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The RNA-dependent RNA polymerase (RdRp) from hepatitis C virus (HCV), nonstructural protein 5B
(NS5B), has recently been shown to direct de novo initiation using a number of complex RNA templates. In this
study, we analyzed the features in simple RNA templates that are required to direct de novo initiation of RNA
synthesis by HCV NS5B. NS5B was found to protect RNA fragments of 8 to 10 nucleotides (nt) from RNase
digestion. However, NS5B could not direct RNA synthesis unless the template contained a stable secondary
structure and a single-stranded sequence that contained at least one 3* cytidylate. The structure of a 25-nt
template, named SLD3, was determined by nuclear magnetic resonance spectroscopy to contain an 8-bp stem
and a 6-nt single-stranded sequence. Systematic analysis of changes in SLD3 revealed which features in the
stem, loop, and 3* single-stranded sequence were required for efficient RNA synthesis. Also, chimeric molecules
composed of DNA and RNA demonstrated that a DNA molecule containing a 3*-terminal ribocytidylate was
able to direct RNA synthesis as efficiently as a sequence composed entirely of RNA. These results define the
template sequence and structure sufficient to direct the de novo initiation of RNA synthesis by HCV RdRp.

Hepatitis C virus (HCV), a plus-strand RNA virus, is esti-
mated to infect up to 3% of the world’s population (44), caus-
ing liver cirrhosis and hepatocellular carcinoma (14). Follow-
ing entry into the infected cell, the viral RNA directs the
translation of a polyprotein that is proteolytically processed to
produce 10 individual structural and nonstructural proteins
(15, 32). Nonstructural protein 5B (NS5B) is at the C terminus
of the polyprotein. NS5B is an RNA-dependent RNA poly-
merase (RdRp). Based on the paradigms of other RNA virus
replication strategies (8), NS5B, along with viral and cellular
proteins, forms a replicase that replicates the HCV genome. At
present, functional HCV replicase has not been demonstrated
in vitro. Therefore, studies of HCV RNA synthesis have fo-
cused on recombinant NS5B.

Recombinant HCV NS5B can catalyze a number of reac-
tions. In the presence of a primer-template duplex, NS5B cat-
alyzes template-dependent but relatively nonspecific RNA syn-
thesis (5, 23–25, 45, 46). In addition, NS5B has recently been
reported to direct de novo (oligonucleotide primer-indepen-
dent) synthesis (26, 30, 47), a mechanism used for the replica-
tion of many plus-strand RNA viruses (8). De novo initiation
of RNA synthesis may be especially relevant for HCV since, to
our knowledge, it does not contain a VPg-like protein that
could mediate protein-primed RNA synthesis, and there is no
evidence for a cap-snatching mechanism (32). De novo RNA
synthesis directed by HCV NS5B prefers a cytidylate template
and the substrate nucleotide GTP (26, 42), although ATP can
also be used as an initiation nucleotide (29, 42, 47). In general,
RNA polymerases have a higher Km for the initiation nucleo-
tide than for the same nucleotide during elongating RNA
synthesis (for examples, see references 18, 26, 31, and 42).

The features of the template that direct RdRp binding and

the initiation of HCV RNA synthesis remain poorly character-
ized. Several templates tested were unable to efficiently direct
de novo RNA synthesis (30; D. Barket and B. Heinz, unpub-
lished results; C. C. Kao, unpublished results). These results
indicate that recombinant NS5B has some specific template
requirements for de novo initiation, even in the absence of the
other replicase components. The goal of this work was to
determine the template requirements for efficient RNA syn-
thesis. For the sake of simplicity, this work addresses only the
role of cytidylate(s) as the template initiation nucleotide. A
25-nucleotide (nt) RNA, termed SLD3, was found to be capa-
ble of supporting efficient RNA synthesis. The secondary struc-
ture of SLD3 in solution was solved by one- and two-dimen-
sional nuclear magnetic resonance (NMR) spectroscopy, and
the features of SLD3 were systematically analyzed for the
ability to direct RNA synthesis.

