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All of the previously reported recombinant RNA-dependent RNA polymerases (RdRp), the NS5B enzymes,
of hepatitis C virus (HCV) could function only in a primer-dependent and template-nonspecific manner, which
is different from the expected properties of the functional viral enzymes in the cells. We have now expressed a
recombinant NS5B that is able to synthesize a full-length HCV genome in a template-dependent and primer-
independent manner. The kinetics of RNA synthesis showed that this RdRp can initiate RNA synthesis de novo
and yield a full-length RNA product of genomic size (9.5 kb), indicating that it did not use the copy-back RNA
as a primer. This RdRp was also able to accept heterologous viral RNA templates, including poly(A)- and
non-poly(A)-tailed RNA, in a primer-independent manner, but the products in these cases were heterogeneous.
The RdRp used some homopolymeric RNA templates only in the presence of a primer. By using the 3*-end 98
nucleotides (nt) of HCV RNA, which is conserved in all genotypes of HCV, as a template, a distinct RNA
product was generated. Truncation of 21 nt from the 5* end or 45 nt from the 3* end of the 98-nt RNA abolished
almost completely its ability to serve as a template. Inclusion of the 3*-end variable sequence region and the
U-rich tract upstream of the X region in the template significantly enhanced RNA synthesis. The 3* end of
minus-strand RNA of HCV genome also served as a template, and it required a minimum of 239 nt from the
3* end. These data defined the cis-acting sequences for HCV RNA synthesis at the 3* end of HCV RNA in both
the plus and minus senses. This is the first recombinant HCV RdRp capable of copying the full-length HCV
RNA in the primer-independent manner expected of the functional HCV RNA polymerase.

Hepatitis C virus (HCV) is a positive-sense single-stranded
RNA virus causing acute and chronic hepatitis in humans,
frequently leading to liver cirrhosis and hepatocellular carci-
noma (14, 31). The HCV genomic RNA is 9.5 kb in length and
consists of a long open reading frame (ORF), which is flanked
by highly conserved untranslated regions (UTRs) at both the 59
and 39 ends (6, 7, 20, 38, 41, 44, 46). The ORF encodes a
polyprotein of approximately 3,000 amino acids, which is pro-
cessed into at least 10 polypeptides by cellular and viral pro-
teases (25). The 59-UTR of 341 nucleotides (nt) contains an
internal ribosomal entry site (IRES), which consists of four
stem-loop structures followed by a translational initiation
codon for the polypeptide (6, 7, 41, 44). The 39-UTR of 200 to
300 nt contains (i) a short variable sequence of approximately
40 nt; (ii) a poly(U) region of variable length; (iii) a polypyri-
midine poly(U/C) tract; and (iv) a highly conserved 98-nt re-
gion, termed the X region (20, 38, 46). The 98-nt forms three
stable stem-loop structures and binds a cellular protein, poly-
pyrimidine-tract-binding protein (PTB) (16, 40). The PTB-
binding sites were mapped to stem-loop structures 2 and 3 of
the X region (16). The X region has been shown to enhance
HCV translation, possibly through interaction with the 59 end
(17). Conceivably, the 39-end sequence may also be important
for HCV RNA replication, because it likely includes the cis-
acting signals for RNA replication.

The HCV NS5B is at the C terminus of the HCV polypro-
tein and is the last viral protein to be translated from the HCV
genome. It contains motifs shared by RNA-dependent RNA

polymerases (RdRps), such as the GDD motif (21). Indeed,
RdRp activity has been demonstrated with the recombinant
NS5B expressed in insect cells (4, 23) and the C-terminus-
truncated NS5B expressed in Escherichia coli (10, 47). All of
these reported recombinant HCV RdRps utilize a wide range
of RNAs as a template without preference, although they do
prefer certain homopolyribonucleotides to others. All of them
also require a separate RNA or a folded-back 39 end of the
template as a primer. In only one report was the HCV RdRp
shown to be able to use the full-length HCV RNA as a tem-
plate, and it generated an 18-kb RNA product, probably by a
copy-back priming mechanism (23). The purified NS5B from
the insect cells was associated with a terminal transferase
(TNTase) activity, which might add extra nucleotides to the
end of the template and, in turn, result in snap-back initiation
of RNA synthesis (4, 23). HCV RdRps without a TNTase
activity have also been reported (47); however, their template
specificity and the nature of their product have not been ex-
amined. A primer-dependent RNA synthesis using a snap-back
RNA template is not expected to yield an authentic RNA
product, because the 39 end of the RNA template will inevi-
tably be excluded from the product, or extra nucleotides will be
included in the product. Similar snap-back RNA synthesis was
observed with the poliovirus RdRp, 3Dpol, purified from in-
fected HeLa cells (24, 49), and recombinant RdRps of rabbit
hemorrhagic disease virus and bovine viral diarrhea virus ex-
pressed in E. coli (43, 50). RdRps from some animal viruses
were able to synthesize template-size products, but only in the
presence of an artificial primer (30, 32, 43). In contrast, RdRps
from most of the plant RNA viruses can recognize the struc-
tured 39 end of plant viral RNA as a promoter and initiate
RNA synthesis de novo. For example, brome mosaic virus
RdRp was able to initiate the synthesis of minus-strand RNA
by recognition of the tRNA-like structure at the 39 end of the
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genome (9), and many other plant viral RdRps showed rela-
tively stringent template specificity in vitro in a primer-inde-
pendent manner (29, 35, 36).

