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The NS5B RNA-dependent RNA polymerase encoded by the hepatitis C virus (HCV) is a key component of
the viral replicase. Reported here is the three-dimensional structure of HCV NS5B polymerase, with the
highlight on its C-terminal folding, determined by X-ray crystallography at 2.1-Å resolution. Structural
analysis revealed that a stretch of C-terminal residues of HCV NS5B inserted into the putative RNA binding
cleft, where they formed a hydrophobic pocket and interacted with several important structural elements. This
region was found to be conserved and unique to the RNA polymerases encoded by HCV and related viruses.
Through biochemical analyses, we confirmed that this region interfered with the binding of HCV NS5B to RNA.
Deletion of this fragment from HCV NS5B enhanced the RNA synthesis rate up to �50-fold. These results
provide not only direct experimental insights into the role of the C-terminal tail of HCV NS5B polymerase but
also a working model for the RNA synthesis mechanism employed by HCV and related viruses.

Hepatitis C virus (HCV) is a small plus-strand RNA virus
responsible for a significant proportion of acute and chronic
hepatitis in humans (9, 29). It is estimated that over 170 million
people worldwide are potentially infected by HCV (10). Most
acute HCV infections can develop into chronic hepatitis and
further progress into cirrhosis and liver failure (9, 10, 29).
Therefore, HCV infections represent a serious health problem
globally. HCV contains a plus-strand RNA genome of �9.6 kb
encoding a single polyprotein (24, 25). This polyprotein pre-
cursor can be processed, by both host and virally encoded
proteases, to generate mature structural and nonstructural
proteins that are required for virus replication and assembly
(24, 25, 28). One of the nonstructural proteins, designated
NS5B, is an RNA-dependent RNA polymerase (RdRp) due to
the presence of the hallmark GDD motif essential for RNA
polymerase function (4, 12).

The essentiality of NS5B activity to HCV replication and
infection has been established in a chimpanzee model (18).
Therefore, the HCV NS5B polymerase has been viewed as an
important target for developing antiviral therapy. Various ver-
sions of the recombinant HCV NS5B polymerase have been
produced and purified from both bacterial and insect cells (2,
11, 15, 16, 21, 22, 26, 32, 34, 35). Similar to other viral RdRps,
purified HCV NS5B proteins are able to synthesize RNA by
using various RNAs as templates in vitro. Recent studies sug-
gested that HCV NS5B catalyzed two different RNA synthesis
reactions, primer-dependent RNA elongation and RNA initi-
ation, through a de novo mechanism (15, 17, 21, 22, 26, 31, 34,
36). The availability of highly purified enzyme has also facili-
tated the structural analysis of HCV NS5B polymerase. To
date, three different groups have reported the X-ray crystal

structure of the HCV NS5B varying in size and sequences (1,
5, 20).

The full-length HCV NS5B protein contains 591 amino ac-
ids, and the catalytic core domain consists of the N-terminal
�530 amino acid (5). Previous results have shown that the last
21 amino acids at the C terminus of NS5B are hydrophobic and
responsible for membrane anchorage of NS5B protein in cells
(30, 34). In this report, we present both structural and bio-
chemical evidence suggesting that the C-terminal noncatalytic
region of HCV NS5B contains a regulatory motif upstream of
the membrane anchor domain. This regulatory motif inhibits
RNA binding and polymerase activity when tested in vitro.
These findings provide a new insight into the mechanism of
HCV polymerase regulation.

MATERIALS AND METHODS

Materials. Reagents and prepacked columns used for protein purification
were purchased from Pharmacia. Homopolymeric RNA templates were pur-
chased from Pharmacia and Roche. Radiolabeled and nonlabeled nucleotides
were purchased from Amersham and Gibco, respectively. Peptides used for this
study were custom synthesized by Alpha Diagnostic International Inc. (San
Antonio, Tex.). The RNA oligonucleotides were custom synthesized by Dhar-
macom Res, Inc. (Lafayette, Colo.).

Generation of HCV NS5B in bacterial cells. For expression of a soluble form
of NS5B, the cDNA encoding an HCV genotype 1b (BK) NS5B that lacks the
C-terminal 21 hydrophobic amino acids (NS5B-570H) was prepared using a
standard PCR method. For cloning purpose, Nhel and Xhol cleavage sites were
engineered in the PCR primers so that the PCR products could be subcloned
directly into the expression vector pET21b (Novagen) at these sites. The result-
ant expression vector would allow the expression of a tagged NS5B with six
histidine residues at its C terminus to aid in protein purification. Another trun-
cated version of the NS5B protein, deleting 51 amino acids from its C terminus
(NS5B-540H), was cloned and expressed in the same way (33).

