containing

NS5B, pGG, 20-mer RNA template, ATP, and UTP in an opti-
mized reaction buffer (40 mM Tris-Cl, pH 7.0, 20 mM NaCl, 5
mMDTT, and 2 mMMgCl2) was conducted at 30 °C in a Hybex
microsample incubator (Scigene, Inc., Sunnyvale, CA). The
concentrations of NS5B and substrates were indicated in the
corresponding figure legends. Typically, a 10-�l reaction was
mixed with 30 �l of a quench solution (90% formamide, 50 mM

EDTA, 0.1% bromphenol blue, and 0.1% xylene cyanol) to stop
the reaction at an indicated time. To test the activity of the
elongation complex, 10 �l of the extension and pause reaction
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was mixed with 10 �l of 100 �M CTP in the optimized reaction
buffer and quenched by a 60-�l quench solution after 20 s.
Purification of Elongation Complex by Centrifugation—An

extension and pause reaction containing 12 �M NS5B, 10 �M

radiolabeled pGG, 10�M20-mer, 25�MATP, and 12.5�MUTP
in the optimized reaction buffer (40 mMTris-Cl, pH 7.0, 20 mM

NaCl, 5 mM DTT, and 2 mM MgCl2) was run for 2 h. The 2-h
reaction was spun at 16,000 � g for 5 min at room temperature
using a bench top centrifuge (model 5415 D, Eppendorf). After
centrifugation, the supernatant was removed, and the remain-
ing pellet was washed twice by additional resuspension and
centrifugation to remove residual contaminants. The pellet was
resuspended in the optimized reaction buffer. A 5-�l aliquot
from the 2-h reaction, the supernatant, or the resuspended pel-
let was mixed with 35 �l of quench solution. Another 5-�l ali-
quot from each sample was reacted with 5 �l of 100 �M CTP in
the reaction buffer for 20 s and quenched with 30 �l of quench
solution.
Solubility and Stability of Elongation Complex—The elonga-

tion complex in the pellet from the 2-h extension and pause
reaction was obtained as described above. The pellet was resus-
pended in the pH7.4 reaction buffer (40 mM Tris-Cl, pH 7.4, 5
mM DTT, and 2 mM MgCl2) containing NaCl at various con-
centrations. After incubation for 30min, each sample was spun
at 16,000 � g for 5 min at room temperature. The supernatant
and pellet were analyzed on a sequencing gel (supplemental Fig.
S5A). The percentage of the soluble elongation complex was
calculated as the ratio of the band intensity of the elongation
complex in supernatant to the total band intensity of the elon-
gation complex in the supernatant and the pellet.
To study the stability of the elongation complex, the pellet

from the 2-h extension and pause reaction was resuspended in
the pH 7.4 reaction buffer containing NaCl at various concen-
trations. The samples were incubated at 30 °C for 14 h. A 10-�l
aliquot from each sample (0 and 14 h) was reacted with 10 �l of
100�MCTP in the pH7.4 reaction buffer for 20 s and quenched
by 60 �l of quench solution. The samples were analyzed on a
sequencing gel (supplemental Fig. S5B). The percentage of
10-mer in the sum of 10-mer and 9-mer was calculated from
their respective band intensities.
To study the dissociation rate of the elongation complex, the

pellet from the 2-h extension and pause reaction was resus-
pended in the pH 7.4 reaction buffer containing 150 mM NaCl.
Heparin (0.2 mg/ml), an enzyme trap, was added at the start of
the dissociation reaction at 30 °C (up to 32 h). At various times,
a 10-�l aliquot was reacted with 10 �l of 100 �MCTP in the pH
7.4 reaction buffer with 150 mMNaCl for 20 s and quenched by
60 �l of quench solution to test the remaining activity of the
elongation complex. The samples were analyzed on a sequenc-
ing gel (supplemental Fig. S5C). The percentage of 10-mer in
the sum of 10-mer and 9-mer was calculated from their respec-
tive band intensities.
Nucleotide Incorporation Reaction Using Rapid Quench-flow

Method—Reactions were conducted at 30 °C using an RQF-3
rapid quench-flow instrument (KinTekCorp., Austin, TX). The
pellet containing elongation complex from a 2-h extension and
pause reaction was resuspended in a buffer containing 40 mM

Tris-Cl, pH 7.4, 150 mM NaCl, 5 mM DTT, and 2 mM MgCl2.