The replication of the plus-strand RNA viral genome con-
sists of two steps: synthesis of complementary minus-strand
RNA with the plus-strand genomic RNA as a template and the
subsequent synthesis of the plus-strand RNA genome with the
minus-strand RNA as a template. Thus, the cis-acting se-
quences required for the replication of the viral genome are
generally thought to be located at the 39 end of both plus- and
minus-strand RNAs and act as promoters for the initiation of
RNA synthesis by RdRp. Promoter analysis using defective
interfering (DI) RNAs and in vitro transcription systems for a
number of viruses revealed that the 39 end sequence and struc-
ture on both plus and minus strands of viral RNA genome are
required for RNA replication (3, 12, 22, 27, 33, 34, 36, 37).

In this study, we have expressed an enzymatically active
HCV NS5B in E. coli, which can copy HCV RNA into a
full-length RNA product of 9.5 kb in the absence of an added
primer. It does not have intrinsic terminal transferase activity.
It uses the 39 end sequence of both plus and minus strands of
HCV RNA as templates. Truncation of these end sequences
resulted in the loss of template function, thus defining the
cis-acting sequences essential for the synthesis of plus- and
minus-strand HCV RNA in vitro. This recombinant HCV
RdRp has the properties expected of an authentic HCV poly-
merase and thus will provide an excellent target for screening
antiviral agents.

MATERIALS AND METHODS

Cloning, expression, and purification of recombinant HCV NS5B from E. coli.
The cDNA for the NS5B ORF from amino acids 2420 to 3011 of an HCV
genotype 1b isolate (48) was cloned into pCR2.1 (Invitrogen) and subcloned into
an expression vector, pTrcHisB (Invitrogen), under the control of the E. coli trc
promoter to obtain pThNS5B. The resulting expression vector encodes NS5B
with a (His)6 and several extra amino acids at the N terminus. The NS5B mutant
containing a substitution of the first aspartate of the GDD motif with histidine
(NS5BD318H) was generated by site-directed mutagenesis with a sequential PCR
method (8).

NS5B was expressed in E. coli BL21 (F2 ompT hsdSB [rB
2mB

2] gal dcm;
Novagen) by the following procedures. E. coli BL21 transformed with pThNS5B
was grown in Luria-Bertani medium containing 100 mg of ampicillin per ml to an
optical density at 600 nm (OD600) of 0.8 at 37°C, and protein expression was
induced at 25°C for 6 h by addition of 0.5 mM isopropyl-b-D-thiogalactopyrano-
side (IPTG). Cell pellets obtained from 1-liter cultures were washed once with
phosphate-buffered saline (PBS) and resuspended in 20 ml of binding buffer (50
mM Na-phosphate [pH 8.0], 300 mM NaCl, 10 mM imidazole, 10 mM b-mer-
captoethanol, 10% glycerol, 1% Nonidet P-40) supplemented with 1 mM phe-
nylmethylsulfonyl fluoride (Sigma) and 10 mM leupeptin (Boehringer Mann-
heim). After undergoing freezing and thawing once, cells were sonicated on ice,
and the cleared lysate was obtained by centrifugation at 35,000 3 g for 15 min.
The (His)6-tagged NS5B was bound to Ni-nitrilotriacetic acid (NTA)-Sepharose
resin (Qiagen) preequilibrated with the binding buffer and washed with the
binding buffer containing 50 mM imidazole. The bound NS5B was eluted with
the binding buffer containing imidazole in a step-gradient manner (ca. 100 mM
to 500 mM). The NS5B protein peaks, eluted with 250 to 350 mM imidazole,
were combined and dialyzed against buffer A (50 mM Tris-HCl [pH 8.0], 1 mM
dithiothreitol [DTT], 50 mM NaCl, 5 mM MgCl2, 10% glycerol), followed by
freezing at 280°C in a small aliquot. Protein concentrations were determined by
using a Bio-Rad protein assay kit with a bovine serum albumin standard. The
enzyme could be kept for 2 to 3 months without a noticeable drop in the
enzymatic activity.

Micrococcal nuclease treatment of the NS5B-active fraction. To remove any
RNA or DNA fragments in the NS5B preparation that might act as primers, the
NS5B-active fractions were treated with 1 U of micrococcal nuclease per ml
(Boehringer Mannheim) in the presence of 2 mM calcium acetate at 30°C for 30
min, and EGTA was then added to a final concentration of 5 mM to stop the
reaction. The nuclease-treated NS5B fraction was used to analyze the kinetics of
HCV full-length RNA synthesis.

Western blot analysis. The anti-NS5B antibody generated in rabbits (15) and
human HCV genotype 1b-infected patient serum were used to detect NS5B.
Fractions from the Ni-NTA resin were resolved on a sodium dodecyl sulfate
(SDS)–10% polyacrylamide gel, transferred to a nitrocellulose membrane,
blocked with 5% nonfat dry milk in PBS, and reacted first with rabbit anti-NS5B

polyclonal antibody and then with a goat anti-rabbit antibody conjugated to
horseradish peroxidase (American Qualex). Membrane-bound antibodies were
detected with the ECL enhanced chemiluminescence kit (Amersham).

