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The hepatitis C virus (HCV) encodes an RNA-depend-
ent RNA polymerase (NS5B), which is indispensable for
the viral genome replication. Although structural com-
parison among HCV NS5B, poliovirus 3D-pol, and hu-
manimmunodeficiencyvirus-reversetranscriptaseRNA-
dependent polymerase reveals the canonical palm,
fingers, and thumb domains, the crystal structure of
HCV NS5B highlights the presence of a unique A1-loop,
which extends from the fingers to the thumb domain
(amino acids 12–46), providing many contact points for
the proposed “closed” conformation of the enzyme. The
polymerase also possesses a tunnel, which starts at
the active site and terminates on the back surface of the
enzyme. This tunnel of 19 Å contains five basic amino
acids, which may be engaged in NTP trafficking. In the
present study, we exploited the crystal structure of the
enzyme to elucidate the involvement of these two struc-
tural motifs in enzyme activity by site-directed mu-
tagenesis. As predicted, the replacement of leucine 30
located in the �1-loop is detrimental to the NS5B activ-
ity. Heparin-Sepharose column chromatography and
analytical ultracentrifugation experiments strongly
suggest a local alteration in the structure of the Leu-30
mutant. An analysis of amino acid substitutions in Arg-
222 and Lys-151 within the putative NTP tunnel indi-
cates that Arg-222 was critical in delivering NTPs to the
active site, whereas Lys-151 was dispensable. Interest-
ingly, the substitution of lysine 151 for a glutamic acid
resulted in an enzyme that was consistently more active
in de novo synthesis as well as by “copy-back” mecha-
nism of a self-primed substrate when compared with the
wild type NS5B enzyme. Burst kinetic analyses indicate
that the gain in function of K151E enzyme was primarily
the result of the formation of more productive pre-
initiation complexes that were used for the elongation
reaction. In contrast to the recent observations, both the
wild type and mutant enzymes were monomeric in solu-
tion, whereas molecules of higher order were apparent
in the presence of RNA template.

Hepatitis C virus (HCV)1 is the major etiological agent of
non-A non-B hepatitis and infects an estimated 3% of the

world’s population (1). Approximately 80% of the infected indi-
viduals will remain chronically infected for decades and may
eventually develop severe liver cirrhosis and hepatocellular
carcinoma (2). In the absence of a prophylactic vaccine or a
specific antiviral agent, the best treatment currently available
for HCV infection is the combination therapy of interferon and
ribavirin (3).

HCV is an enveloped virus belonging to the hepacivirus
gender in the Flaviviridae family, which also includes the fla-
vivirus and pestivirus (4). The single-stranded positive-sense
RNA genome is �9.5 kb in length and produces a single
polyprotein of 3010–3040 amino acids (5). The polyprotein is
processed by a combination of viral and cellular proteases,
giving rise to at least 10 individual proteins (6). In the absence
of a permissive cell culture replication system, the knowledge
of HCV replication has been derived mainly from alternative in
vitro systems or from the biochemical characterization of indi-
vidual viral proteins (7–11). Among these viral proteins, the
HCV polymerase (NS5B), which is an RNA-dependent RNA
polymerase (RdRP), has been investigated extensively because
it is the prime-target for the development of antiviral drug
(12–15). HCV polymerase activity was first reported using self-
priming mechanism (copy-back) in which the RNA folds back
intramolecularly. However, copy-back replication is rather
nonspecific and is unlikely to be used by the virus in vivo (16).
More recently, RNA replication by HCV NS5B has been re-
ported by de novo synthesis (17–19), which has also been re-
ported for other viral polymerases including the bacteriophage
�6, Q�, the brome mosaic virus, and the bovine viral diarrhea
virus (20–25). De novo RNA synthesis appears to be an attrac-
tive model for viral RNA replication because no genetic infor-
mation is lost during the replication. Furthermore, no addi-
tional enzymes are needed to generate the primer or to cleave
the region between template and newly synthesized RNA.
However, de novo initiation of RNA synthesis is relatively
inefficient in vitro and requires very high concentrations of
GTP, which is the initiating nucleotide incorporated into the
template.

With the recent resolution of the NS5B crystal structure (26,
27), certain unique structural elements of the enzyme have
been highlighted (see Fig. 1). Although the canonical palm,
fingers and thumb domains as well as the putative NTP tunnel
are well conserved among HCV NS5B, poliovirus 3D-pol, and
human immunodeficiency virus-reverse transcriptase en-
zymes, the space between the fingers and the thumb domains
of NS5B is unexpectedly small, giving rise to a proposed
“closed” conformation, which has also been identified for the
double-stranded RNA polymerase of �6 (28). Based on their
crystal structures, both enzymes possess a loop that connects
the fingers with the thumb. This loop, previously called �1 on
the HCV NS5B structure, could be the major element respon-
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sible for the closed conformation of HCV NS5B and �6 poly-
merase and might play a key role in the “clamping” motion of
these enzymes. Another interesting feature of the HCV poly-
merase is the presence of a �-hairpin that hangs over the active
site. Although the function of this unique structure is unclear,
it has been suggested that the �-hairpin may function as a gate
to position the very 3�-end of the RNA at the active site (29).
Crystal structure of the enzyme indicates that the space un-
derneath the �-hairpin is not sufficient to allow the passage of
a double stranded-RNA structure. Therefore, the �-hairpin
should exhibit the flexibility to move to accommodate the elon-
gation of the nascent double-stranded RNA. The NTP tunnel is
a common structural motif observed for RNA-dependent poly-
merases. Although it is logical to hypothesize that the nega-
tively charged incoming NTPs interact sequentially with posi-
tively charged amino acids to reach the active site within the
NTP tunnel, systematic analysis of the nucleotide involvement
in such trafficking has not been examined.