The volume of this buffer was five times that of the original
extension and pause reaction, and thus, the NS5B�9-mer�20-
mer complex was �0.6 �M, assuming 100% recovery of the
elongation complex during purification. In a typical quench-
flow assay, each reaction was started by mixing the elongation
complex with an equal volume of solution containing NTP in
the same reaction buffer. Each reaction was quenched at the
time interval indicated in the figures.
Product Analysis—The quenched reactions were heat-dena-

tured for 3 min at 95 °C before electrophoresis. The samples
were loaded onto a 16% denaturing polyacrylamide gel with 7 M

urea (National Diagnostics, Atlanta, GA), and electrophoresis
was performed at 80 watts using a Sequi-Gen GT system from
Bio-Rad. Gels were dried at 80 °C for 1 h with a Model-583 gel
drier (Bio-Rad). Dried gels were exposed to storage phosphor
screens and visualized by a Typhoon 9400 scanner (GEHealth-
care). The intensity of each band on the gel was quantified using
the ImageQuant software (version 5.2, GE Healthcare). The
concentration for an RNA product was calculated by multiply-
ing the input pGG concentration by the fraction of the product
band intensity in a given lane.
Data Analysis—The active site titration data were analyzed

by non-linear regression using the program GraFit5 (Erithacus
Software, Surrey, UK). The data were fit to a quadratic
equation,

Y � �A �
E0 � Kd � S � ��E0 � Kd � S�2 � 4E0 � S

2E0

(Eq. 1)

where Y is themeasured concentration of the 10-mer,�A is the
maximal concentration of the 10-mer,E0 is the enzyme concen-
tration, Kd is the apparent dissociation constant, and S is the
concentration of pGG. The fitted parameters were presented in
the form of best-fit value	 S.E. with their respective units. The
S.E. estimates were calculated by the covariance matrix during
nonlinear regression using GraFit5.
The kinetics of single nucleotide (see Fig. 5) and multiple

nucleotide incorporation reactions (see Fig. 6) had been ana-
lyzed using the KinTek Global Kinetic Explorer program (Kin-
Tek Corp., Austin, TX) based upon numerical integration of
rate equations from an inputmodel (22). In fitting single nucle-
otide incorporation data to Scheme 1, the equilibrium constant
for the initial complex formation was estimated by assuming
diffusion-limited nucleotide binding (kon 
 100 �M�1s�1) and
allowing the dissociation rate to vary during fitting to afford
calculation of the equilibrium constant (Kd 
 koff/kon). The
kinetics of multiple-nucleotide processive incorporation were
fit to amodel shown in Scheme 2, where each nucleotide incor-
poration was modeled as a single irreversible step. The proces-
sive incorporation experiment was performed three times and
all three data sets were fit simultaneously to derive the rates
shown in Scheme 2 and Fig. 6C. Standard error estimates were
calculated from the covariancematrix during nonlinear regres-
sion using KinTek Explorer program and were verified by con-
fidence contour analysis (22, 23). The average rate of nucleotide
incorporation from the multiple nucleotide incorporation
experiment was calculated using the equation,
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Average rate �
0.693 � n

�
i � 1

n 0.693

ki

(Eq. 2)

where ki is the rate for each nucleotide incorporation, and n
represents the total number of nucleotides incorporated.

RESULTS

Assembly of HCV NS5B Elongation Complex by Extension
and Pause Reaction—Fig. 1A shows the reaction scheme used
to obtain a paused elongation complex and then to test the
activity of the elongation complex using a single nucleotide
incorporation assay. The dinucleotide primer (pGG), the
20-mer RNA template, and NS5B were mixed with ATP and
UTP to start the RNA synthesis reaction. According to the
20-mer sequence, the reaction should pause after forming a
9-mer product because of the absence of CTP in the reaction.
Fig. 1B shows that the major products of the reaction were a
3-mer and a 9-mer during the extension reactionmonitored for
up to 24 h. A small amount of a 10-mer product was observed in
reactions with longer reaction time, presumably due to a slow
misincorporation event at this position. As described below
(see Fig. 3), the 3-mer was an abortive product, which accumu-
lated in solution during the reaction.
As a first test to determine whether the 9-mer productively