Preparation of in vitro transcripts for RdRp templates. For preparation of the
full-length HCV genomic RNA, an HCV 1b cDNA clone, pCV-J4L6S (48), was
digested with XbaI, and the linearized plasmid was used for the synthesis of in
vitro transcripts by using T7 RNA polymerase (Promega) as described previously
(16). The in vitro runoff transcripts are expected to have an extra 4 nt derived
from the vector sequence. pDE25 plasmid linearized with XbaI was used to
obtain the mouse hepatitis virus (MHV) DI RNA transcripts (26); the in vitro
runoff transcripts are expected to have a poly(A) tail followed by 9 nt derived
from the vector sequence at the 39 end of the transcripts. For a non-poly(A)-
tailed RNA template, SmaI-digested pT7TCVms containing the full-length
cDNA of turnip crinkle virus (TCV) was used to generate in vitro transcripts
(28).

For generation of 98-nt RNA templates representing the X region of the HCV
39 end and its deletion mutants, primer sets previously described (16) were used
for PCR amplification with pCR-HCV-X(1) and its derivatives (16) as templates
and Vent DNA polymerase (New England Biolabs). For preparation of minus-
strand RNA templates complementary to the HCV 59-UTR region, reverse
oligonucleotides T7(2)341 (59-TAATACGACTCACTATAGGGTGCACGGTC
TACGAG-39), T7(2)239 (59-TAATACGACTCACTATAGGGGCACGCCCAAA
TCTC-39), T7(2)122 (59-TAATACGACTCACTATAGGGTCCTGGAGGCTGC
AC-39), T7(2)84 (59-TAATACGACTCACTATAGGGCTAGACGCTTTCTGC-
39), and T7(2)44 (59-TAATACGACTCACTATAGGGAGTGATCTATGGTGG-
39) were used with a forward oligonucleotide, HCV1a59end (59-GCCAGCCCC
CTGATGGGG-39), to amplify the DNA templates by using Vent DNA
polymerase. The T7 RNA polymerase promoter sequence is underlined, and the
sequence complementary to the HCV 59-UTR is shown in boldface and italic.
The PCR-amplified products were gel purified, and transcripts were synthesized
with T7 RNA polymerase.

After in vitro transcription with T7 RNA polymerase, DNA templates were
digested by treating the transcription mixture with RQ1 DNase (Promega) for 15
min at 37°C. The runoff transcripts were then phenol-chloroform extracted twice
and chloroform extracted once to remove T7 RNA polymerase, followed by
precipitation with 2.5 volumes of 5 M ammonium acetate and isopropanol (1:5).
For preparation of the 98-nt template used for TNTase activity assay, free
ribonucleotides present in the transcripts were removed by using a Sephadex
G-25 column, and the flowthrough fractions were precipitated with ammonium
acetate and isopropanol. The concentration of transcripts was determined by
measuring the OD260.

RNA-dependent RNA polymerase and TNTase activity assays. In vitro RdRp
activity was determined in a total volume of 25 ml containing 50 mM Tris-HCl
(pH 8.0); 50 mM NaCl; 5 mM MgCl2; 100 mM potassium glutamate; 1 mM DTT;
10% glycerol; 20 mg of actinomycin D per ml (Sigma); 20 U of RNase inhibitor
(Promega); 0.5 mM each ATP, CTP, and GTP; 5 mM UTP; 10 mCi of
[a-32P]UTP (3,000 Ci/mmol; NEN Research Products); 5 mg of HCV, MHV DI
DE25, or TCV RNA; and about 200 ng of the purified NS5B. For small tem-
plates, 200 ng of RNA was routinely used. The reaction mixture was incubated
at 25°C for 2 h unless otherwise specified. After RdRp reactions, 35 ml of
double-distilled H2O containing 20 mg of glycogen (Boehringer Mannheim) and
60 ml of acidic phenol emulsion (phenol-chloroform [Ambion]–10% SDS–0.5 M
EDTA [1:1:0.2:0.04]) were added to the reaction mixture to terminate the reac-
tions. The RNAs were then precipitated with 2.5 volumes of 5 M ammonium
acetate-isopropanol (1:5), followed by washing with 70% ethanol. The products
were resuspended in a denaturing loading buffer containing 95% formamide with
10 mM EDTA and 0.025% (each) xylene cyanol and bromophenol blue. After
heat denaturation and quick chilling on ice, the products were resolved on a 5 or
20% sequencing gel (19:1 acrylamide-bisacrylamide) containing 8 M urea in 13
Tris-borate-EDTA buffer or on a 1% agarose gel. The denaturing sequencing gel
was prerun at 25 mA for 3 h before samples were loaded. The gels were stained
with ethidium bromide, photographed to locate the template positions, and then
dried after fixing. The dried gels were exposed to X-ray film for autoradiography.
For RdRp reactions with homopolymeric RNAs, 1 mg of homopolymeric RNA
[poly(A), poly(C), poly(G), and poly(U); Pharmacia] was added to the reaction
mixture as described above, except that 10 mM UTP, GTP, CTP, or ATP was
included in the reaction with 10 mCi of [32P]UTP, [32P]GTP, [32P]CTP, or
[32P]ATP (3,000 Ci/mmol; NEN Research Products) for poly(A), poly(C),
poly(G), and poly(U) template, respectively. The RdRp reactions were con-
ducted in the absence or presence of primer [10 pmol of oligonucleotide (U)20,
(G)20, (C)20, and (A)20 for poly(A), poly(C), poly(G), and poly(U), respectively].
After the reactions, the products were precipitated with 5% trichloroacetic acid
(TCA) in the presence of 10 mg of calf thymus DNA and applied to a GF/C glass
filter (Whatman). The unincorporated nucleotides were washed twice with 5 ml
of ice-cold 5% TCA and twice with 5 ml of ice-cold 1% TCA. Finally, the filters
were washed with 5 ml of 95% ethanol to remove any remaining TCA and dried.
The amount of radioactivity present in each filter was then determined with a
liquid scintillation counter (LC600 IC; Beckman).