In this study, we exploited the crystal structure of the HCV
NS5B polymerase to analyze the involvement of specific resi-
dues on the overall RdRP activity. To delineate whether the
�1-loop is involved in keeping the enzyme in a “closed” confor-
mation, we mutated leucine 30, which exhibits strong hydro-

phobic interaction with the thumb domain to polar residues (an
arginine or a serine). Furthermore, the role of the basic amino
acids in NTP trafficking was analyzed by mutating the last
positively charged amino acid (arginine 222) in close proximity
to the active site and the first amino acid (lysine 151) located at
the beginning of the NTP tunnel. Our data indicate that most
of these point mutations modulate the NS5B activity and the
�1-loop is a critical element in determining the activity of the
enzyme. More interestingly, real-time analytical ultracentrifu-
gation analyses demonstrated that both the wild type and
mutant enzymes are monomeric in solution, whereas oligo-
meric forms of the enzymes can be induced by short RNA
template binding.

MATERIALS AND METHODS

Protein Expression and Purification—The HCV NS5B protein (HCV-
BK) lacking the 21 C-terminal amino acids was expressed in pET-24b
containing a C-terminal hexahistidine tag. All single point mutations
were derived from the pET-24b/NS5B plasmid using the QuikChangeTM

site-directed mutagenesis kit (Stratagene). Protein production from
Escherichia coli, BL21(DE3) was induced by adding isopropyl-�-D-thio-
galactoside to a final concentration of 1 mM. Cell pellets were resus-
pended in lysis buffer containing 20 mM Tris-HCl (pH 7.4), 500 mM

NaCl, 1 mM 2-mercaptoethanol, 30 mM imidazole, 2.5% glycerol, EDTA-
free protease inhibitor tablets (Roche Molecular Biochemicals) and
passed through a French press apparatus (25,000 p.s.i.; three times).
The cytosolic fraction after centrifugation (35,000 rpm for 30 min;
SA600 rotor) was applied to a nickel column (Superflow, Qiagen). After
washing with lysis buffer, the protein was eluted from the column with
a lysis buffer containing 350 mM NaCl and 200 mM imidazole. The
eluted protein was then applied to a HiTrapTM heparin column (Amer-
sham Biosciences) and subsequently washed with a buffer containing
20 mM Tris-HCl (pH 7.4), 350 mM NaCl, 10 mM DTT, and 2.5% glycerol.
Protein was eluted from the column with a linear gradient of NaCl
(350–900 mM). After an overnight dialysis against a buffer containing
50 mM Tris-HCl (pH 7.4), 300 mM NaCl, 10 mM DTT, and 50% glycerol,
the protein was aliquoted and stored at �70 °C. Stock enzyme was
tested for the presence of contaminating RNase using RNaseAlertTM

(Ambion).
Sucrose Gradient Centrifugation—To analyze the biophysical state of

the wild type enzyme and some of the substitution variants, 6 �g of
NS5B enzyme or 20 �g of BSA were loaded on top of a sucrose step
gradient (2 ml) containing 10, 20, 25, 30, and 35% of sucrose in 20 mM

HEPES (pH 7.5), 50 mM NaCl, and 1 mM DTT. Gradients were centri-
fuged at 85,000 � g for 24 h. Fractions were collected using the Auto
Densi-FlowTM IIC collector (Buchler Instruments) and subsequently
analyzed on SDS-PAGE. Proteins were detected by the Silver Stain
Plus detection kit (Bio-Rad). The sucrose concentration of each fraction
was determined using the ABBE-3L refractometer (Milton Roy).

Analytical Ultracentrifugation—Samples were prepared in 20 mM

Trizma (Tris base), 500 mM sodium chloride, and 3% glycerol at pH 7.5
to a final concentration of 1 �M protein. Samples containing RNA were
adjusted to 500 mM in sodium chloride to reduce nonspecific RNA-
protein interactions. The partial specific volume of the proteins was
calculated based on the amino acid composition, and the density of the
solvent was calculated from the chemical composition of the buffer
using the computer program SEDNTERP and adjusted for tempera-
ture. Sedimentation velocity experiments were performed on a Beck-
man model XLI/XLA analytical ultracentrifuge operating at a rotor
speed of 35,000 rpm and 20 °C using 390 �l loaded into two-channel
carbon-Epon centerpieces in an An-Ti 60 rotor. Data were collected in
continuous mode, at a single wavelength (280 nm) with a step size of
0.006 cm without signal averaging. Multiple scans at different time
points were fitted to a continuous size distribution using the program
SEDFIT (30).

“Copy-back” RNA Synthesis—To measure the polymerase activity of
the NS5B mutants, a 369-nucleotide RNA called pOF was used as a
template. The sequence of this substrate is 5�-GAAUACAAGCUUGG-
GCUGCAGGUCGACUCUAGAGGAUCCCCGGGCGCUAGGAACAC-
UCAGGAUCACGUUCGCUCUCUGUGCCUUUUAGCUUGGCACAA-
UGGCGAAGAAGAAUAUAACAAAUUCCUAGCUAAAAUCAGGAGU-
GUGCCAAUUGGAAGAGCUUUAUUGCUCCCAGAGUACUCAACA-
UUGUACCGCCGUUGGCUUGACUCAUUUUAGUAACCCUACCUC-
AGUCGAAUUGGAUUGGGUCAUACUGUUGUAGGGGUAAAUUU-
UUCUUUAAUUCGGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAA-
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-

FIG. 1. Crystal structure of the HCV polymerase (NS5B). A,
front view of the HCV polymerase representation of the palm, fingers,
and thumb domains. �-Helices are shown as red cylinders, �-strands as
green arrows, and connecting loops as yellow and blue tubes. The back
of the enzyme is closed by the �1-loop (blue tube) that emanates from
the fingers to make contact points with the thumb. Leucine 30 (blue) is
predicated to anchor the �1-loop to the thumb domain via strong
hydrophobic interaction. The �-hairpin, which is positioned over the
active site is shown in pink. B, right side view of the protein with
emphasis on the NTP tunnel. The thumb domain has been removed for
clarity. Positively charged amino acids engaged in the NTP tunnel are
indicated in yellow (Lys-151, Lys-155, Arg-48, Leu-51, and Arg-222).
The aspartic acids 318 and 319 in pink are located in the active site.
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AAAAAAAAAAAGAAUU-3�. The standard nucleotide incorporation re-
action was performed as described below unless indicated otherwise in
the figure legend. Reactions were performed in a volume of 50 �l
containing 20 mM HEPES (pH 7.5), 5 mM MgCl2, 1 mM DTT, 20 nM