assembled into the elongation complex bound to NS5B, the
paused reaction was mixed with CTP and allowed to react for
20 s. About 90% of the 9-mer could be rapidly extended to a
10-mer product within 20 s (see Fig. 1B). During this time inter-
val, the enzyme catalyzed only a single turnover because both
RNA dissociation (see below, Fig. 4C) and rebinding of a 9-mer
primer to the NS5B (supplemental Fig. S1) were determined to
be extremely slow events. These results suggested that the
10-mer formed in the reactions shown in Fig. 1Bwithin the 20-s
elongation time originated from the 9-mer stalled complex.
The majority (�90%) of the 9-mer product formed during the
extension and pause reaction was therefore assembled into a
productive NS5B�9-mer�20-mer elongation complex, capable
of fast elongation.
We examined the effect of NS5B concentration on the kinet-

ics of formation of the elongation complex (Fig. 1C). The sumof
9-mer and 10-mer was used to estimate the amount of the elon-
gation complex formed. The formation of the elongation com-
plexes followed a linear function of the input NS5B concentra-
tions during the reaction. The slope represents the ratio of the
concentration of the elongation complex relative to the input
enzyme concentration, i.e. the fraction of NS5B captured in the
elongation complex. During the first 5 h, the time dependence
of the slope fit to a single exponential function, providing an
estimated half-life for the formation of the elongation complex
of 36	 4min (supplemental Fig. S2). On a longer time scale (21
and 24 h), it appeared that a slower phase led to the accumula-
tion of additional elongation complex, but was accompanied by
formation of a 10-mer, presumably due to misincorporation.
Active Site Titration of HCV NS5B—To quantify the amount

of NS5B that could be assembled into the elongation complex,
we examined the extension and pause reactions with increasing

concentrations of pGG and template RNA, in the presence of
500�MATP, 500�MUTP, and 50�M3�-deoxy-CTP (3�-dCTP)
(Fig. 2). The chain terminator, 3�-dCTP, was used as the final
nucleotide to be incorporated in forming the 10-mer product to
prevent subsequent mismatch incorporation. The reactions
were run for 24 h (Fig. 2A). The concentration of the product
(10-mer) was plotted against the input pGG concentrations,
and the data were fit to a quadratic equation, yielding an appar-
ent Kd of 3.8 	 1.4 �M for pGG binding, and an amplitude of
7.8 	 0.2 �M. The amplitude represents the maximum amount
of elongation complexes formed at saturation (Fig. 2B). Because

FIGURE 1. pGG primer extension and pause assay. A, a scheme depicting
the reaction setup and the 20-mer RNA template used in all assays in this
study. B, a time course of product formation during an extension and pause
assay. The reaction was started by mixing 20 �M pGG, 20 �M template, 25 �M

ATP, and 25 �M UTP with 12 �M HCV NS5B. An aliquot from the reaction was
mixed with quench solution at each indicated time point; in the meantime,
another aliquot of the reaction was reacted with 50 �M CTP and quenched
after 20 s (indicated as �C). C, extension and pause assays at various concen-
trations of NS5B. Each reaction was started with NS5B (2, 4, 6, 8, 10, and 12 �M),
20 �M pGG, 20 �M template, 25 �M ATP, and 25 �M UTP. Aliquots from each
reaction were mixed with quench solution at the time points indicated. Con-
centration of the elongation complex (9-mer and 10-mer) was plotted against
NS5B concentration at each reaction time point. For each reaction time, the
data were fit to a linear function with the slope representing the fraction of
input NS5B assembled into the elongation complex.
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the input NS5B concentration was 12 �M,�65% of input NS5B
could be assembled into a functional elongation complex.
Purification of Elongation Complex—Unincorporated ATP

and UTP, substrate pGG, and short abortive products such as
GGA present in the extension and pause reaction could inter-
fere with more detailed mechanistic characterization of the
elongation complex; therefore, a purification procedure was
established.
We conducted the extension and pause reaction using 10 �M