For the TNTase assay, 10 mCi of [32P]UTP, [32P]GTP, [32P]CTP, or [32P]ATP
mixed with 10 mM cold UTP, GTP, CTP, or ATP, respectively, was used as a
single ribonucleotide triphosphate (rNTP) in the RdRp reaction mixtures with
the 98-nt RNA as a template. Alternatively, oligonucleotide (A)20 or (U)20 (20
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pmol each) was used as a template to assay TNTase, with 10 mCi of [32P]UTP,
[32P]GTP, [32P]CTP, or [32P]ATP, without cold nucleotide, as the single rNTP.

Nuclease S1 treatment of RdRp products. The RdRp products were resus-
pended in nuclease S1 digestion buffer (50 mM NaOAc [pH 4.6], 1 mM ZnSO4,
5% glycerol) containing a low (50 mM) or high (500 mM) concentration of NaCl
and digested with 200 U of nuclease S1 per ml (Promega) at 37°C for 30 min. The
nuclease S1-treated samples were extracted with phenol-chloroform and chloro-
form sequentially and precipitated with ethanol. The pellets were resuspended in
the denaturing loading buffer and heat denatured at 96°C for 5 min, followed by
quick chilling on ice before loading of samples onto the gels.

RESULTS

Expression and purification of recombinant HCV NS5B. To
investigate the biochemical functions of HCV RdRp, the
NS5B-encoding cDNA from HCV genotype 1b was PCR am-
plified and cloned under the control of the E. coli trc promoter.
This system avoids the potential contamination by T7 RNA
polymerase and allows convenient single-step purification with
the Ni-NTA affinity column. Even though it has previously
been reported that the overexpressed NS5B usually formed
inclusion bodies in E. coli (10, 47), we were able to obtain
soluble, enzymatically active full-length HCV NS5B as a fusion
protein containing a (His)6 at the N terminus when protein
expression was induced at 25°C. The soluble form of full-length
NS5B was purified by Ni-NTA affinity chromatography. An
NS5B protein of about 65 kDa was obtained with 250 to 350
mM imidazole (Fig. 1A). The authenticity of the recombinant
HCV NS5B was confirmed by Western blot analysis with anti-
NS5B antibody generated in rabbits (15), detecting a 65-kDa
recombinant NS5B protein, which was not present in the cor-
responding fraction obtained from the E. coli transformed with
the expression vector alone (Fig. 1B). This protein was also
detected with HCV patient sera (data not shown). The frac-
tions (250 to 450 mM eluates) containing NS5B were pooled,
dialyzed, and used for RdRp activity assays.

Template-dependent RNA synthesis by the wild-type and
mutant NS5B. To test the template dependency of NS5B,
RdRp activity assays were performed in the absence and pres-
ence of an exogenous template. We used the full-length HCV

RNA in vitro runoff transcripts as a template. The purified
NS5B was able to synthesize an RNA product with a size
equivalent to that of the exogenous HCV full-length RNA
template without the requirement of an exogenous primer
(Fig. 2A, lane 3). In the absence of added RNA, no RNA
products were obtained, indicating that the NS5B preparation
was not contaminated with any RNA that can serve as a tem-
plate (Fig. 2A, lane 2). Finally, in the absence of NS5B, no
products were produced, indicating that no residual T7 RNA
polymerase activity, which can label RNA templates by exten-
sion of the 39 end or transcribe RNA template itself under
certain conditions (2, 39), was present in the RNA template
used for the RdRp reactions (Fig. 2A, lane 1). Furthermore,
the NS5BD318H mutant, which has a histidine at the position of
the first aspartate of the GDD motif (21), was completely
inactive as an RdRp (Fig. 2B, lane 2). These results indicate
that NS5B is the enzyme responsible for the synthesis of HCV
full-length RNA in vitro and that the RNA synthesis carried
out by NS5B is template dependent.

Kinetics of synthesis of full-length HCV RNA by NS5B.
With the full-length HCV genome used as a template for the
RdRp activity assay, the time course of RNA synthesis was
analyzed to understand the mechanism of RdRp reactions.
The results showed that the size of products at the 10-min time
point was approximately 1 kb and steadily increased until be-
tween 1 and 2 h, when the product reached the template size
(Fig. 3A). To eliminate the possibility that the NS5B prepara-
tion contained small fragments of RNA or DNA that could
serve as primers, the NS5B-active fractions were treated with
micrococcal nuclease. The nuclease-treated NS5B still showed
similar kinetics of HCV RNA synthesis (data not shown).
These results strongly suggest that the RdRp reaction initiating
de novo to synthesize an RNA product, rather than initiated
from a snapped-back 39 end of the template; the latter mech-
anism would have generated RNA products starting from 9.5
kb and ending at 19 kb, as seen previously (23). From the
kinetics of the increase in size of the RNA products, the tran-

FIG. 1. Expression and purification of (His)6-tagged HCV NS5B from E. coli. (A) Imidazole elution profile of the NS5B expressed in E. coli. Fractions eluted from
Ni-NTA resin by different concentrations of imidazole were run in an SDS–10% polyacrylamide gel and stained with Coomassie brilliant blue G-250. (B) Western blot
analysis of NS5B. Fractions eluted with 200 mM imidazole were used for immunoblotting. Vector and NS5B indicate the fractions obtained from the soluble extracts
of E. coli transformed with the expression vector alone and the NS5B-expression vector, pThNS5B, respectively. Arrowheads indicate the positions of NS5B. The sizes
of protein markers (Bethesda Research Laboratories) are indicated in kilodaltons.
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scription elongation rate is estimated to be approximately 150
nt/min.