NS5B enzyme, 20 nM pOF, 20 units of RNasin, 50 �g/ml BSA, 100 �M

UTP, CTP, and ATP, 5 �M GTP, and 2.5 �Ci of [�-33P]GTP. Reactions
were incubated at 37 °C for 90 min and stopped by addition of 10 �l of
0.5 M EDTA. The reaction mixture was filtered through a 96-well plate
DEAE filter paper (Millipore) and washed (five times) with 200 �l of 0.5
M sodium phosphate buffer (pH 7.0). The plates were air-dried for 10
min, and 50 �l of Scintisafe PlusTM 50% (Fisher Scientific) was added
for scintillation counting using a �-counter (Wallac).

Burst Assay—The pOF RNA was used as a template for the burst
experiment. Briefly, 40 nM enzyme was pre-incubated with 40 nM pOF
RNA for 4 h at room temperature in a buffer containing 20 mM HEPES
(pH 7.5), 10 mM MgCl2, 2 mM DTT, 100 �g/ml BSA, and 20 units of
RNasin (final volume: 25 �l). At the end of the pre-incubation period,
the reaction was incubated at 37 °C for 5 min and subsequently initi-
ated by the addition of 25 �l of a pre-heated buffer (37 °C) containing 20
mM HEPES (pH 7.5), 800 ng/ml heparin, 100 �M CTP, ATP, and UTP,
5 �M GTP, and 2.5 �Ci of [�-33P]GTP. At each end point, the reaction
was stopped by addition of 10 �l of 0.5 M EDTA. For gel analysis of the
burst experiment, the same procedure was performed except that the
reactions were stopped by addition of an equal volume of phenol:chlo-
roform (1:1). After protein extraction, the labeled RNA was ethanol-
precipitated in the presence of 3 M sodium acetate (pH 5.0) and 20 �g of
glycogen. RNA was resuspended in 20 �l of glyoxal loading buffer
(Ambion) and resolved in a 2.5% agarose gel.

Nucleotide Incorporation Using Homopolymeric Template and Dinu-
cleotide Primer—All four homopolymeric templates (poly(U), -(A), -(C),
and -(G)) were purchased from Sigma. The dinucleotide primers syn-
thesized with a 5�-phosphate (pGG, pCC, pUU, and pAA) were pur-
chased from Oligo Etc. (Wilsonville, OR). For standard experiments, a
50-�l reaction was performed using 20 nM enzyme, 20 nM homopoly-
meric template, and 15 �M complementary dinucleotide primer pGG,
pAA, or pCC or 80 �M pUU. The reaction was performed essentially in
the same reaction condition as for the copy-back RNA synthesis, except
that the respective nucleotides were used at 100 �M.

De Novo Initiation of Elongation Using Homopolymeric Template—
Under our conditions, the initiation of de novo synthesis by the NS5B
mutants was observed only for poly(C) homopolymeric template but not
poly(A), poly(U), or poly(G). To determine the Km and Vmax values,
reactions were performed in quadruplicate using 20 nM enzyme, 20 nM

poly(C), and 0–2.0 mM GTP under the same reaction conditions as for
the copy-back RNA synthesis.

De Novo Single Nucleotide Incorporation—To examine the incorpo-
ration of the third and fourth nucleotides following a de novo initiation,
a 23-mer RNA (5�-AAAAAAAAAAAAAAAAACAGUCC-3�) was used as
a template. The reaction was performed in a 50-�l volume containing 20
mM HEPES (pH 7.5), 5 mM MgCl2, 1 mM DTT, 250 nM NS5B enzyme,
250 nM 23-mer template, 20 units of RNasin, 50 �g/ml BSA, 1 mM GTP,
and 25 �Ci of [�-33P]ATP or 100 �M ATP and 25 �Ci of [�-33P]CTP. The
reaction was incubated at 37 °C for 0–10 min and stopped by addition
of an equal volume of phenol chloroform. After protein extraction, the
labeled RNA was ethanol-precipitated in the presence of 3.0 M sodium
acetate (pH 5.0) and 20 �g of glycogen. RNA was resuspended in 4 �l of
TBE-urea sample buffer (Novex) and resolved on a 25% TBE-urea
acrylamide gel.

RESULTS

Expression and Purification of the HCV NS5B Mutants—
The wild type and amino acid substituted variants of NS5B
enzyme were purified to near homogeneity (�90%) by se-
quential chromatography using a nickel and a heparin-
Sepharose (HS) column, respectively, as described under
“Materials and Methods” (Fig. 2A). Analysis of these prepa-
rations showed that they did not contain any contaminating
protease or RNase activities (Fig. 2A and data not shown).
Tracing of the salt elution profile of the enzyme from HS
column indicated that the wild type enzyme and most of the
variant NS5B proteins eluted at �400 mM sodium chloride
(Fig. 2B). Interestingly, two point mutants containing the
L30R and L30S substitutions, respectively, were eluted at a
higher salt concentration (600 mM NaCl) from the HS column.
The biophysical state of the NS5B wild type and point mutant
proteins was analyzed by sucrose gradient centrifugation,
which indicated that the sedimentation profiles were similar
to that of the bovine serum albumin protein (data not shown).
This observation suggests that the proteins were likely mo-
nomeric in solution. These preparations were subsequently
used for biochemical characterization of the enzyme.