pGG for 2 h to obtain the NS5B�9-mer�20-mer elongation com-
plex without significant misincorporation. Under these opti-
mized conditions, �3 �M of NS5B�9-mer�20-mer complex was
formed. (Fig. 3, lane 2).We also noted that the reaction solution
became turbid immediately after mixing NS5B with the sub-
strates due to precipitation.Awhite pellet formed at the bottom
of the tube after a 5-min centrifugation of the 2-h reactionmix-
ture at 16,000� g. Fig. 3 shows a sequencing gel analysis of total
products from the 2-h reaction (Total), the products that
remained in the supernatant after the centrifugation (Sup), and
the products present in the resuspended pellet (Pellet). Surpris-
ingly, most of the 3-mer product generated during the reaction
was observed in the supernatant, and most of the 9-mer prod-
uct was in the pellet after the centrifugation. When CTP was
added for a 20-s reaction, the 9-mer in the total reaction and the
9-mer in the pellet were extended equally to 10-mer products.
These data strongly suggested that the NS5B�9-mer�20-mer
elongation complex precipitated during the extension and
pause reaction under low salt conditions and was recovered in
the pellet after centrifugation, whereas abortive reaction prod-
ucts such as GGA remained soluble in the supernatant. Similar
to the GGA trimer RNA, the unincorporated nucleotides were
also expected to be soluble and remain in the supernatant.
Thus, the elongation complex resuspended from the pellet
fraction was expected to be void of unincorporated nucleo-
tides. To confirm this assumption, the purified elongation
complex was incubated with CTP and GTP. From this reac-
tion, an 11-mer product was formed as expected from the
template sequence, but no products longer than 11-mer were
observed (supplemental Fig. S3). In contrast, when the total

2-h extension and pause reaction was mixed for 20 s with
CTP and GTP, extension products up to 20 nucleotides were
observed, confirming the presence of excess UTP and ATP
from the reaction buffer (supplemental Fig. S3). In conclu-
sion, abortive products and unincorporated nucleotides could
be separated from the elongation complex by precipitation of
the complex in low salt buffer, centrifugation and resuspension
of the pellet in a new reaction buffer.
Solubility and Stability of Elongation Complex—Next, we

optimized the conditions to solubilize the elongation complex.
The pellet containing the elongation complex was resuspended
in reaction buffer at various NaCl concentrations. After a half-
hour incubation, the samples were centrifuged again, and the
fraction of the elongation complex distributed into the super-

FIGURE 2. Active site titration of HCV NS5B. A, extension and pause reactions were started with 12 �M NS5B, 500 �M ATP, 500 �M UTP, 50 �M 3�-dCTP and
pGG/20-mer at various concentrations (5, 10, 20, 40, 60, 80, 100 �M as indicated). The reactions were quenched after 24 h. B, the concentration of elongation
complex (10-mer) was plotted against pGG concentration. The data were fit to a quadratic equation, yielding an apparent Kd of 3.8 	 1.4 �M and an amplitude
of 7.8 	 0.22 �M. Each data point on the plot was the average of four independent experiments, and the error bar was S.D.

FIGURE 3. Purification of the elongation complex by centrifugation. An
extension and pause reaction with 12 �M NS5B, 12.5 �M UTP, 25 �M ATP, and
10 �M pGG/20-mer was run for 2 h, followed by centrifugation at 16,000 � g
for 5 min. Lane 1, pGG primer; lane 2, the 2-h reaction before spin; lane 3, one
aliquot of the 2-h reaction was reacted with 50 �M CTP for 20 s; lanes 4 and 5,
the supernatant (Sup) and its reaction with 50 �M CTP for 20 s; lanes 6 and 7,
the resuspended pellet and its reaction with 50 �M CTP for 20 s.
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natant wasmeasured (Fig. 4A). The elongation complexmainly
remained in the white pellet at lowNaCl concentration, but the
majority of the complex was in the supernatant�100mMNaCl
(Fig. 4A), indicating that the elongation complex was more sol-
uble at higher NaCl concentrations.
It is known from studies with other polymerase enzymes that