Further incubation resulted in accumulation of all of these
products, particularly the RNA product of template size. In
addition, an RNA product longer than the template size also
appeared at late time points (Fig. 3B, lanes 1 to 4). The nature
of this product is not yet known, partly because the size of this
RNA could not be determined accurately. Both the longer-
than-template and template-size products accumulated up to
5 h. Since the longer-than-template product appeared only

after a 1-h incubation, it may represent an extension of the
initial RdRp product, probably extended on a snapped-back
RNA product. Shorter exposure of the gel to X-ray film (Fig.
3B) also revealed several distinct products smaller than the
template size. The profile of these products remained un-
changed from 2 to 5 h, while they increased in amount. They
may represent strong transcription-pausing sites on the tem-
plate, which are commonly observed in RNA polymerase re-
actions.

Nuclease S1 digestion of RdRp products. To characterize
the RNA products, we first analyzed whether the products
synthesized from the HCV full-length RNA template are in the
single- or double-stranded form. The RNA products were
treated with nuclease S1 under either low (50 mM NaCl) or
high (500 mM NaCl) salt conditions. The results showed that at
a high salt concentration, the products were almost completely
resistant to nuclease S1 digestion (Fig. 4, lane 3), suggesting
that the products are in double-stranded form. However, at a
low salt concentration, the products were partially digested
(lane 2). After the products were heat denatured at 96°C for 5
min and quick-chilled on ice prior to nuclease S1 treatment
under a low salt concentration, the products were completely
susceptible to nuclease S1 digestion (lane 5). In the presence of
a high concentration of salt, the amounts of the products were
also significantly reduced, although there were still some nu-
clease S1-resistant RNA products (lane 6). These results indi-
cate that most of products were in double-stranded RNA form,
probably forming a stable RNA duplex with the template or
with the product itself, especially under the high salt condi-
tions. The RNA template was completely digested by nuclease

FIG. 2. Template dependency of RNA synthesis by the wild-type and mutant
NS5B. (A) In vitro RdRp assays were conducted by using full-length HCV RNA
as a template under the conditions indicated above the gel. 1 and 2 indicate the
presence and absence, respectively, of the template and NS5B in the RdRp
reactions. An arrowhead indicates the position of the template on 1% agarose
gel. (B) Enzyme activity of wild-type (NS5B) and mutant (NS5BD318H) NS5B by
using the full-length HCV RNA as a template.

FIG. 3. Kinetics of RNA synthesis by HCV NS5B with full-length HCV RNA
as a template. (A) In vitro RdRp reactions were terminated at the time points
indicated above the gel in minutes and analyzed on a 1% agarose gel after the
products had been heat denatured. (B) Longer RdRp reactions up to 5 h.
Exposure time was controlled to visualize the discrete bands for late time points
(2, 3, 4, and 5 h). Arrowheads indicate the positions of the RNA template.

FIG. 4. Nuclease S1 treatment of the products synthesized by NS5B by using
the full-length HCV RNA template. RdRp-synthesized products were digested
by nuclease S1 in 50 mM NaCl (low salt) or 500 mM NaCl (high salt). The D
represents heat denaturation of the products at 96°C for 5 min and quick chilling
on ice prior to the nuclease S1 treatment. Products were resolved on 1% agarose
gel after heat denaturation of the samples at 96°C for 5 min. The arrowhead
indicates the position of the RNA template.

VOL. 73, 1999 RECOMBINANT HCV RNA POLYMERASE 7697



S1 under all of the conditions tested above (as determined by
ethidium bromide staining); this is not surprising, since the
RNA template used was in vast excess relative to the RNA
products.

In vitro RdRp reactions using heterologous viral RNA tem-
plates. To examine the template specificity and primer depen-
dency of NS5B, we tested several heterologous viral RNAs to
examine their ability to serve as templates for NS5B. MHV-
associated DI RNA was used as a poly(A)-tailed viral RNA.
NS5B was able to transcribe this template without the require-
ment of an exogenous primer (Fig. 5, lane 1). However, the
product was considerably more heterogeneous than when
HCV RNA was used as the template (Fig. 2). In addition to the
product corresponding to the template size, several heteroge-
neous products longer than the template size were synthesized
(Fig. 5, lane 1). Interestingly, addition of oligo(U)20 did not
enhance RNA synthesis, nor did it change the pattern of prod-
ucts synthesized (lane 2), again suggesting that RNA synthesis
does not utilize an exogenous primer. When a non-poly(A)-
tailed RNA, TCV genomic RNA, which contains a structured
39 end, was used as a template, a distinct product of the ge-
nome size was obtained, suggesting a primer-independent
RNA synthesis (lane 3). A minor longer-than-template-size
product and several distinct smaller products were also ob-
tained (lane 3). The properties of these products were analo-
gous to those obtained when HCV RNA was used as a tem-
plate. These data suggest that NS5B of HCV can also
recognize the heterologous templates in vitro in a primer-
independent manner, with preference for the RNAs with a
structured 39 end.