Optimization of Enzyme Assay Using a Self-primed Copy-

FIG. 2. Purification and biophysical
analysis of HCV NS5B mutants. A, pu-
rified NS5B mutants were analyzed for
the presence of residual protease contam-
inant. Each mutant (500 ng) was incu-
bated for 2 h on ice (�) or at 37 °C (�)
prior to SDS-PAGE analysis. Proteins
were stained with Coomassie Blue. B, elu-
tion profile of NS5B mutants on heparin-
Sepharose column. Proteins were eluted
simultaneously with a gradient of sodium
chloride (350–900 mM) using a multistal-
tic pump (HBI).
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back RNA Substrate—As described previously, NS5B can uti-
lize an RNA molecule that folds back intramolecularly at the
3�-OH end as a substrate to catalyze complementary strand
synthesis resulting in a copy-back double-stranded RNA prod-
uct (9). For the experiments described herein, the copy-back
substrate was a 369-nucleotide RNA derived from the poliovi-
rus 3�-end, pOF. This RNA contains two uridines at the 3�-OH
end that can fold back to pair with adenosine residues in an
adjoining polyadenosine stretch, which is located four nucleo-
tides upstream of the uridine residues. To optimize the reaction
condition, the effects of temperature and divalent cations on
the enzyme activity were examined. The enzyme activity was
20-fold higher at 37 °C when compared with 21 °C (data not
shown). In contrast to previous reports, the enzyme activity
was 4 times higher when magnesium was used as a divalent
cation rather than manganese (Fig. 3A) (12, 18, 19). Using
these optimal conditions (37 °C and 5 mM MgCl2), a titration of
each enzyme preparation using 20 nM RNA substrate showed
that an enzyme concentration of 20 nM (data not shown) and 90
min of incubation defined the upper linear range for the en-
zyme (Fig. 3B).

Effects of Leu-30 Substitutions on the Enzyme Structure and
Activity—The resolved crystal structure of the NS5B enzyme
exhibits a “closed” conformation (26, 27). Based on this infor-
mation, we hypothesized that the unique �1-loop shown in Fig.
1A is likely engaged in coordinating the movement of the
thumb and fingers domains. Within this loop, leucine 30 has
multiple interactions with a hydrophobic pocket of the thumb
domain (Fig. 1A). Perturbation of this hydrophobic pocket could
result in local alteration of the loop at the contact sites with the
thumb, which might subsequently lead to an “open” conforma-
tion of the enzyme. To test this hypothesis, two point mutations
were introduced at this location, i.e. L30R and L30S. During
the chromatography process, these point mutants containing
the L30R or L30S substitutions bound to the HS column with
higher affinity when compared with the other proteins as re-
flected by their elution maxima (600 mM NaCl) (see Fig. 2B).
This altered chromatographic behavior is highly suggestive of a
conformational change, which in turn may modify the numbers
of charge of these mutants available to interact with the resin
(Fig. 2B). More importantly, both of these mutant enzymes
were inactive in the polymerase assay using pOF as a template

and [�-33P]GTP as a label (Fig. 3B). Nevertheless, very low
enzyme activity could be detected when an enzyme titration
using [�-33P]UTP as the only source of nucleotide triphosphate
was performed (Fig. 4). The basal level of nucleotide incorpo-
ration was observed in a dose-dependent manner (Fig. 4A) and
was NS5B-specific because a “dead” enzyme (GDD/GAA), in
which the essential GDD motif had been replaced by GAA did
not exhibit any nucleotide incorporation under the same assay
conditions (Fig. 4B). However, the L30S and L30R mutants

FIG. 3. Characterization of NS5B
mutants using a self-priming tem-
plate. A, effect of divalent cations (MgCl2
and MnCl2) on enzyme activity. The reac-
tion was conducted at 37 °C for 90 min
using 20 nM each of enzyme and pOF in
the presence of MgCl2 or MnCl2 as indi-
cated. B, time course of enzyme activity.
The enzyme and pOF substrate were used
at 20 nM each with 5 mM MgCl2 at 37 °C.
The reaction was stopped by adding 10 �l
of EDTA (0.5 M), and the GMP incorpora-
tion was quantified by DEAE filter bind-
ing assay. The data represent the average
of quadruplicate experiments.

FIG. 4. Enzyme titration of L30R and L30S using self-priming
template (pOF) and [�-33P]UTP as sole source of nucleotide. A,
the reaction was performed at 37 °C for 90 min with 20 nM pOF and 5
�Ci of [�-33P]UTP with enzyme concentrations ranging from 0 to 500
nM. Control �-33P-labeled pOF is shown in the first lane. Products were
resolved on a 2.5% agarose gel. B, the experimental protocol is similar
to A except that the incorporation of [�-33P]UTP was quantified by
DEAE filter binding assay. Addition of EDTA to the reaction buffer
showed that the incorporation was NS5B-specific.
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incorporated 60 and 66 times less UMP, respectively, when
compared with the wt-NS5B (data not shown). To determine
whether there is a structural change in the mutant enzyme, the
global shape of L30S was compared with that of the wt-enzyme
by analytical ultracentrifugation. The results shown in Fig. 5A
suggest that the global shapes of both enzymes where similar
(see below). Taken together, this biophysical analysis and the
chromatographic behavior of the L30S mutant support the
notion that a rather local structural modification had occurred
at the contact sites between the �1-loop and the thumb. Be-
cause these single amino acid substitutions were detrimental
to NS5B activity, we attempted to restore the structure and
function of the L30S mutant by inserting compensatory muta-
tions. To this end, serine 29 in the �1-loop was replaced by an
aspartic acid in an attempt to create an ionic interaction with
the arginine 503 of the thumb domain. For the same reason,
histidine 428 was replaced by an asparagine to favor the cre-
ation of a hydrogen bond with serine 30 of the L30S mutant.
Unfortunately, neither of these double mutants (L30S/S29D
and L30S/H428N) were compensatory. Indeed, both of these
mutants had chromatographic behavior and enzyme activity

similar to that of the L30S mutant (data not shown).
Monomeric and Oligomeric Forms of the wt-NS5B and L30S