high concentrations of NaCl can interfere with RNA binding
and cause dissociation of protein�RNA complexes. We there-
fore investigated the stability of the NS5B elongation complex
at increasing concentrations of NaCl. The pellet containing the
elongation complex was resuspended in reaction buffers with
NaCl at various concentrations and then incubated for 14 h to
test for complex stability. The activity of the elongation com-
plex before and after the 14-h incubation was measured. Sur-
prisingly, the activity of the purified elongation complex was
similar immediately after resuspension and after the 14-h incu-
bation at all NaCl concentrations tested, up to 350mM (Fig. 4B),
suggesting exceptionally high stability as compared with previ-
ously characterized RNA binding proteins. Based on the solu-
bility and stability of the elongation complex in different NaCl
concentrations, a reaction buffer with a physiological concen-
tration of 150 mM NaCl was used for further characterizations
of the elongation complex.
We tested the stability of the elongation complex in a buffer

with a polymerase enzyme trap, heparin. The elongation com-
plex was incubated in reaction buffer with 0.2 mg/ml heparin
for up to 32 h. At this concentration, heparin fully inhibited the
activity of NS5B in the extension and pause reaction (data not
shown). During the incubation, the remaining activity of the
elongation complex was tested by incubating an aliquot of the
reaction with CTP for 20 s (Fig. 4C). The activity of the elonga-
tion complex remained high during the complete heparin incu-
bation period, suggesting a RNA dissociation half-life greater
than aweek. These data indicate that the dissociation rate of the
HCV NS5B elongation complex was extremely slow and the
elongation complex was remarkably stable in a physiologically
relevant buffer.
Rapid and Processive Nucleotide Incorporation Catalyzed by

HCV NS5B in Elongation Complex—Scheme 1 shows a simpli-
fied two-step mechanism of single nucleotide incorporation
catalyzed by the RNA polymerase. Study of the NTP concen-
tration dependence of the rate of nucleotide incorporation can
define the apparent nucleotide dissociation equilibrium con-
stant, Kd, and the maximal incorporation rate, kpol. We mea-
sured Kd and kpol of CTP incorporation catalyzed by HCV
NS5B during elongation by rapid-quench-flow methods using
theNS5B�9-mer�20-mer complex. The elongation complex was
rapidly mixed with a reaction buffer containing CTP at various
concentrations (Fig. 5A). The reactions were conducted under
single turnover conditions because only productively bound
9-mer could be extended rapidly. The time courses of 10-mer
formation were analyzed by global data fitting to the mecha-

FIGURE 4. Solubility and stability of the elongation complex. A, solubility
of the elongation complex at various NaCl concentrations. The pellet contain-
ing the elongation complex after centrifugation was resuspended in the reac-
tion buffer with NaCl at various concentrations (0 � 350 mM). After a 30-min
incubation, the samples were spun at 16,000 � g for 5 min. The percentage of
elongation complex distributed in the supernatant or the pellet was analyzed
by sequencing gel. The percentage of elongation complex in the supernatant
(soluble EC) was plotted against NaCl concentration. B, stability of the elonga-
tion complex at various NaCl concentrations. The pellet-containing elonga-
tion complex was resuspended in reaction buffer with NaCl at various con-
centrations and was incubated for 14.3 h. The activities of the elongation
complex preincubation and postincubation were measured by reacting the
elongation complex with 50 �M CTP for 20 s. The percentage of the 10-mer
product versus NaCl concentration was shown. C, stability of the elongation

complex in the reaction buffer with heparin. The pellet containing elongation
complex was resuspended in the reaction buffer with 150 mM NaCl and 0.2
mg/ml heparin and incubated for various time intervals. The remaining activ-
ity of the elongation complex was measured by reacting an aliquot at each
incubation time point with 50 �M CTP for 20 s. The percentage of the 10-mer
product versus incubation time was shown.
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nism shown in Scheme 1. The Kd and kpol were 39 	 3 �M and
16	 1 s�1, respectively. The calculated ratio of kpol/Kdwas 0.41
�M�1 s�1, which defines kcat/Km, the specificity constant of
nucleotide incorporation during processive polymerization
(24). We also measured the Kd and kpol of GTP incorporation
using an NS5B�10-mer�20-mer elongation complex (Fig. 5B).
The Kd and kpol for GTP incorporation were 22 	 2 �M and
2.1 	 0.1 s�1, respectively.