For generation of recombinant NS5B proteins, bacterial JM109-DE3 cells,
transformed by one of the NS5B expression vectors described above, were first
grown in TY broth containing 0.1 mg of ampicillin per ml and then induced with
0.4 mM isopropyl-�-D-thiogalactopyranoside as described previously (16). The
expressed NS5B proteins were purified through a three-step enrichment proto-
col. Briefly, harvested bacterial cells (�40 g) were resuspended in 400 ml of
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buffer A (20 mM Tris [pH 7.5], 1 mM EDTA, 10 mM dithiothreitol [DTT], 10%
glycerol, 0.5 M NaCl, protease inhibitor tablets [Roche], 200 U of DNase), and
then lysed by sonication. The lysate was clarified by centrifugation at 100,000 �
g for 30 min at 4°C. To remove negatively charged bacterial proteins and nucleic
acids, clarified supernatant was passed through a positively charged DEAE-
Sepharose column. The unbound flowthrough containing the NS5B-570H was
loaded onto a 5-ml Pharmacia HiTrap heparin-Sepharose column preequili-
brated with buffer B (25 mM HEPES [pH 7.5], 1 mM EDTA, 10 mM DTT, 20%
glycerol). After the column was washed with 0.3 M NaCl in buffer B to the
baseline absorbance, the bound proteins were eluted using a linear gradient of
0.3 to 1.0 M NaCl in buffer B. NS5B containing fractions were collected and
mixed with 5 ml of Ni-nitrilotriacetic acid resin for 90 min at 4°C. The resin was
then packed, washed with 30 mM imidazole, and eluted with 500 mM imidazole
in buffer B. Fractions containing the histidine-tagged NS5B proteins were iden-
tified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and the polymerase assay described below.

Crystallization and structural determination of HCV NS5B. The highly puri-
fied NS5B-570H was first concentrated in buffer B to �10 mg/ml using Concen-
trep (Amersham). Fresh DTT (final concentration, 5 mM) was added just prior
to crystallization. Crystals were grown at room temperature in a hanging-drop
plate using 2.0 M ammonium sulfate–to 5% 2-propanol as precipitant. Hexago-
nal crystals of 100 by 100 by 150 mm grew within 7 to 10 days. X-ray diffraction
data were collected at �170°C with a Mar charge-coupled device detector at the
IMCA beam line ID-17 at Advanced Photon Source in Argonne National Lab-
oratories. Data were integrated and reduced using the program HKL2000. The
crystals belong to space group P6522 with unit-cell dimensions of 110.82 Å and
238.57 Å. The structure was solved by molecular replacement with HCV RdRp
(PDB code 1HEI) as the searching model. A truncated protein sequence amino
acids (1 to 500) with side chains was used for rotation and translation searches.
The initial R factor for the solution was 46.4% with a Patterson correlation
coefficient of 42.5%. The structure was refined using the program CNS, and
sequential model-building processes were carried out with the graphics program
QUANTA. C-terminal amino acids were built with difference Fourier maps.
Solvent molecules were identified with 2Fo-Fc and Fo-Fc electron density maps.
The final R factor for all data is 25.4% with Rfree of 28.5%. All residues are in the
allowed regions in the Ramachandran plot.

RNA polymerase filter binding assay. A typical RNA elongation assay was
performed as described previously (16), using poly(A) as the template (10 �g/
ml), oligo(U)12 (1 �g/ml) as the primer, and 20 �M [�-32P]UTP as the substrate
in a total volume of 25 �l of reaction mix containing 20 mM Tris-HCl (pH 7.5),
5 mM MgCl2, 25 mM KCl, 1 mM DTT, and purified NS5B at the concentrations
specified. RNA initiation assays were performed using either poly(C) or poly(U)
as the template under conditions described previously in the presence of the
corresponding substrate but not the primer (31). All reactions were conducted at
room temperature for the time specified and then terminated by addition of 100
mM EDTA in 2� SSC solution (1� SSC is 0.15 M NaCl plus 0.015 M sodium

citrate). Radioactive products were captured by filtering nitrocellulose mem-
branes and quantified by liquid scintillation counting as described previously
(18). Kinetic parameters were generated by fitting the collected data points into
the equations specified and processed by the graphics data analysis program
GraphPad Prism from GraphPad Software (San Diego, Calif.).

Gel-based RNA polymerase assay. RNA polymerase reactions were also per-
formed using short heteropolymeric RNAs as the template as described previ-
ously (14). A 12-mer RNA, -GCUAGGGGCCCC-, that could hybridize through
the consecutive GC pairs between two molecules, was used for this study. To
prepare radiolabled RNA, RNA oligonucleotides were 5�-32P-labeled using
[	-32P]ATP and T4 kinase under the conditions described previously (31). Un-
used [	-32P]ATP was removed by passing the reaction mixture through Sephadex
G-25 spin columns. For annealing, RNA oligonucleotides were first heated to
90°C for 1 min and then cooled to 4°C at a rate of 4°C/min. The annealed RNA
primer-template complex, designated sym/sub, was stored at �20°C until used.