In vitro RdRp reactions using homopolymeric RNA tem-
plates. Since we observed primer-independent RNA synthesis
by using both HCV and heterologous viral RNA templates, we
tested primer dependency and template specificity of NS5B by

using homopolymeric RNAs. RdRp assays were performed
with homopolymeric RNA templates in the absence and pres-
ence of a primer, (rN)20, complementary to the templates. The
incorporation of 32P-ribonucleotides into TCA-precipitable
products was determined (Table 1). As previously shown in the
other report (23), very little RNA synthesis was detected in the
absence of the primer. However, in the presence of comple-
mentary oligonucleotides, significant 32P incorporation was ob-
served when poly(A) or poly(C) RNA was used as the tem-
plate. In contrast, poly(G) and poly(U) templates were very
weak templates even in the presence of a primer. These data
show that even though NS5B was able to replicate HCV and
other viral RNA templates in a primer-independent manner
(Fig. 5), the homopolymer templates require primers, and
NS5B has a certain template preference among these linear
homopolymeric RNAs. Thus, HCV NS5B appears to be able to
discriminate different RNA templates based on sequence and
structure.

The cis-acting sequences at the 3*-UTR for RNA synthesis
initiated from the plus-strand HCV genome. Since the 98-nt X
region at the 39 end of the HCV genome is very conserved in
sequence and has a stable secondary structure (16, 20, 38), it
has been proposed that the X region may be involved in viral
RNA synthesis (16, 20, 38). Therefore, we examined whether
the 98-nt X region and/or its upstream sequence serves as the
cis-acting sequence for HCV RNA synthesis. The results
showed that when the 98-nt RNA [HCV-X(1)] was used, a
distinct RNA product which migrated slightly faster than the
template was obtained, indicating that this RNA provides
HCV RdRp a very homogeneous starting site. Interestingly, all
of the deletion mutants tested, except the mutant [X(1)D31–
40], lost the template activity almost completely, suggesting
that the integrity of sequence and/or structure of the X region
is important for NS5B to initiate RNA synthesis. The mutant
[X(1)D31–40], which has a 10-nt deletion on the loop region
of stem-loop 2 (16), yielded several RNA products longer than
the template size (Fig. 6B, lane 8). This result suggests that the
sequences on the loop region of stem-loop 2 may contribute to
the specificity of initiation. These data combined indicate that
NS5B may recognize specific sequences at the 39 end of HCV
RNA to start RNA synthesis. When an artificial full-length
39-UTR of HCV, including the X region, (U)13 tract, and
upstream variable sequence region [HCV-39(1)], was used
(16), the amounts of RNA products were significantly en-
hanced. The major product was slightly smaller than the tem-
plate size, but several other heterogeneous RNA products

FIG. 5. RdRp reactions with heterologous RNAs as templates. MHV DI
RNA (2.4 kb) and TCV RNA (4 kb) were used for the RdRp reactions. The
primer used for the transcription of MHV DI RNA was oligo(U)20. Products
were resolved on a 1% agarose gel after heat denaturation of the samples at 96°C
for 5 min. Arrowheads indicate the template positions of the MHV DI and TCV
RNA templates.

TABLE 1. NS5B polymerase activity on homopolymeric templatesa

Template Primer Incorporation (103 cpm)

Poly(A) 2 35
(U)20 1,807

Poly(C) 2 46
(G)20 1,402

Poly(G) 2 15
(C)20 137

Poly(U) 2 15
(A)20 29

a RdRp activity of NS5B was measured by using 1 mg of homopolymeric RNAs
in the absence (2) and presence of 10 pmol of primer complementary to the
templates. The labeled products were collected on a GF/C glass filter after
precipitation with 5% TCA, and radioactivities were measured.
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were also detected (Fig. 6B, lane 1). This result suggests that
the variable sequence region and/or (U)13 tract might act as an
enhancer element for transcription initiation. We have per-
formed preliminary characterization of the products made by
the X region and the full-length 39-UTR. Both products were
very resistant to digestion with nuclease S1, and their electro-
phoretic mobility did not change after heat denaturation (data
not shown), suggesting that they may be in a very stable RNA
duplex structure.

The cis-acting sequences necessary for RNA synthesis from
the minus-strand HCV genome. The results presented above
showed that NS5B recognizes the 39 end of HCV RNA for
minus-strand RNA synthesis. We then determined whether the
39 end of the HCV minus-strand genome contains the cis-
acting sequence for plus-strand RNA synthesis. The RNA tem-
plates representing different lengths of the 39 end of the minus-
strand HCV genome (Fig. 7A) were used for the RdRp
reactions. The results showed that both 341- and 239-nt tem-
plates served as efficient templates and yielded a major product
equivalent to the template size (Fig. 7B, lanes 1 and 2). In
contrast, the 122-nt and smaller RNAs did not have any tem-
plate activity (Fig. 7B, lanes 3 to 5). This result suggests that
the promoter sequence for NS5B is located approximately
between nt 122 and 239 from the 39 end of the minus-strand
HCV genome.