ERn � NTP -|0
Kd

ERnNTPO¡
kpol

ERn�1PPi

SCHEME1. Simplifiedmechanismofnucleotide incorpora-
tion catalyzed by an RNA polymerase.

The kinetics of incorporation of multiple nucleotide were
studied to estimate the rate of each nucleotide incorporation

from10-mer to 20-mer (Fig. 6) during processive synthesis. The
NS5B�9-mer�20-mer elongation complex was mixed rapidly
with all four nucleotides at 400 �M each. The reactions were
quenched at various time intervals. The time courses of the
appearance and disappearance of all intermediates during
polymerization were analyzed by global data fitting to a simpli-
fied mechanism shown in Scheme 2 (Fig. 6B). The best fitted
rate constant for each step is shown on Scheme 2 and was plot-
ted in a bar graph in Fig. 6C. The rate for each step varied from
1.3 s�1 to 15 s�1, with an average of 4 s�1. Rates of the first two
nucleotide incorporation reactions agree with those measured
in single turnover kinetic studies (Fig. 5).

ER9O¡
15.3 s�1

ER10O¡
1.3 s�1

ER11O¡
6.2 s�1

ER12

O¡
6.2 s�1

ER13O¡
4.1 s�1

ER14O¡
2.6 s�1

ER15

ER15O¡
5.2 s�1

ER16O¡
10.5 s�1

ER17O¡
2.3 s�1

ER18O¡
9.3 s�1

ER19O¡
7.0 s�1

ER20

SCHEME 2. Simplified mechanism for processive nucleo-
tide incorporation catalyzed by HCV NS5B.

DISCUSSION

An NS5B�primer�template ternary complex is necessary for
kinetic and structural analysis of the nucleotide incorporation
reaction catalyzed by HCV NS5B during elongation. In this
work, we showed that such a ternary complex can be obtained
effectively following an extension and pause reaction. The high
yield of elongation complex from recombinant NS5B, the high
activity and stability of the elongation complex were all surpris-
ing, considering previous reports of attempts to form such a
complex. The kinetics of the extension and pause reaction (Fig.
1) showed that the elongation complex was formed with a half-
time of �36 min, consistent with the initiation of RNA synthe-
sis by HCVNS5B being rate-limiting. Active site titration dem-
onstrated that�65%of theNS5Bprotein could form functional
elongation complexes (Fig. 2) with an apparent dissociation
equilibrium constant of 3.8 	 1.4 �M for pGG binding during
the initiation phase. Because misincorporation events were
observed at longer reaction time (Fig. 1B), we reduced the
extension and pause reaction to 2 h for most experiments, still
allowing �25% efficiency in the assembly of the stable NS5B
elongation complex (Fig. 3). We took advantage of the insolu-
bility of the elongation complex at low NaCl concentration
(Figs. 3 and 4A) to use a centrifugation step to separate the
elongation complex from unincorporated nucleotides and
abortive short products (Fig. 3 and supplemental Fig. S3). Inter-
estingly, the insoluble elongation complex formed at low salt
concentrationwas fully active in suspension, as indicated by the

FIGURE 5. Kd and kpol of single nucleotide incorporation catalyzed by HCV
NS5B in the elongation mode. A, time courses of CTP incorporation oppo-
site G in the template at various CTP concentrations (3.1, 6.25, 12.5, 25, 50,
100, and 200 �M) were obtained by rapid quench-flow assays. Data were fit to
the mechanism in Scheme 1 using KinTek Global Kinetic Explorer. The solid
lines were the fitted lines. The fitted parameters, Kd (equilibrium dissociation
constant for nucleotide binding) and kpol (nucleotide incorporation rate), are
39 	 3 �M and 16 	 1 s�1, respectively. B, time courses of GTP incorporation
opposite C in the template at various GTP concentrations (3.1, 6.25, 12.5, 25,
50, 100, and 200 �M). The Kd is 22 	 2 �M, and the kpol is 2.1 	 0.1 s�1. Each
data set shown is the representative of three repeats, and the Kd and kpol were
reported as mean 	 S.D. from the repeats.
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efficient elongation of stalled 9-mer to extended 10-mer prod-
uct (Fig. 3, lanes 3 and 7). Thus, the precipitation occurred
without affecting the enzyme activity.
In contrast to the elongation reaction, the nucleotide incor-