RNA polymerase reactions were performed in reaction mixtures containing 20
mM Tris (pH 7.5), 5 mM MgCl2, 25 mM KCl, 2 mM DTT, 0.1 to 1.5 �M sym/sub
template, 1 U of RNase inhibitor per ml, 83 �M purified NS5B polymerase, and
50 to 500 �M UTP or nucleoside triphosphate (NTP) as substrate. Reactions
were terminated by addition of gel loading buffer (Ambion). For product anal-
ysis, samples were heat denatured and loaded on a 7 M urea–20% polyacryl-
amide gel. After electrophoresis, the gel was dried and 32P-labeled products were
visualized by autoradiography or by PhosphorImager analysis (Image Dynamics).
Data were quantified using the ImageQuant software (Molecular Dynamics).

RNA-protein binding assay. The radiolabeled oligo(U)12 and the preannealed
sym/sub RNA duplex described above were used for RNA-binding assays. Bind-
ing reactions were performed with 100 ng of purified NS5B proteins or bovine
serum albumin as the control in a total volume of 20 �l containing 25 mM
Tris-HCl (pH 7.5), 5 mM MgCl2, 25 mM KCl, and the 32P-labeled RNAs at the
indicated concentrations. After a 30-min incubation at room temperature, the
reaction mix was UV cross-linked for 30 s at 250 mJ/cm2. Then 5 �l of 5�
SDS-PAGE sample buffer was added to the reactions mixtures. After a 5-min
boiling step, the reaction products were resolved on a 4 to 20% polyacrylamide
gradient SDS-PAGE gel and proteins bound to the radiolabled RNA were
visualized by autoradiography.

RESULTS

Crystallization and structure determination of HCV NS5B.
To obtain highly purified protein for structural study, we ex-
pressed the NS5B polymerase derived from HCV genotype 1b
as a C-terminally histidine-tagged protein with a truncation of
21 amino acids from its C terminus because this domain is
involved in membrane binding (34). This truncated protein,

FIG. 1. Analyses of HCV NS5B proteins. (A) Sequence comparison of the NS5B proteins used in this study. The C-terminal domain deleted
from NS5B-540H is highlighted. (B) Analysis of purified HCV NS5B proteins. A 200-ng portion of purified NS5B protein was subject to separation
by SDS-PAGE followed by Coomassie blue staining. Lanes: 1, NS5B-570H; 2, NS5B-540H. (C) CD spectrometric analysis of NS5B-570H (solid
line) and NS5B-540H (dotted line).
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designated NS5B-570H (Fig. 1A), differed from the HCV
NS5B protein reported previously by two or more amino acids
as specified in Table 1. NS5B-570H was then enriched through
a three-step purification protocol using DEAE-Sepharose,
heparin-Sepharose, and Ni2�-chelating affinity columns as de-
scribed in Materials and Methods. Through this approach, we
could generate 5 mg of highly purified protein from 24 g of
bacterial cells harvested from a 6-liter cell culture (Fig. 1B).

NS5B-570H was then used for a crystallization study as de-
scribed in Materials and Methods. Although NS5B-570H con-
tained similar residues to the three reported crystal structures
(Table 1), the conditions we used for crystallization were dif-
ferent from those reported previously (1, 5, 20) and the crystals
belong to a different space group. The crystal structure was
refined to 2.1-Å resolution with an R factor of 25.4% and an
Rfree of 28.5% (Table 2). The current refined crystallographic
model contained all 570 residues derived from NS5B proteins
and 458 water molecules. Figure 2 shows the 2FO-FC electron
density map of the C-terminal tail that forms a �-sheet with a
�-hairpin in the core structure.

Interaction of the C-terminal tail with the NS5B catalytic
core structure. The structure of NS5B-570H is heart-shaped
with approximate dimensions of 67 by 63 by 68 Å. Consistent
with previously reported structures, all 21 �-helices and 18
�-sheets that are divided into three subdomains including fin-
gers, palm, and thumb, could be seen in NS5B-570H (Fig. 3).

Starting from residue 530, the C-terminal tail wraps across
the inner surface of the thumb subdomain (Fig. 3, left panel).
After a short turn of 3 to 10 �-helices, it folds down toward the
tip of the palm domain, where catalytic residues -GDD- reside
(Fig. 3, right panel), and then comes off the putative RNA-
binding groove to form a �-sheet with the �-hairpin structure
from the thumb domain. The hydrophobic interactions be-
tween the residues in the C-terminal tail and the thumb sub-
domain serve as the primary force for the binding of the C-
terminal tail to the catalytic core. Residues Trp550, Phe551,
and Leu547 pack with Leu409, Leu459, Leu466, and Ile462 to
form a well-defined hydrophobic pocket, with Leu545 and
Try448 plus Met414 lying in the top and the bottom of the
pocket respectively (Fig. 4, left panel). The second intensive
binding site consists of a hydrogen-bonding network between
the �-strand (amino acids 560 to 565) and the �-hairpin (amino
acids 450 to 455). The hydrogen bond pairs are carbonyl oxy-
gen of Ile560 with backbone amide NH of Cys451, carbonyl
oxygen of Cys451 with amide NH of His562, carbonyl oxygen
of His562 with amide NH of Ser453, and carbonyl oxygen of
Ser453 with amide NH of Leu564 (Fig. 4, right panel). Appar-
ently, these hydrogen bonds stabilize the �-hairpin structure.
Taken together, the close proximity of the C-terminal domain
to the -GDD-motif, its partial occupation at the putative RNA-
binding groove, and its interaction with the �-hairpin suggest
that this unique structural element might exert a regulatory
role in NS5B polymerase activity.