Enzymes—It has been shown recently that HCV NS5B can
form dimers and oligomers in solution and this intrinsic oli-
gomerization of the enzyme is essential for the polymerase
activity (31–33). To define the quarternary structure of the wild
type and mutant enzymes in the present study, analytical
ultracentrifugation was employed to examine these proteins in
solution in the presence or absence of RNA substrate. As shown
in Fig. 5A, both wt-NS5B and L30S enzymes had sedimenta-
tion coefficients of 3.9 and 3.6 S, respectively, under high ionic
strength, consistent with monomeric molecular masses (see
Table I). Similar S (Svedberg) values were obtained at low and
physiological ionic strength (data not shown). Our data contra-
dict the oligomeric interaction observed in the reported glycerol
gradient fractionation (32), although the current study was
conducted at low glycerol content (4%). Because the oligomeric
state of the enzyme in the presence of an RNA template reflects
a more biological phenomenon in the context of directing RNA
synthesis, we examined the sedimentation coefficients of the
proteins in the presence of a short hairpin RNA template (see
Fig. 5C). Very similar hairpin loops have been utilized by NS5B
enzyme to initiate de novo synthesis (17). High ionic strength
conditions were employed to reduce nonspecific binding of the
RNA with the polymerase. To our surprise, a shift in the S
values was observed for both the wt-NS5B and L30S mutant
(Fig. 5B). In the case of the wt-NS5B, the sedimentation veloc-
ity profiles fit well for two species of 5.2 and 8.0 S (Fig. 5B).
Analysis of the boundary spreading yielded molar masses of
74.9 and 145 kDa, consistent with RNA complexed with mono-
meric protein (74.9 kDa) or dimeric protein (145 kDa) (Table I).
For the L30S mutant, three distinct peaks were observed with
S values of 4.0, 6.5, and 9.4 corresponding to monomer, dimer,
and potentially tetramer binding to the RNA. Small quantities
of 14 S oligomer were also detected. These observations suggest
dimerization/oligomerization of HCV NS5B can be induced by
RNA binding and that this intrinsic ability of the L30S mutant
might be different from the wild type enzyme. These results
with the wild type enzyme are consistent with the recent find-
ing which indicates that the NS5B polymerase acts as a func-
tional oligomer (33). Although we used a short hairpin RNA as
template, the possibility that two or more monomeric molecules
binding to the same RNA cannot be excluded. It is important to
note that the hairpin structure of the RNA template is required
for RNA-induced oligomerization because NS5B-RNA complex
could not be detected when a linear version of the RNA tem-
plate was used in analytical ultracentrifugation (data not
shown). Further experiments are required to address
the quaternary structure of the polymerase at the initiation
step.

FIG. 5. Continuous size distribution analysis (analytical ultra-
centrifugation) of wild type and L30S mutant NS5B polymerase
in the absence of RNA template (A), or in the presence of RNA
template (B). The sequence and structure of the short RNA template
(AT-1) is shown in C.

TABLE I
Apparent molecular masses of HCV NS5B by analytical

ultracentrifugation

Samplea Bufferb Sedimentation
coefficient

Apparent molecular
massc

kDa

wt 200 mM NaCl 3.6 64
wt 500 mM NaCl 3.9 65
wt � AT-1 500 mM NaCl 5.2 74.9

500 mM NaCl 8.0 145
L30S 500 mM NaCl 3.6 64
L30S � AT-1 500 mM NaCl 4.0 78.4

500 mM NaCl 6.4 155
500 mM NaCl 9.4 �200

a 1 �M protein, 0.5 �M AT-1.
b 20 mM Tris, 4% glycerol, and NaCl.
c Molecular mass based on amino acid or nucleotide composition: wt,

64,216 Da; L30S, 64,189 Da; AT-1, 8679 Da.
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NTP Tunnel—The HCV NTP tunnel is �19 Å long and
consists of five positively charged amino acids located within
the tunnel. We hypothesized that these residues could interact
sequentially with the phosphate group of the incoming NTPs to
facilitate its entry to the active site of the enzyme (Fig. 1B).
This notion was tested by mutating the last (arginine 222) and
the first (lysine 151) amino acids within the NTP tunnel to
alanine and glutamic acid (R222A, R222E and K151A, K151E).
In theory, replacement of the positively charged amino acids for
negatively charged amino acids within the tunnel could result
in charge repulsion of the incoming NTPs leading to an atten-
uation or abolishment of the polymerase activity. In excess of
NTPs, conservative substitution of Arg-222 and Lys-151
(R222A and K151A) had only a subtle effect on polymerase
activity (see Fig. 3B). Indeed, when the assay was done in
excess of NTPs, the R222E mutant exhibited a 50% reduction
in activity when compared with the wt-NS5B. Surprisingly, the
glutamic acid substitution at amino acid 151 (K151E) did not
reduce the activity of the enzyme. In contrast, the K151E
mutant exhibited an increase in enzyme activity (Fig. 3B) and
the enzyme was monomeric in solution as demonstrated by
analytical ultracentrifugation (data not shown). Because the
polymerase activity was performed in excess of NTPs, it was
possible that a sufficient amount of NTPs could get through the
tunnel or diffuse to the active site via an alternative path
resulting in normal enzyme activity in vitro. To address this
possibility, the activity of the enzyme was performed at rela-
tively low NTP concentrations. When the four NTPs were sup-
plemented at 0.5 �M, the R222E variant enzyme was inactive in
the assay whereas R222A variant was partially active (Fig. 6).
This result suggests that the R222E enzyme may not have
allowed adequate access of NTPs to the active site at lower
concentration of NTPs, supporting the notion that Arg-222 may
be essential in NTP trafficking. Lowering of the NTP concen-
tration did not abrogate the K151E activity, which was compa-
rable with that of the wt-NS5B. In fact, a slight increase in
NTP concentration enhanced the K151E enzyme activity when
compared with the wt-NS5B (Fig. 6).