poration reactions during the initiation and transition phases to
form a stable elongation complex appear to be quite complex.
First, NS5Bmust bind to the 3�-end of the template, followed by
the binding of pGG in a base pair with two cytosines on the
3�-end of the template. Reaction with the next nucleotide to
form a trimer is slow (3) and is not sufficient to form a stable
elongation complex; rather, the trimer accumulates in solution
(Fig. 3). The transition from the initiation to the elongation
phase of the reaction can be defined by observation of accumu-
lated intermediates. The amount of each intermediate seen to
accumulate depends on the relative rate of its forward reaction
versus its rate of dissociation from the enzyme. Accordingly,
inspection of the data in Figs. 1 and 2 suggests that the transi-
tion from initiation to elongation occurs after 6-mer formation
because of the accumulation of intermediates 3 to 6 nucleotides
in length. More detailed studies are underway to establish the
kinetics of initiation to elongation transition.
De novo RNA initiation in vivo is likely to be a highly regu-

lated process, which may involve additional nonstructural viral
proteins and/or host factors. It is reasonable to assume that
initiation is relatively fast and efficient in vivo, and it will be of
interest to identify factors that regulate this process. Here, we
circumvented the normal initiation reaction by starting RNA
synthesis with a pGG dinucleotide and allowing reaction for
several hours at low salt buffer. By adding only two of the four
nucleotides required for full replication, those NS5Bmolecules
that succeed in completing the relatively inefficient transition
process accumulate at a stalled complex after the formation of a
primer 9 nucleotides in length.
Several features of our extension and pause reaction condi-

tions contributed to the higher activity of HCVNS5B observed
in our assays. One was the use of pGG instead of mononucle-
otides to initiate the reaction. Previous reports showed that the
enzyme can initiate from pGGmore efficiently by skipping the
slow reaction of first nucleotidyl transfer (4). This strategy had
been previously used to attempt to obtain an elongation com-
plex, but the amount of the complex was very low under those
reaction conditions (14). The most important optimization in
our assay was the choice of NaCl concentration (supplemental
Fig. S4). We found that lower NaCl concentrations substan-
tially increased the RNA synthesis initiation efficiency and sub-
sequently the amount of the elongation complex formed in
agreement with several previous reports (25, 26). It has
been reported that NaCl could control the reversible oligomer-
ization of NS5B (3) and that NS5B oligomerization increased
initiation activity of NS5B (27–29). While investigating the
impact of salt on reaction conditions, we observed that more
NS5B precipitate was formed at lower NaCl concentrations but

FIGURE 6. Processive nucleotide incorporation by HCV NS5B in the elon-
gation mode. A, a sequencing gel showing the time course of multiple nucle-
otide incorporation. The reaction was conducted by mixing the elongation
complex, NS5B�9-mer�20-mer (0.3 �M), with ATP, UTP, GTP, and CTP (400 �M

each) in the reaction buffer and quenched at indicated time intervals. B, the

time courses of product formation were analyzed globally by fitting to the
mechanism in Scheme 2. The data set shown was a representative from three
repeats, with the solid lines indicating the best fit. The fitted rate for each step
was listed in Scheme 2 and C. C, a bar graph showing rate (	S.E.) for each
nucleotide incorporation during processive replication. The average of the
rates from 11 steps was 4 s�1.
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that NS5B was soluble in higher NaCl concentration, suggest-
ing that the precipitation processwas reversible (Fig. 4A). Based
on the correlation between precipitation and oligomerization
as discussed above, it is reasonable to propose that the NS5B
precipitate could contain one form of the NS5B oligomers
reported by several groups (3, 8, 30, 31). The exact interactions
between NS5B molecules in the oligomers are not clear. If at
least onemolecule ofNS5B served as accessory function for one
active NS5B in a functional dimer as in HIV reverse transcrip-
tase, no more than 50% NS5B would be assembled into the
elongation complex. Our data indicate that more than half of
the NS5B (�65%) was assembled into the elongation complex,
arguing against the existence of a dimeric complex with one
active site. However, slight errors in protein concentration
determination or activity determination are possible; therefore,
the formation of functional dimers in the elongation complex
cannot be fully excluded by the current data.
We found that the productive NS5B�primer�template elon-