No TNTase activity associated with the recombinant HCV
NS5B. It has been shown that TNTase activity is associated
with the purified NS5B expressed in insect cells using recom-
binant baculoviruses (4, 23). The origin of the TNTase is not
known. Since TNTase may elongate the template from the
39-OH residue and generate an artificial primer acting in cis,
the presence of TNTase associated with RdRp may obscure
the real properties of RdRp. Therefore, we tested if the E.
coli-expressed NS5B has such TNTase activity after Ni-NTA
chromatography purification. Using the X region as a tem-
plate, TNTase activity was tested with four different [32P]rN-
TPs to see if there was any end-labeling activity at the 39 end
of the template. As shown in Fig. 8, no 32P-labeled products
were detected with any of the [32P]rNTPs, indicating that our
NS5B preparation did not have TNTase activities. Further-
more, the NS5B mutant (NS5BD318H) did not exhibit TNTase
activity under the same conditions (data not shown). We also
used oligonucleotides (A)20 and (U)20 in the presence of a
single one of four different [32P]rNTPs at high specific activity
(undiluted with cold rNTPs) to test the TNTase activity of
NS5B on these homopolymeric RNAs. No TNTase activity was
detected (data not shown).

DISCUSSION

In this study, we have expressed a recombinant RdRp of
HCV, namely, a full-length NS5B with an (His)6 at the N
terminus, as a soluble protein in E. coli. By expression of NS5B
at low temperature and extraction with a nonionic detergent,
Nonidet P-40, in combination with a high concentration of salt,
we were able to obtain a soluble, full-length, and enzymatically
active HCV NS5B. Our recombinant HCV RdRp has several
prominent properties which make it more closely resemble the
functional HCV RdRp in vivo than any of the previously re-
ported HCV RdRps (4, 10, 23, 47). (i) It can synthesize a
full-length HCV cRNA with the HCV genomic RNA used as
a template. (ii) It does not require an exogenous primer or a
snapped-back RNA as a primer. (iii) It recognizes the specific
sequences at the 39 end of both plus- and minus-strand HCV
RNAs for the initiation of RNA synthesis. (iv) It does not
contain a TNTase, thus allowing unequivocal demonstration of

FIG. 6. cis-acting sequences for RNA synthesis on the 39 end of plus-strand
HCV RNA by NS5B. (A) The structure of RNA templates used for RdRp assays.
(B) The products were run on an 8 M urea–5% polyacrylamide gel. The positions
of the 98-nt template [HCV-X(1)] and the full-length 39-UTR HCV [HCV-
39(X)] are indicated with arrowheads. The templates used for the reactions are
indicated above the gel.
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RdRp activities. (v) Finally, it contains the full-length sequence
of NS5B, in contrast to previous studies (10, 47), which re-
ported that the full-length NS5B is insoluble in E. coli. Thus,
our recombinant NS5B most closely reflects the predicted
properties of a functional HCV RdRp.

Several pieces of evidence suggest that our recombinant
HCV NS5B was able to carry out the synthesis of full-length
HCV RNA in a primer-independent manner. First, the kinetics
of RNA synthesis by this RdRp using the full-length HCV
RNA as a template indicated that the NS5B-mediated RNA
synthesis is not initiated from the snapped-back template, since
the initial RNA products were very small and they gradually
increased to the full-length template size (Fig. 3A, lanes 1 to
7). If RNA synthesis were started by a snap-back mechanism,
the predominant transcription product would be longer than
the template size, even at the early stage of transcription, as
previously observed with the NS5B expressed by recombinant
baculoviruses (23), since the product will be extended from the
39 end of the template. The predominant RNA product in our
reaction corresponded to the full-length HCV RNA in size.
Thus, our recombinant NS5B is the first HCV RdRp capable
of synthesizing full-length HCV RNA, although we cannot yet
ascertain whether the ends of RNA products faithfully mirror
those of the RNA template. Our kinetics studies also showed
that longer incubation (even after NS5B copied the full-length
template completely) generated products that are longer than
the template, which may represent the products extended from
the newly synthesized full-length products by a snap-back
priming mechanism, since this product was not observed until
the full-length product was detected (Fig. 3). This possibility
raised the interesting question of whether NS5B can accom-
plish cyclic replication in vitro, namely, synthesis of minus-
strand cRNA by using the plus-strand genome, followed by
synthesis of plus-strand RNA, in turn, from cRNA. Previously,
cucumber mosaic virus and flock house virus RdRps have been
shown to be able to accomplish complete replication in vitro
(13, 45). For flock house virus RdRp, cyclic transcription was
observed when glycerophospholipids (GPLs) were added to
RdRp, suggesting a role of GPLs in the induction or stimula-
tion of single-stranded RNA synthesis. For most viral RdRps,
the RNA products are usually in double-stranded form. How-
ever, the single-stranded form of replicative intermediates has
been observed in turnip yellow mosaic virus-infected cells by

using electron microscopy (11). For Qb RdRp, the product
synthesized by the polymerase was also in the single-stranded
form; the double-stranded form of Qb RNA could not be used
as a template (5). Based on nuclease S1 digestion results (Fig.
4), the products synthesized by HCV NS5B in vitro are mainly
in the double-stranded form, which may represent annealing of
the products to the template. Alternatively, as suggested by the
products that are longer than the full-length RNA, a second
round of synthesis may have been carried out by HCV NS5B to
generate double-stranded RNA products. Nevertheless, NS5B
may require other viral proteins or cellular proteins to accom-
plish a faithful cyclic replication.