C-terminal deletion enhances RNA binding to HCV NS5B.
Since the structural analysis indicated that the C-terminal frag-
ment occupied the putative RNA-binding cleft, we questioned
if this fragment would affect the RNA-binding efficiency of
NS5B. To test this hypothesis, another histidine-tagged NS5B

FIG. 2. Stereo diagram of the 2FO-Fc electron density map. The
map covers residues 559 to 564 from the C-terminal tail that forms a
�-sheet with the �-hairpin of residues 450 to 455 and 440 to 445 from
the catalytic core. The map was calculated using the native data in-
cluding reflections from 20 to 2.1 Å at the 1.0 
 contour level.

TABLE 1. Residue variation of the reported
HCV NS5B crystal structures

PDB code
Amino acid at HCV NS5B positiona:

1 2 32 329 338 510 544

BK S M R T V R R
1C2P H H —b V A — Q
1CSJc — — A — — A
1QUV — — — — — — Q
NS5B-570H — — A — — A Q

a The HCV NS5B amino acid sequence, expressed in single-letter code, is
numbered according to the mature protein sequence. Shown is the variation
relative to the sequence of the BK strain. The first two residues listed for PDB
ID 1C2P were derived from the hexahistidine tag located at the N terminus of the
protein.

b —, no change relative to the BK strain.
c Sequence ends at amino acid 531.

TABLE 2. Summary of crystallographic analysis

Characteristic Value

Data collection
Resolution (Å) ......................................................... 50–2.1
No. of Unique reflections ....................................... 83,916
Redundancy .............................................................. 3.9
Rsym (%)a .................................................................. 4.2
Completeness (%) ................................................... 95.5
Space group .............................................................. p6522
Unit-cell parameter .................................................a � b � 110.82 Å

c � 238.57 Å

Refinement
Rwork (%)b ................................................................. 25.4
Rfree (%)b .................................................................. 28.5
Rmsd

Bonds (Å) ............................................................. 0.01
Angles.................................................................... 1.7°

No. of protein atoms ............................................... 4,455
No. of water molecules ........................................... 458

a Rsym � ��Ih � Ih��/�Ih, where Ih is the intensity of reflection h.
b Rwork and Rfree � ��FO � FC�/�FO, where FO and FC are the observed and

calculated amplitudes, respectively. Rfree was calculated using 7% of the data
excluded from refinement.
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protein, termed NS5B-540H, was expressed, which differed
from NS5B-570H by a further deletion of 30 amino acids from
the C-terminus as shown in Fig. 1A. To make a better com-
parison, NS5B-540H was expressed, purified, and handled in
the same way as for NS5B-570H. The purified NS5B-540H was
shown by SDS-PAGE to be a �60-kDa protein (Fig. 1B), and
its identity was further confirmed by amino acid sequencing.

We then conducted circular dichroism (CD) spectrometry
analyses to compare the overall protein folding of NS5B-540H
and NS5B-570H. As shown in Fig. 1C, NS5B-540H had essen-
tially the same CD profile as that of NS5B-570H, indicating
that removal of 30 amino acids did not significantly affect the

overall protein folding. Next, the two proteins were compared
side by side for their ability to bind to double-stranded RNA
(dsRNA) as well as single-stranded RNA (ssRNA). As seen
in Fig. 5, NS5B-570H was able to bind to both ssRNA and
dsRNA, but its binding efficiency was fivefold lower than that
of NS5B-540H under the conditions employed. Since the only
difference between NS5B-570H and NS5B-540H was the extra
30 residues at the C-terminus, these results suggested that the
C-terminal motif of NS5B-570H indeed blocked the access of
RNAs to the enzyme, as predicted by the structure analysis.

C-terminal deletion enhances RNA elongation efficiency.
The proximity of the C-terminal domain to the -GDD- motif

FIG. 3. Overall structure of NS5B-570H. (Left) Ribbon representation of the polypeptide chain. The thumb domain is colored in green, the
palm domain is in red, the fingers domain is in blue, and the C-terminal tail (residues 531 to 570) is in yellow. The putative RNA-binding groove
is also indicated. (Right) C� trace of NS5B-570H with the same color scheme as in the left panel. The C-terminal tail is highlighted in yellow ribbon.
The catalytic-site -GDD- motif is shown as a red cpk ball model. The tip of the C-terminal tail reaches to the -GDD- pocket.