gation complex was extraordinarily stable, with a half-life for
dissociation of approximately 1 week. Our data also showed
that binding or rebinding of primer/template RNA from solu-
tion is exceedingly slow (supplemental Fig. S1). These results
were consistent with previous reports indicating that the for-
mation of a productive complex of NS5B with duplex RNAwas
very slow with a half-life of �30 h (13), even though the initial
binding to RNA to NS5B was fast and diffusion limited (3). The
inability of NS5B to bind productively to primer/template RNA
from solution is also consistent with theNS5B crystal structure,
which shows a steric hindrance of a�-loop and aC-terminal tail
close to the polymerase active site interfering of duplex RNA
binding (15). These data all suggest that a large conformational
rearrangement in the NS5B protein must occur to form a pro-
ductive complex with RNA. Once duplex RNA is formed via
our extension and pause reaction, the NS5B protein has likely
completed this conformational change to the elongation com-
plex, such that the RNA duplex becomes locked at the active
site in a mode that is kinetically very stable. Because of the very
slow on and off rates for RNA from the elongation complex, we
are unable to estimate the affinity constant. However, the com-
plex is stable enough to allow complete replication of the HCV
genome without dissociation.
A general minimal mechanism for nucleotide incorporation

catalyzed by an RNA or DNA polymerase is summarized in
Scheme 1 (32). This mechanism includes ground state binding
of the incoming nucleotide followed by phosphotidyl transfer
reaction to elongate the primer by one base. The dissociation
equilibrium constant for nucleotide binding,Kd, and the rate of
incorporation, kpol, can bemeasured readily by transient kinetic
methods (12) under single turnover conditions. The direct
measurement of the Kd and kpol for incorporation of CTP and
GTP showed that these two incorporation events had similar
Kd (39�M versus 22�M) but about onemagnitude change in the
incorporation rate kpol (16 s�1 versus 2.1 s�1) (Fig. 5). These
values are comparable with the kinetic parameters observed for
the incorporation by HIV reverse transcriptase where Kd � 4
�M and kpol � 30 s�1 (33, 34). Compared with Kd measure-
ments of other RNA-dependent RNA polymerases such as
poliovirus RNA polymerase (130 �M) and dengue RNA polym-

erase (275�M), theKd forHCVNS5Bwasmuch lower, suggest-
ing its active site was tighter andmore interactions between the
nucleotide and the active site were formed (11, 35). The slow
rate of GTP incorporation was not due to a slow step after CTP
incorporation and preceding GTP binding such as pyrophos-
phate release because the rate was measured directly from a
preformed elongation complex containing the 10-mer (Fig. 5B).
A conformational change preceding chemistry had been dem-
onstrated to play a critical role in several DNApolymerases (24,
36). The rate of nucleotide incorporation thus could be the
combination of the rate of the conformational change step and
the rate of chemistry. For HCV RNA polymerase, it was not
clear whether a similar conformational change step existed.
Further investigation is needed using the NS5B elongation
complex to resolve these steps.
The processive nucleotide incorporation assay allowed

simultaneous quantification of the kinetics of multiple nucleo-
tide incorporation events (Fig. 6). Interestingly, identical nucle-
otides were incorporated at different rates during elongation,
which may be explained by the nearest neighboring and
sequence context effects (37). Slight differences in the align-
ment of all elements at or near the active site might change the
catalytic rate significantly. The average rate of nucleotide incor-
poration was �4 s�1 based on our measurement on a 20-mer
template. This rate was close to the estimated rates of 200
min�1 � 700 min�1 for NS5B replicating longer RNA tem-
plates in vitro (6, 7).
The assembly of a stable and pureNS5B�primer�template ter-

nary complex in this work has removed one major hurdle that
has hampered the study of HCV replication enzymology for a
long time. This complexwill be an essential reagent to study the
molecular mechanisms of drug inhibition and drug resistance
of HCV NS5B. The methods of assembly and purification
developed for HCVNS5Bmay also apply to other RNA-depen-
dent RNA polymerases that catalyze de novo RNA synthesis.
The high yield and the high kinetic stability of the
NS5B�primer�template complex also suggest that crystalliza-
tion of the elongation complexmay nowbewithin reach aswell.
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