The K151E Substitution Increases the Overall Enzyme Activ-
ity—Enzyme titration experiments showed that the activity of
K151E enzyme was 7–10 times higher at 21 °C, and 2–3 times
higher at 37 °C than that of the wt-NS5B (data not shown). To
determine if the apparent enhancement in enzyme activity is
caused by more active enzyme molecules in the protein prepa-
ration, or an increase in the polymerization rate or processiv-
ity, a burst assay was performed in the presence of heparin,
which serves as a trapping agent. After pre-incubation of the
enzyme with the pOF template, the reaction was initiated by
the addition of NTPs and heparin. Under these conditions, the

enzyme molecules that are bound to the substrate will complete
only one round of RNA synthesis because they will bind to
heparin and cannot engage in another round of synthesis after
dissociating from the template. As shown in Fig. 7A, all en-
zymes except K151E incorporated about the same amount of
NTPs as quantified by a filter binding assay, suggesting com-
parable numbers of pre-initiation complex were formed during
the pre-incubation period. However, the amount of incorpo-
rated NTPs for the K151E mutant was 7 times higher when
compared with the wt-NS5B. This observation strongly sug-
gests that K151E enzyme is able to form more pre-initiation
complex under these reaction conditions. To evaluate whether
the incorporation of NTPs observed by filter binding assay
results from processive enzymes, the products of the kinetic
burst assays were analyzed by gel chromatography. As shown
in Fig. 7B, all enzymes were equally processive under these
conditions because no truncated intermediate product was
observed.

Finally, the rate of elongation was compared between K151E
and the wt-NS5B enzymes in a burst kinetic assay followed by
gel analysis of products (Fig. 8). When the experiment was
performed using [�-33P]GTP as label, the initial velocity of the
reaction could not be observed because the first cytidylate on
the pOF substrate is located 84 nucleotides away from the 3�
end of the template. Because the template contains a polyade-
nosine stretch near the self-primed 3�-OH end, [�-33P]UTP was
used as an alternative to measure the initial velocity of the
reactions in a more accurate fashion. As shown in Fig. 8, there
was no difference in enzyme velocity between the wt-NS5B and
K151E enzymes, indicating that their rate of elongation is
similar.

Enzyme Activity Using Dinucleotide-primed Homopolymeric
Templates—It has been recently reported that the HCV poly-
merase can utilize RNA template primed with a guanosine
dinucleotide more efficiently than a self-primed RNA (3) To
compare the kinetics for the wt-NS5B and variant enzymes, the
efficiency of RNA synthesis was determined using poly(A)/
pUU, poly(U)/pAA, poly(G)/pCC, and poly(C)/pGG as template/
primers. Under the reaction conditions used in this study, only
the poly(C)/pGG and, to a lesser extent, poly(A)/pUU were
utilized by the enzymes. As shown in Table II, the kinetic data
indicated that the activities of K151E and the wt-NS5B were
similar with poly(C)/pGG as template/primer, whereas the
K151E enzyme was more active than wt-NS5B when poly(A)/
pUU was used (Kcat/Km are 73,913 and 10,066, respectively).
Neither R222A nor R222E enzymes were capable of utilizing
the poly(A)/pUU as template/primer.

Characterization of the de Novo Synthesis of the Enzyme
Activity—Initially we have used the heteropolymeric template,

FIG. 6. Activity of NS5B mutants at
low nucleotide concentrations. In this
assay, all four NTPs were adjusted to 0.5,
1, or 5 �M with 20 nM of enzyme and 20 nM

pOF and incubated for 90 min at 37 °C.
GMP incorporation was determined by
DEAE filter binding assay as described
previously. The data represent the mean
of three separate experiments with the
standard error (bar).
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pOF, to examine the Km values for NTPs of the wt-NS5B
enzyme. However, we could not obtain unambiguous Km values
because of the nature of mixed kinetics (biphasic). Therefore,
we have chosen homopolymeric templates for subsequent ki-
netic analyses. To analyze the ability of variant and wild type
NS5B enzymes to replicate the RNA templates by de novo
synthesis, all four homopolymeric templates were tested
(poly(A), poly(C), poly(G), and poly(U)). As shown in Table II,
only the poly(C) homopolymeric template could be utilized by
20 nM NS5B polymerase under the present conditions. Thus,
our data are in agreement with those reported recently for de
novo initiation of RNA by HCV NS5B (18). The kinetic data for
all mutants using poly(C) as template were determined and are
summarized in Table II. Interestingly, the nucleotide concen-
tration necessary to initiate de novo synthesis is much lower for
the K151E mutant (Km of 118 �M) as compared with the wt-
NS5B (Km of 1096 �M). The markedly higher Km value (2488
�M) exhibited by R222E is consistent with the notion that this
enzyme had a defect in NTP trafficking.

The Km values obtained for the de novo synthesis on these
homopolymeric templates reflect an overall Km that includes

the slow process of initiation and the higher rate of elongation.
To confirm the increased efficiency of K151E enzyme to initiate
de novo synthesis, we examined the rate of incorporation of the
third and fourth nucleotides using a 23-mer synthetic hetero-
polymeric RNA (see “Materials and Methods”). The experiment
was performed with 1 mM GTP, which represents 1 and 8.5
times the Km values for the wt-NS5B and K151E enzymes,
respectively (Table II). As expected, the K151E enzyme gener-
ated more trinucleotide and tetranucleotide products during
the first few minutes than the wt-NS5B (data not shown).
Taken together, these data suggest that K151E enzyme can
utilize more RNA template for de novo synthesis when com-
pared with the wt-NS5B under our experimental conditions.