MATERIALS AND METHODS

RNA synthesis and purification. Transcription reactions were carried out
under the conditions described by Milligan et al. (27). Briefly, the DNA strands
were purified via denaturing polyacrylamide gel electrophoresis and then ad-
justed to 8 mM. One microliter of each DNA was used in a 20-ml transcription
reaction mixture containing final concentrations of 40 mM Tris (pH 8.1), 1 mM
spermidine, 0.01% Triton X-100, 80 mg of polyethylene glycol 8000, and 4 mM
each nucleoside triphosphate. The T7 RNA polymerase used was purified by the
protocol of Grodberg and Dunn (12). RNAs of the correct length were purified
by preparative denaturing gel electrophoresis and excised from the gel after UV
shadowing. The gel slice was crushed and ground to small pieces, and the RNA
was eluted from the polyacrylamide with 0.4 M ammonium acetate. Following
precipitation with ethanol, the RNA concentration was determined by spectro-
photometry and checked by toluidine blue staining on an analytical gel. Tran-
scripts of SLD3 used for NMR spectroscopy were from a 40-ml transcription
reaction. Chemically synthesized RNAs were purchased from Dharmacon (Boul-
der, Colo.), deprotected according to the supplier’s instructions, and purified by
denaturing gel electrophoresis as described above.

RdRp activity assay and product analysis. Full-length recombinant HCV
NS5B of genotype 1b was prepared from Escherichia coli as described previously
(17, 42). The standard assay, described by Adkins et al. (1), consisted of a 40-ml
reaction mixture containing 1 pmol of template (unless stated otherwise), 70
nmol of NS5B, 20 mM sodium glutamate (pH 8.2), 4 mM MgCl2, 12.5 mM
dithiothreitol, 0.5% (vol/vol) Triton X-100, 1 mM MnCl2, 200 mM each ATP and
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UTP, 500 mM GTP, and 250 nM [a-32P]CTP (Amersham Inc.). Manganese was
used to increase the level of RNA synthesis but was not required for RNA
synthesis (10, 19) and does not alter the choice for the initiation site in the RNAs
that we used (C. C. Kao, unpublished results). Reaction mixtures were incubated
at 25°C for 60 min, extracted with phenol-chloroform, and ethanol precipitated
in the presence of 5 mg of glycogen and 0.4 M ammonium acetate. Products were
separated by electrophoresis on 10 to 20% denaturing (8 M urea) polyacrylamide
gels. Gels were wrapped in plastic and exposed to film at 260°C. Product bands
were quantified using a PhosphorImager (Molecular Dynamics). The results
presented have been reproduced in at least three independent assays, all of which
varied by less than 20%.

NMR spectroscopy. RNA SLD3 used for NMR spectroscopy was dialyzed
against NMR buffer (10 mM sodium phosphate, 0.1 mM sodium EDTA, and 100
mM sodium chloride in 90% H2O–10% D2O [pH 6.4]) for 48 h, with two buffer
changes. The final NMR sample of 0.5 ml was 1.2 mM RNA.

All NMR experiments were recorded on a Bruker Advance 600-MHz spec-
trometer equipped with a triple-resonance, triple-axis gradient probe. Proton
chemical shifts were compared to the residual water resonance (4.70 ppm at
21°C). NMR data were processed using the FELIX 98 program (Molecular
Simulations, Inc.). Solvent suppression was achieved using the combination of a
water flip-back selective pulse with a WATERGATE sequence (22). Radiation
damping was reduced with a gradient pulse during the first time domain (39).
The excitation maximum was set to the middle of the imino proton shift range
(13.0 ppm). Nuclear Overhauser effect spectroscopy (NOESY) spectra in H2O
were collected with a 2.0-s relaxation delay, a 13.0-kHz spectral window, and a
data size of 4,096 3 512 at 21°C.

RNase protection assay. RNA SLC1, used to obtain a preliminary assessment
of the number of nucleotides protected by NS5B, was radiolabeled during tran-
scription by T7 RNA polymerase. One picomole of RNA was then incubated
with 1 to 20 ng of highly purified NS5B at 15°C for 15 min prior to the addition
of 1 ml of 0.2-mg/ml RNase A for 5 min. Following extraction with a 1:1 mixture
of phenol and chloroform, the RNA was precipitated with 8 volumes of ethanol,
dried, and electrophoresed on a denaturing 20% polyacrylamide gel.