FIG. 4. Interactions between the C-terminal tail and the catalytic core structure. (Left) Hydrophobic interactions between conserved residues
in the C-terminal tail and the thumb domain. Residues Trp550, Phe551, and Leu547 packed with Leu409, Leu459, Leu466, and Ile462 to form a
well-defined hydrophobic pocket. Leu545 and Try448 plus Met414 lie in the top and bottom of this pocket. (Right) Hydrogen-bonding network
between the �-strand (residues 560 to 565) and �-hairpin (residues 450 to 455). The hydrogen bond pairs are carbonyl oxygen of Ile560 with the
backbone amide NH of Cys451, carbonyl oxygen of Cys451 with amide NH of His562, carbonyl oxygen of His562 with amide NH of Ser453, and
carbonyl oxygen of Ser453 with amide NH of Leu564. These hydrogen bonds stabilize the �-hairpin structure.
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and its interaction with the �-hairpin structure led us to exam-
ine the effect of this fragment on RNA synthesis catalyzed by
HCV NS5B. To test this hypothesis, the ability of NS5B-570H
and NS5B-540H to catalyze nucleotide incorporation from a
preannealed RNA template-primer was examined. The first
experiment was conducted using poly(A) as the template and
oligo(U12) as the primer to measure the incorporation of UTP
substrate as described previously (16). As seen in Fig. 6, both
NS5B-540H and NS5B-570H were able to catalyze RNA elon-
gation in this system, although with different efficiencies. The
observed steady-state rate of production formation was calcu-
lated as 0.062 � 0.002 pmol/min for NS5B-570H and 1.33 �
0.2 pmol/min for NS5B-540H. Apparently, the C-terminal de-
letion caused a �22-fold increase in the observed rate relative
to the longer enzyme, supporting the notion that this domain
had a negative impact on the primer-dependent RNA elonga-
tion catalyzed by HCV NS5B polymerase.

The catalytic efficiency of the two enzymes for single-nucle-
otide incorporation was further compared. A 12-mer RNA
oligonucleotide that was able to form a symmetrical primer-
template duplex was used for this study (Fig. 7A), since similar
RNA templates have been used for studying the RdRps of
poliovirus and HCV (3, 14). Using this preannealed template-

FIG. 5. RNA-binding efficiency of HCV NS5B proteins. The RNA-
binding efficiencies of NS5B-570H and NS5B-540H were compared
using the conditions specified in Materials and Methods. Three pro-
teins were evaluated: NS5B-540H (lanes 1 and 4), NS5B-570H (lanes
2 and 5), and bovine serum albumin as control (lanes 3 and 6). The
same amounts of 32P-labeled RNAs (0.4 pmol) and protein (100 ng)
were used in each experiment. Experiments were performed using
dsRNA (preannealed sym/sub) and ssRNA [32P-labeled oligo(U12)].

FIG. 6. RNA elongation catalyzed by HCV NS5B. Reactions were
performed using poly(A) as the template and [�-32P]UTP as the sub-
strate, as described in the text. Shown is the time course for 30 nM
NS5B-570H (■ ) and NS5B-540H (F).

FIG. 7. Single-nucleotide incorporation by HCV NS5B. (A) The
RNA template, sym/sub, used in this study. (B) Single-nucleotide in-
corporation catalyzed by purified NS5B proteins. These experiments
were performed using [�-32P]UTP as substrate and cold sym/sub RNA
as template, as described in Materials and Methods. Lanes: 1, NS5B-
540H; 2, NS5B-570H; 3, 32P-labeled sym/sub; 4, no-enzyme control. The
positions for input sym/sub RNA template and 13-mer product (P) are
labeled. (C) Multinucleotide incorporation assays were performed us-
ing cold NTP (ATP, GTP, CTP, and UTP) as substrates and 32P-
labeled sym/sub RNA as the template, as described in Materials and
Methods. Lanes: 1, NS5B-540H; 2, NS5B-570H; 3, no-enzyme control.
The positions for template RNA (sym/sub) and expected 13- to 16-mer
products (P) are marked. (D) Time course for single-nucleotide incor-
poration catalyzed by HCV NS5B. Assays were performed side by side
using 0.6 �M NS5B-540H or NS5B-570H as described in Materials and
Methods, with cold sym/sub RNA as the template and [�-32P]UTP as
the substrate. (E) Quantitative analysis of UMP incorporation cata-
lyzed by NS5B-540H (F) or NS5B-570H (E) as shown in panel D.

9024 LÉVÊQUE ET AL. J. VIROL.



primer, termed sym/sub, we could measure either single- or
multiple-nucleotide incorporation as described in Materials
and Methods. In the first experiment, either NS5B-570H or
NS5B-540H was added to a reaction mixture containing non-
radiolabeled sym/sub and [�-32P]UTP as the substrate. As seen
in Fig. 7B, addition of a single nucleotide per sym/sub template
was observed for both NS5B-570H and NS5B-540H, indicating
that both enzymes could utilize this template-primer. Experi-
ments measuring the incorporation of all four nucleotides were
also performed using 32P-labeled sym/sub along with cold nu-
cleotides (Fig. 7C). In all experiments conducted, the catalytic
efficiency of NS5B-540H was found to be higher than that of
NS5B-570H.