The recombinant HCV NS5B was also found to use non-
HCV viral RNAs as templates, such as MHV DI and TCV
RNA, in the absence of an exogenous primer (Fig. 5). For the
poly(A)-tailed template, MHV DI RNA, NS5B synthesized
multiple RNA species, including those of template size and
longer than template size, in a primer-independent manner
(Fig. 5, lanes 1 and 2). Addition of oligo(U)20 primer did not
abolish the synthesis of longer products, and the profile of
RNA products was not affected either (Fig. 5, lanes 1 and 2),
implying that RNA synthesis initiated from the sequence
within the template, rather than from poly(A). Since no primer
[oligo (U)20]-dependent transcription was observed with MHV
DI RNA despite the presence of a poly(A) tail, in contrast to
the primer-dependent transcription when poly(A) homopoly-
mer was used as a template, the primer dependency of the
poly(A)-tailed template may be superseded by the flanking
sequences. In any case, the RNA products made from this
polyadenylated RNA (MHV DI) were more heterogeneous
than those produced with HCV RNA as the template. In this
regard, it is interesting to note that the 39-end sequence of

FIG. 7. cis-acting sequences for RNA synthesis on the 39 end of plus-strand
HCV RNA. (A) The structure of RNA templates used. (B) Products were
analyzed on an 8 M urea–5% polyacrylamide gel. The positions of the 341-nt
[39(2) 341-nt] and 239-nt [39(2) 239-nt] templates are indicated with arrow-
heads. The templates used for the reactions are indicated above the gel.

7700 OH ET AL. J. VIROL.



MHV DI RNA shows over 50% sequence identity with the 39
end of the HCV X region (data not shown). In contrast, TCV
RNA, which does not have a poly(A) tail but, instead, has a
stem-loop structure, yielded a relatively homogeneous full-
length product of template size, almost similar to the products
made from HCV RNA. Thus, it appears that HCV NS5B may
recognize a stable structure at the 39 end of RNA. The need for
a structured element in RNA templates for HCV NS5B is
underscored by the finding that homopolymeric RNAs cannot
serve as a template unless there is a primer. Furthermore, NS5B
exhibited different template preferences for different homopoly-
meric RNAs, poly(A).poly(C)..poly(G).poly(U), confirming
the previous reports (23). Thus, NS5B appears to be able to
discriminate between different RNA templates based on RNA
sequence as well as structure.

Despite the finding that HCV RdRp was able to use many
different RNAs as templates in vitro, there appeared to be a
specific sequence requirement for cis-acting signals for RNA
synthesis when HCV RNA was used. We showed that the X
region is a minimal cis-acting sequence required for HCV
minus-strand RNA synthesis. Similarly, the cis-acting sequence
required for HCV positive-strand RNA synthesis is located at
239 to 122 nt from the 39 end of the minus-strand HCV ge-
nome. Surprisingly, sequence alignment between both cis-act-
ing elements showed 53% sequence identity (data not shown).
The 39 end of minus-strand RNA also showed stable stem-loop
structures (data not shown). Additional studies are required to
precisely determine the sequence and structure required for
RNA replication at the two ends. Nevertheless, this is the first
recombinant HCV RdRp that has been shown to exhibit a
requirement for a specific sequence on the HCV RNA tem-
plate. Several other viral RdRps have also been shown to
recognize the RNA template specifically. For example, alfalfa
mosaic virus RdRp requires 133 and 163 nt from the 39 end for
initiation of minus-strand synthesis in vitro (42). TCV RdRp
requires an internal cis-acting sequence proximal to the 39 end
for plus-strand RNA synthesis (36). Nevertheless, these RdRps
also can use other RNAs as templates, similar to HCV RdRp.

Interestingly, the variable sequence and (UC)-rich sequence
upstream of the X region have a significant enhancer effect on
RNA synthesis carried out by the HCV RdRp. Since this se-
quence is variable among HCVs of different genotypes (20, 38,
46), it is conceivable that this sequence from different geno-
types may determine the efficiency of viral RNA synthesis and
thus the biology of different HCV genotypes. However, the
products synthesized by using the full-length 39-UTR template
were much more heterogeneous than those synthesized with
the X region alone; the majority of RNA products migrated
faster than the template, and smeared bands around the tem-
plate were detected. These might be due to the slippage of
polymerase along the poly(U) tract or premature termination
of transcription after copying the 98 nt. Slippage of polymerase
on homopolymer templates has been described for E. coli and
yeast RNA polymerases (18, 19).

The existence of cis-acting sequences on the 39 end of both
plus and minus strands of HCV RNA indicates that NS5B
exhibits a sequence and/or structure preference for the HCV
genome. However, we cannot rule out the possibility that other
viral and/or cellular proteins are involved in the determination
of specificity and regulation of transcription. In this regard, it
is interesting to note that PTB interacts with the X region at
the 39 end of the plus-strand HCV genome (16). However, so
far, the possible role of PTB in the regulation of HCV RNA
synthesis has not been demonstrated, although PTB has been
shown to be involved in translational regulation by interacting
with either the 59 IRES or 39 X region of the HCV genome (1,
17). It will be interesting to see if there are any cellular proteins
interacting with the 39 end of the minus-strand HCV genome.
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