RESULTS

HCV NS5B can interact with RNAs that are not templates
for RNA synthesis. We sought to identify a template that can
efficiently direct de novo RNA synthesis by HCV NS5B. How-
ever, our previous experience was that the 39-terminal 25 or 60
nts of HCV genomic RNA cannot direct RNA synthesis (Bar-
ket and Heinz, unpublished; Kao, unpublished). A 35-nt stem-
loop that contains the core promoter for brome mosaic virus
(BMV) minus-strand RNA synthesis was also unable to direct
RNA synthesis by the HCV RdRp (20). SLC1 has two 39
cytidylates that can potentially serve as initiation nucleotides
(Fig. 1A). The failure to direct synthesis may be due to an
inability to bind NS5B and/or to direct the initiation of RNA
synthesis. To distinguish these two possibilities, we attempted
to determine whether NS5B is able to interact with radiola-
beled SLC1 by protecting it from RNase A digestion in an
assay similar to the one used for the poliovirus polymerase 3D
(4). In the absence of NS5B, SLC1 was rapidly degraded by
RNase A to oligonucleotides of 5 nts or shorter. However, in
the presence of even 1 ng of NS5B, two prominent bands of ;8
to 10 nts were observed (Fig. 1B, lanes 4 and 5). These frag-
ments became more abundant with increasing amounts of
NS5B, while the shorter oligonucleotides became less abun-
dant (Fig. 1B, lanes 6 to 13). While these results do not identify
the sequences recognized by the HCV NS5B, they demonstrate
that NS5B can interact with an RNA that cannot direct RNA
synthesis. Some features absent in SLC1 must be necessary to
direct RNA synthesis by NS5B.

Templates that can direct RNA synthesis by NS5B. To elu-
cidate the features necessary to direct RNA synthesis, several
RNAs were tested for their ability to generate radiolabeled
products. The RNAs selected had been previously shown to
direct de novo RNA synthesis by the bovine viral diarrhea virus
(BVDV) RdRp and the replicases of BMV and cucumber
mosaic virus (19, 20, 34, 37, 38). All the RNAs possess a
cytidylate at or near the 39 terminus that could act as a poten-
tial initiation site for RNA synthesis (Fig. 2A). RNAs BV-21

and BV-22 were derived from the minus-strand 39 terminus of
BVDV RNA and were able to direct de novo initiation by the
BVDV RdRp (Fig. 2A) (19). With HCV NS5B, neither BV-21
nor BV-22 could direct RNA synthesis (Fig. 2B, lanes 4 and 5).
Similar results were obtained with the 39-terminal 25 and 60 nts
of HCV genomic RNA and with RNA 220/13, which effi-
ciently directed the proper initiation of subgenomic RNA syn-
thesis by the BMV RdRp (Fig. 2, lanes 2, 3, and 6). In contrast,
RNAs B2(2)26G, C2(2)29G, SLC18, and SLdel18, derived
from BMV and cucumber mosaic virus, were competent for
RNA synthesis by HCV NS5B (Fig. 2B, lanes 7 to 10). Product
synthesis required the presence of all 4 nts and was insensitive
to the presence of rifampin and actinomycin D, both inhibitors
of DNA-dependent RNA polymerases (Kao, unpublished), in-
dicating that the products observed were generated by tem-
plate-directed polymerization by NS5B.

HCV NS5B synthesized a complex array of products from
these functional templates (Fig. 2B). This result is consistent
with previous observations that the recombinant RdRps of
BVDV and poliovirus can undergo template switch events that
result in products that are multimeric relative to the length of
the template (3, 19). A major product was approximately the
length expected from de novo initiation at one of the 39-most
cytidylates and correct termination at or near the 59 end of the
template RNA (henceforth called the monomer). The BMV
replicase, which tends to initiate from the penultimate cytidy-
late and terminate at the end of the template, was used to
generate a 46-nt product that could be compared with the
products of NS5B. The BMV replicase product is similar in
length to the monomer-sized products of NS5B (Fig. 2B, lanes
12 and 13). However, while the product of the BMV replicase
is relatively discrete, those produced by NS5B migrated as a
series of bands differing by a few nucleotides, as well as an
array of products of larger sizes. This ladder of products may
be due to initiation from either of the two 39 cytidylates and/or
the addition of one to three nontemplate nucleotides to the
nascent RNA. BVDV NS5B can initiate from either the 39-
terminal or the penultimate cytidylate (19). The expectation of

FIG. 1. HCV NS5B can protect RNA from digestion by RNase A. (A)
Sequence and secondary structure of SLC1 (20). (B) Autoradiogram of a 20%
denaturing gel containing products protected from RNase A digestion by NS5B.
SLC1, a 35-nt RNA (derived from nts 2039 to 2069 of plus-strand BMV RNA3),
was labeled during transcription with 32P-CMP. The RNA products of the BMV
replicase from proscript 220/13 are of 13 and 14 nts (34), and their positions are
indicated to the left of the autoradiogram. RNase A (1 ml of a 0.2-mg/ml solution)
and HCV NS5B additions are indicated above the autoradiogram.
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nontemplate nucleotide addition is reasonable, since it is a
common property of all well-characterized polymerases, in-
cluding those of vaccinia virus, poliovirus, BMV, and BVDV
(7, 28, 34, 48).