To gain a better understanding of their catalytic efficiency,
time-dependent UMP incorporation into sym/sub was also in-
vestigated, as shown in Fig. 7D. A linear accumulation of
product was seen in the first 30 min after addition of the
enzyme, with a catalytic rate of 52.6 � 5.0 pmol/min for NS5B-
540H and 1.03 � 0.16 pmol/min for NS5B-570H (Fig. 7E).
These results revealed that NS5B-540H was approximately 51-
fold more active in catalyzing UMP incorporation into sym/
sub, further supporting the conclusion that the C-terminal do-
main inhibited the primer-dependent RNA elongation cata-
lyzed by HCV NS5B.

C-terminal deletion affects primer-independent RNA syn-
thesis. Next, primer-independent RNA synthesis from the sin-
gle-stranded RNA template was performed using both NS5B-
570H and NS5B-540H. Since HCV NS5B could catalyze de
novo RNA synthesis from homopolymeric pyrimidine RNAs
(22, 31), these reactions were conducted using poly(C) and
poly(U) as templates in the absence of primer, as described in
Materials and Methods. This system offered no back-primed

initiation due to lack of secondary structure of these homo-
polymeric RNA templates and thus was suitable for studying
de novo RNA initiation.

De novo RNA synthesis from a poly(U) template was per-
formed in the absence of primer. Reactions were started by
addition of either NS5B-540H or NS5B-570H, and ATP
incorporation was monitored at different time points. The
final products, generated through de novo RNA initiation,
were plotted as a function of time. As shown in Fig. 8, both
NS5B540H and NS5B 570H showed a lag phase at the early
stage of the reaction (0 to 30 min), perhaps because they were
involved in assembly of the replication complex. However,
product formation quickly increased as the reaction pro-
gressed. The observed rate for product generation through the
de novo mechanism was calculated to be 72.08 � 3.23 min�1

for NS5B-540H and 1.82 � 0.20 min�1 for NS5B-570H, which
represents about a 40-fold difference. These data suggested
that the presence of the C-terminal tail negatively affects the
primer-independent RNA synthesis catalyzed by the NS5B en-
zyme. We also performed primer-independent RNA synthesis
using poly(C) as the template and GTP as the substrate and
found that similar results were obtained, with NS5B-570H
demonstrating much lower activity in catalyzing primer-inde-
pendent RNA synthesis (data not shown).

Inhibition of HCV NS5B polymerase activity by peptides
derived from the C-terminal domain. Encouraged by the re-
sults obtained from the assays described above, we designed
and synthesized a peptide representing the 26 amino acids
from residues 545 to 570 deleted from the C terminus of

FIG. 8. RNA initiation catalyzed by HCV NS5B. Primer-indepen-
dent RNA synthesis reactions were performed using NS5B-540H or
NS5B-570H with poly(U) as the template and [�-32P]ATP as the sub-
strate as described in Materials and Methods. At the time point spec-
ified, an aliquot of the reaction mix was taken out and subjected to
quantitative filter binding and scintillation counting.

FIG. 9. Effect of synthetic C-terminal peptides on HCV polymer-
ase activity. Amino acid sequences of the peptides used for this study
are shown at the top. Below are shown the results of the primer-
dependent RNA synthesis reactions of NS5B-540H that were per-
formed using poly(A) as the template and [�-32P]UTP as the substrate
in the presence of different peptides. Shown is the percent inhibition of
NS5B-540H activity at different concentrations of individual peptides:
C545/570 (F), A4C545/570 (■ ), and C545/559 (Œ).
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NS5B-570H (Fig. 9) to see if it could mimic the original C-
terminal tail and then affect NS5B-540H polymerase activity.
When this peptide, termed C545/570, was included in the prim-
er-dependent polymerase assay using poly(A)-poly(U12) as the
template-primer pair, dose-dependent inhibition of NS5B-
540H was identified, as shown in Fig. 9. As a control, another
peptide termed A4C545/570, in which the four key residues
involved in the formation of the hydrophobic pocket in NS5B
were all mutated to alanine (Fig. 4, left panel), was also eval-
uated. Compared to the native peptide C545/570, the mutant
peptide A4C545/570 did not inhibit NS5B-540H significantly at
the concentrations tested (Fig. 9). Similarly, a shorter peptide,
C545/559, representing residues 545 to 559, also showed inhib-
itory activity against NS5B-540H (Fig. 9). In contrast, inhibi-
tion of NS5B-570H by these peptides was not observed at the
same doses (data not shown). It is plausible that the native
peptides, C545/570 and C545/559, but not the mutant one, were
able to bind to NS5B-540H at the RNA-binding site occupied
by the C-terminal tail and then exerted a similar impact on the
enzyme catalytic efficiency. Taken together, these data sup-
ported the notion of the C-terminal domain as a regulatory
element to HCV NS5B polymerase activity.