DISCUSSION

It has been well documented that highly purified HCV NS5B
polymerase can catalyze complementary RNA synthesis from
self-primed or non-primed RNA templates (16–19). Interest-
ingly, the enzyme does not exhibit template specificity, and
only a small fraction of the purified protein is catalytically
competent (35). In addition, the x-ray-derived crystal structure
has revealed elements of the enzyme that might be involved in
the dynamics of the multistep reaction pathways (26, 27). Re-
cently, the resolution of the double-stranded RNA polymerase
of the bacteriophage �6 revealed unexpected structural simi-
larities with the HCV NS5B enzyme, i.e. both enzymes contain
a �1-loop joining the fingers and the thumb and can initiate de
novo replication (28). Bressanelli et al. (36) further suggested
that both enzymes may use very similar mechanism to initiate
de novo replication. This study reinforces the importance of this
structural motif as an integral part of the enzyme function.

The �1-loop, spanning amino acids 12–46 of HCV NS5B
polymerase, emanates from the fingers to the thumb. This loop
forms two �-helical turns and packs closely against helices of
the thumb subdomain. Recently, Butcher et al. (28) have also
identified a similar element from the x-ray derived structure of
the �6 RNA-dependent RNA-polymerase, which has a closed
conformation as proposed for the NS5B enzyme. Although the
exact function of the �1-loop is unknown, this loop is likely to
be flexible in the absence of a highly structured element and
may be engaged in coordinating the “clamping” motion of the
enzyme. Based on this premise, we conjectured that removal of
the �1-loop anchor might perturb the closed conformation of
the “active” enzyme leading to an open conformation of an
“inactive” enzyme. In the present study, the leucine 30, which

FIG. 8. Velocity of NTP incorporation in a burst assay. wt-NS5B
(A and C) and K151E (B and D) enzymes (20 nM) were pre-incubated
with pOF (20 nM) for 4 h before the addition of NTP mixture (100 �M

each ATP, CTP, and GTP; 5 �M UTP; and 2.5 �Ci of UTP) (A and B) or
100 �M each ATP, CTP, and UTP; 5 �M GTP; and 2.5 �Ci of GTP (C and
D) and heparin (800 ng/ml). At each end point, the reaction was stopped
by adding an equal volume of phenol:chloroform (1:1). The incorpora-
tion of radioactivity was resolved on a 2.5% agarose gel.

FIG. 7. Analysis of NS5B mutant activity in a burst assay. Enzyme (20 nM) was pre-incubated with pOF (20 nM) for 4 h before the addition
of the NTP mixture and heparin (800 ng/ml). At each end point, the reaction was stopped by adding 10 �l of EDTA (0.5 M) (A) or with an equal
volume of phenol:chloroform (1:1) (B). In A, the nucleotide incorporation was analyzed by DEAE filter binding assay and in B, on a 2.5% agarose
gel.
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has strong hydrophobic interactions with the thumb domain,
was substituted for polar residues, a serine or arginine (L30S
or L30R). The different chromatographic behavior observed in
the elution profile of both L30S and L30R mutants from the
heparin column reflects a modification of the charges exposed
to the resin, which is highly suggestive of a structural modifi-
cation of the enzyme. However, the real-time analytical ultra-
centrifugation experiment indicated that the global shapes of
L30S and wt-NS5B proteins are comparable, both being mono-
meric in solution with sedimentation coefficients of 3.8 and 3.9
S, respectively. During the preparation of this report, two
groups have reported that NS5B enzyme can form oligomers in
the absence of RNA and this oligomerization property is critical
for the enzyme activity (32, 33). These observations are in
contrast to our present finding, which clearly shows that the
wt-NS5B and L30S mutant enzyme may form higher ordered
molecules only in the presence of RNA templates. This discrep-
ancy can be the result of subtle differences in NS5B sequence or
sample preparations. Because we were employing a very sen-
sitive and quantitative measurement, i.e. the analytical ultra-
centrifugation to examine the biophysical states of the enzymes
in a real-time condition, we are convinced that our purified
enzymes are monomeric in solution. However, oligomerization
of the enzyme can be induced by RNA binding. The data from
analytical ultracentrifugation also suggest that Leu-30 muta-
tion might have rendered the enzyme a local modification at
the contact site between the �1-loop and the thumb domain
because its intrinsic ability of oligomerization in the presence
of RNA template is very different from that of the wild type
enzyme. A recent study has suggested the implication of the
�1-loop in the binding of rGTP in an unexpected binding pocket
located between the fingers and the thumb (36). Interestingly,
the amino acids Glu-18 and His-502, which have been sug-
gested to be important for oligomerization and enzyme activity,
are located either in the �1-loop (Glu-18) or in the thumb
domain spatially close to leucine 30 (His-502) (32). This new
observation further supports our notion that the detrimental
point mutations of Leu-30 might lead to a local perturbation in
the �1-loop, which in turn could have: (i) changed the dynamic
motion of the finger and thumb domain conferred by the �1-
loop, (ii) altered the binding of the rGTP, or (iii) reduced or
inhibited the proper oligomerization of the enzyme. Currently,
we are in the process of determining the essential residue(s) of
the protein required for this RNA-induced oligomerization as
well as evaluating the effects of this intrinsic biophysical prop-
erty on RdRP activity. Ultimately, the crystal structure of the
L30S will be necessary to unambiguously verify the proposed
conformational change provoked by the modification of the
leucine 30.