Key residues of the C-terminal domain are highly con-
served. To gain a better understanding of the significance of
the C-terminal domain of NS5B, we performed a sequence
comparison of NS5B proteins encoded by different HCV ge-
notypes and subtypes to assess the degree of conservation of
this motif. Analysis of 142 HCV isolates found in the database
revealed several highly conserved amino acids in this frag-
ment (Table 3). It is interesting that the four residues Leu545,
Leu547, Trp550, and Phe551, forming part of the hydrophobic
pocket (Fig. 4, left panel), are completely conserved among all
142 HCV isolates. Residues implicated in hydrogen bonding
with the �-hairpin are less highly conserved; this may reflect
the fact that these hydrogen bonds are formed through back-
bone atoms rather than side chains of these residues, as illus-
trated in Fig. 4 (right panel).

We also performed sequence alignment among the known
viral RNA polymerases to see if this structural feature is also
present in other viral polymerases. As reported previously, the
key residues and motifs A to E, originally identified in polio-
virus 3D polymerase and human immunodeficiency virus RNA
polymerase (13), are contained in the N-terminal section of
HCV NS5B (1, 5, 20). On the other hand, the NS5B poly-
merases encoded by flaviviruses, including HCV, bovine viral
diarrhea virus, and GB-virus B, all contain a much longer
C-terminal tail compared to the poliovirus 3D polymerase and

human immunodeficiency virus reverse transcriptase (Fig. 10).
These data suggest that the C-terminal structural features,
including the membrane anchor domain and the above-men-
tioned regulatory motif, might be specific to the viruses be-
longing to the flavivirus family.

DISCUSSION

HCV NS5B polymerase, composed of 591 amino acids, is
�130 residues longer than poliovirus 3D polymerase, the best-
characterized viral RNA polymerase. Sequence alignment has
indicated that these additional residues are located at the C-
terminal extremity of the NS5B protein (5) (Fig. 10). Previous
results have suggested that these extra residues, particularly
the last 21 amino acids of the C terminus, define a membrane-
anchor domain that is responsible for endoplasmic reticulum-
membrane association during viral replication process (30, 34).
With the catalytic core domain consisting of �530 amino acids
(5), that still leaves �100 residues with unknown utility but
documented sequence conservation. In this report, we present
both structural and biochemical evidence suggesting that an-
other structural element, located upstream of the membrane-
anchor domain, plays a regulatory role in HCV NS5B poly-
merase activity and RNA binding.

The X-ray crystal structure of HCV NS5B has been reported
by three different groups (1, 5, 20). These studies revealed
several interesting structural features for NS5B, including a
specific �-hairpin that has recently been shown through bio-

FIG. 10. Sequence alignment of viral RNA polymerases. Amino
acid residues of the listed viral polymerase were aligned to the center
of the nucleotide/metal-binding site (solid box). For most polymerases
listed, the nucleotide/metal-binding site is referred as the -GDD- mo-
tif. The C-terminal regulatory motif found in HCV NS5B and related
viruses is highlighted (hatched box).

TABLE 3. C-terminal consensus sequence of HCV NS5B polymerasea

AA number 545 550 555
Consensus residue S Q L D L S G W F V A G Y S
% Conservation 70 54 100 100 100 100 67 100 100 65 81 99 83 71

AA number 560 565 570
Consensus residue G G D I Y H S L S R A R P R
% Conservation 100 95 99 97 98 99 100 60 100 78 98 100 95 100

a Sequence alignment of HCV NS5B proteins from 142 different genotypes and subtypes was performed using CLUSTAL W. (v. 1.81). Shown is the fragment
representing the C-terminal amino acids 543 to 570 upstream of the membrane anchor domain of HCV polymerase (the amino acid position is labeled “AA number”
at the top). The revealed consensus residues (middle line) are expressed in single-letter code. Percent conservation represents the percentage of conservation calculated
from sequence comparison. Residues involved in the formation of the hydrophobic pocket and hydrogen-bonding network are underlined and in bold, respectively.
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chemical analysis to be implicated in guiding RNA initiation
(14). Of the three NS5B crystal structures disclosed, one was
solved using an NS5B protein containing the first 531 amino
acids, which did not cover the C-terminal �40 amino acids
upstream of the membrane-anchor domain (5). The other two
groups obtained the structure of NS5B containing �570 resi-
dues; however, detailed structural information regarding the
C-terminal tail was not discussed (1, 20). Ago et al. indeed
described the folding of the C-terminal region; unfortunately,
the crystal structure beyond residue 556 was disordered (1). On
the basis of this limited information, they proposed that C-
terminal residues 532 to 570 might serve as an autoinhibitory
sequence, but no biochemical data was presented to support
the hypothesis (1).

Our crystal structure for HCV NS5B, solved at a resolution
of 2.1 Å, showed that the C-terminal region, together with the
�-hairpin defined previously (14), protruded into the RNA-
binding cavity and would overlap with the modeled template-
primer duplex. In addition, we found that several residues of
this segment are involved in the formation of a hydrophobic
pocket that is very close to the -GDD- motif responsible for
nucleotide-metal binding (Fig. 3B). Thus, this study provides
additional information that was not included in previous re-
ports. More importantly, the high-resolution structure of HCV
NS5B provided an excellent background for biochemical stud-
ies of this fragment. On the basis of the structural information,
we designed a mutant NS5B protein lacking this fragment to
study its potential role in regulating NS5B polymerase activity.

Our biochemical data confirmed that the C-terminal region,
comprising residues 545 to 564, interfered with RNA binding
and consequently affected the observed rate of product forma-
tion as shown in several experiments designed. Deletion of this
domain not only enhanced polymerase-RNA binding but also
caused a 20- to 51-fold increase in RNA synthesis efficiency,
depending on the assay conditions. Most likely, due to its
specific folding and position at the RNA-binding site, this
C-terminal domain would be a blockade for RNA template
entry and/or would lead to an inefficient assembly of the elon-
gation complex consisting of the annealed template-primer
and the nucleotide. It is also possible that this domain would
block the incoming nucleotide since it is very close to the
-GDD- motif (Fig. 4, right panel). In either case, it would exert
an inhibitory effect on overall product formation when tested
in vitro. Further supporting evidence for this hypothesis came
from the peptide studies (Fig. 9). On the other hand, the
enhanced catalytic efficiency may result not only from the ob-
served better access of the RNA-template to the truncated
enzyme (Fig. 5) but also from improved processivity as well as
release of the newly synthesized RNA products. Unfortu-
nately, we were unable to separate these steps from each other
because of the current experimental design. To address these
questions, additional experiments must be performed.

As discussed above, poliovirus 3D polymerase is shorter
than HCV polymerase at its C-terminal extremity. Conse-
quently, the �-hairpin and the C-terminal domain are not
present in the 3D polymerase, which coincides with the fact
that poliovirus replicates its genome through protein priming
catalyzed by the 3D polymerase (27). Unlike the 3D polymer-
ase, HCV NS5B is thought to replicate the viral genome
through primer-independent de novo initiation (17, 22, 26, 31,

36). Such a structural difference, accompanied by their unique
replication mechanisms, suggests that the �-hairpin and the
C-terminal domain may play a role in controlling HCV repli-
cation. Recently, the �-hairpin structure of HCV NS5B has
been proposed to be important in permitting an appropriate
initiation of replication. It should be noted that the RNA
polymerase encoded by the double-stranded RNA bacterio-
phage �6 also contains a �-hairpin-like structure (6). More
importantly, this structural element was shown to be important
for forming an initiation platform and stabilizing the first two
incoming nucleotides in �6 polymerase (19). Interestingly, de-
letion of the �-hairpin from HCV NS5B or mutation of the
�-hairpin-like loop in �6 RNA polymerase also causes en-
hancement of primer-dependent elongation (19, 23), similar to
the data reported here.

In summary, this report provides direct structural and ex-
perimental insights into the role of the C-terminal tail of HCV
NS5B polymerase. On the basis of the data presented in this
report, together with the results published previously, we pro-
pose a working model highlighting the role of the C-terminal
domain in regulating HCV genome replication. According to
this model, the C-terminal domain, together with the �-hair-
pin, forms a rigid and bulky loop at the active site, which could
prevent abnormal RNA replication, such as RNA synthesis
from the middle of the viral genome or back-primed initiation.
In addition, the C-terminal domain might help with the �-hair-
pin to form an initiation platform interacting with and stabi-
lizing the first two incoming nucleotides during the initiation
process. Supporting evidence is that C-terminal residues form
a well-defined hydrogen bond network with the �-hairpin (Fig.
4, right panel). In this role, the C-terminal domain stabilizes
the initiation complex by interacting with the �-hairpin struc-
ture. Furthermore, the C-terminal domain might play a role in
recognizing the key secondary structure at the 3�-untranslated
region of the HCV genome to ensure correct initiation. Al-
though there are no data to support this hypothesis to date,
HCV NS5B has been reported to bind to the 3� untranslated
region of the HCV genome, and the binding site on the 3�
untranslated region, but not on NS5B, has been mapped re-
cently (8). The unique hydrophobic pocket, formed among
several completely conserved residues in the C-terminal do-
main together with Tyr448 of the �-hairpin structure (Fig. 4,
left panel), might be critical in this regard. It has been shown
recently that the �-hairpin is required for HCV genome rep-
lication in cells (7); it remains to be determined if the C-
terminal regulatory motif is also essential for HCV replication.
Further experiments should help to address these specific is-
sues and allow us to gain a better understanding of the roles of
these unique structural elements in regulating HCV NS5B
polymerase function.
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ADDENDUM

During the preparation of the manuscript, we noticed that
Adachi et al. had published similar results (1a).
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