The NS5B polymerase has a cavity called an NTP tunnel
leading from the peripheral of the enzyme to the active site. It
is conceivable that this tunnel allows efficient trafficking of the
nucleotides to the active site. Basic amino acids that are located

within the NTP tunnel might play a key role in the trafficking
of the incoming NTPs through interaction with the nucleotide
phosphate group. Our results suggest that arginine 222 is
involved in the NTP trafficking, whereas lysine 151 is dispen-
sable for this function. Because arginine 222 is at close prox-
imity to the active site, its substitution for the glutamic acid
should in theory repel any incoming NTPs away from the active
site. Indeed, the R222E mutant was completely inactive when
the enzyme reaction was carried out at low NTP concentra-
tions. However, only a 2-fold reduction of the enzyme activity
was observed with the R222E substitution at high NTP con-
centration, This latter observation could imply that the NTPs
could bypass the requirement of interaction with this residue,
or they could possibly use an alternative path to reach the
active site. Although there is a possibility of an electrostatic
effect of R222E, which may alter the active site, we believe that
NTP trafficking plays a key role for the detrimental effect of the
R222E mutant based on the following arguments: 1) a higher
Km value for GTP when compared with the wt-NS5B, 2) the fact
that this detrimental effect can be reversed by increasing NTP
concentration, and 3) the fact that the orientation of the side
chain of Arg-222 is gearing away from the active site based on
the crystal structure information.

As described previously, the K151E substitution is located
away from the active site and on the enzyme surface at the
delta of the NTP tunnel. Recently, it has been reported that
lysine 151 can form weak electrostatic interaction of 4.3 Å with
the triphosphate moiety of the NTP located at the interrogation
site (I) of the active site (33). These authors further suggest
that this weak interaction is involved in stabilizing the incom-
ing nucleotides transiently for interrogation before it transfers
to the priming site (P). Changing lysine 151 for a glutamic acid
should still allow a weak interaction through water molecule
bridges (5.5 Å) between the amino acid 151 (Glu-151) and the
triphosphate moiety. However, the interaction described by
Bressanelli et al. (36) is solvent-exposed, which weakens the
interaction and may not be relevant to explain the enhanced
activity of the L151E enzyme. Our data showed that K151E
was much more active than wt-NS5B in using a self-primed
template for copy-back RNA synthesis at room temperature.
However, within linear kinetic parameters, the difference was
2–3-fold at completion of the reaction under optimal conditions
at 37 °C. Burst kinetics analyses clearly indicated that K151E
can form more pre-initiation complex (7-fold) than the wt-
NS5B under single cycle replication. Furthermore, K151E uti-
lizes non-primed RNA templates more efficiently than the wild
type enzyme for de novo RNA synthesis. It was a surprising
finding to observe the enhancement of the K151E enzyme
activity. At this point, we do not have an answer to the effect of
this point mutation. Interestingly, the lysine 151 is well con-
served among the different genotypes of HCV. In addition,
human immunodeficiency virus-reverse transcriptase as well
as �6 RNA-dependent polymerase possess a counterpart of the

TABLE II
Enzyme parameters using homopolymeric template with or without dinucleotide primer

Enzyme
Poly(C) Poly(C)/pGG Poly(A)/pUU

Km
a Vmax

b kcat
c Kcat/Km

d Km
a Vmax

b kcat
c Kcat/Km

d Km
a Vmax

b kcat
c Kcat/Km

d

NS5B-wt 1096 � 156 2.9 � 0.20 2.9 � 0.20 2673 5.2 � 0.33 2.3 � 0.04 2.3 � 0.04 446,154 117 � 16 1.2 � 0.1 1.2 � 0.1 10,066
K151A 942 � 103 2.5 � 0.13 2.5 � 0.13 2611 4.1 � 0.69 1.3 � 0.05 1.3 � 0.05 309,756 304 � 84 2.2 � 0.48 2.2 � 0.48 7346
K151E 118 � 10 2.4 � 0.06 2.4 � 0.06 21,909 2.6 � 0.30 1.8 � 0.05 1.8 � 0.05 673,077 23 � 3 1.7 � 0.09 1.7 � 0.09 73,913
R222A 1266 � 240 0.7 � 0.07 0.7 � 0.07 585 1.2 � 0.38 0.7 � 0.04 0.7 � 0.04 566,667 NAe NA NA NA
R222E 2488 � 575 2.0 � 0.29 2.0 � 0.29 784 12.5 � 1.04 3.8 � 1.00 3.8 � 1.00 304,000 NA NA NA NA

a Apparent Km are in �M.
b Vmax are expressed as picomoles of GMP (poly(C) or poly(C)/pGG) or UMP (poly(A)/pUU) incorporated per minute.
c Kcat are expressed as min�1, assuming that all enzyme molecules are active.
d Kcat/Km are expressed as mol�1 min�1.
e NA, no activity detected.
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HCV NS5B lysine 151. This observation suggests that the
lysine 151 may have a conserved functional role, although our
study suggests a regulatory role. One attractive possibility is
that lysine 151 could interact with other viral proteins and/or
host cell factors involved in HCV replication in vivo. Thus, it
will be informative to elucidate the function of this K151E
substitution in replication of the HCV subgenomic replicon in
cells. One can also argue that the superactive K151E enzyme
can be exploited for KI determination of small molecule inhib-
itor. Indeed, searches for small molecule inhibitors by high-
throughput screening are usually performed at room tempera-
ture where the conditions are far from optimal for the wt-NS5B
enzyme.

In summary, we have evaluated the involvement of two
structural motifs in NS5B activity in vitro based on the struc-
tural information derived from its crystal and identified key
residues within these structural elements that down and up
regulate the enzyme activity. Although our results have pro-
vided the first experimental proof of the importance of these
structural motifs, the exact mechanism of how the NS5B po-
lymerase catalyzes HCV genome replication in cells is largely
unknown. It is very likely that the enzyme exists as a compo-
nent of a multiprotein complex composed of other viral encoded
proteins and/or host factors on membranes of cells to facilitate
replication of the HCV genomic RNA. Unlike what is observed
in vitro, the template specificity and replication efficiency of
the NS5B enzyme might be regulated by the components of the
complex. Furthermore, the present study also demonstrates for
the first time that the NS5B enzyme is monomeric in solution.
Further investigation in the intrinsic ability of the enzyme to
oligomerize in the presence of RNA template and the biological
relevance of this biophysical interaction is warranted.
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