The templates that directed significant amounts of RNA
synthesis contained at least one predicted stem of various
lengths and a 39 single-stranded region that might serve as the
initiation cytidylate (Fig. 2A). Also, the templates that directed
RNA synthesis, B2(2)26G, SLC18, C2(2)29G, and SLdel18,
had 39 single-stranded sequences of 3 to 21 nts, suggesting that
a 39 single-stranded tail is necessary for efficient RNA synthe-
sis (Fig. 2B, lanes 7 to 10). RNAs BV-21, BV-22, and 220/13,
predicted by the mfold program (16) to lack stable secondary
structures, were unable to direct RNA synthesis, as was SLC1,
known by NMR analysis to form a stem-loop structure with a
side bulge (20; Kao, unpublished).

A short template competent for RNA synthesis by NS5B. To
identify short RNAs that can efficiently direct RNA synthesis
by HCV NS5B, we made increasingly truncated versions of
SLdel18. A 25-nt RNA, termed SLD3, which lacks much of
the single-stranded sequence in SLdel18, directed RNA syn-
thesis at 110% (611%) relative to SLdel18, after adjustment
for radiolabeled CMP incorporation. Like other functional
templates, SLD3 directed the synthesis of several bands (Fig. 3,
lanes 1 and 2), with three monomeric products of 24 to 26 nts.

The 24-nt RNAs were likely due to initiation from the penul-
timate cytidylate, with termination occurring at the end of the
template. Some of the 25-nt products might have been due to
initiation from the 39-most cytidylate and precise termination
at the end of the template, while others might have initiated at
the penultimate cytidylate and contained one nontemplate nu-
cleotide. The 26-nt RNA possessed at least one nontemplate
nucleotide. The putative monomeric and multimeric products
all initiated from the two 39 cytidylates because RNA GG39, in
which the two cytidylates at the 39 end of SLD3 are replaced
with guanylates, was unable to direct synthesis (Fig. 3, lane 3).
Deletion of the two cytidylates at the 39 terminus also abol-
ished RNA synthesis (Kao, unpublished). Removing 2 bp from
the stem resulted in less than 20% of the synthesis seen with
SLD3 (Kao, unpublished). Nucleotide substitutions that should
result in more severe stem disruptions resulted in lower levels
of synthesis (Fig. 3, lanes 4 and 5). Finally, RNA SLD6, pos-
sessing a stem and an AUA triloop but lacking a 39 single-
stranded tail, resulted in no synthesis (Fig. 3, lane 6). These
findings confirm that the stem-loop and the single-stranded
sequence in SLD3 are needed for efficient RNA synthesis.

De novo initiation of RNA synthesis from SLD3. The sizes of
the products directed by SLD3 and the absence of products
from RNA GG39 suggest that initiation of RNA synthesis from
SLD3 takes place by a de novo mechanism. In an attempt to

FIG. 2. RNAs tested for the ability to direct synthesis by NS5B. (A) Sequences and putative structures of several RNAs that were tested for the ability to direct
RNA synthesis by HCV NS5B. The lengths of each RNA in nucleotides (nt) are shown in parentheses. The secondary structure of B2(2)26G was determined by NMR
spectroscopy as described by Sivakumaran et al. (37). Other secondary structures were predicted by mfold. C2(2)29G and B2(2)26G are minus-strand RNAs that direct
the initiation of genomic RNA2 synthesis by the BMV and cucumber mosaic virus replicases (37). SLC18 and SLdel18 are genomic plus-strand RNAs that can direct
BMV minus-strand initiation (20). Cytidylates at or near the 39 end that could potentially act as the initiation sites are in bold. (B) Autoradiograms of denaturing gels
containing the products of synthesis by NS5B. Reactions in lanes 1 to 10 were from a 10% polyacrylamide gel, while reactions in lanes 11 to 13 were electrophoresed
in a 12.5% polyacrylamide gel. Positions of monomeric RdRp products are indicated by white asterisks to the left of the bands. F above lane 1 denotes a reaction
performed without any exogenous template. The names of the templates used in each reaction are shown at the top of each autoradiogram. The size of one of the
products that comigrated with the 46-nt product made by the BMV replicase is labeled between the two autoradiograms. RNA synthesized from SLD3 comigrated with
a preparation of SLD3 RNA that was end labeled using polynucleotide kinase. Also, an RNA ladder containing bands that are multiples of 12 nts and products of the
BMV replicase were used as molecular size markers to determine the lengths of the HCV RdRp products (Kao, unpublished). Reactions in lanes 11 to 13 all contained
RNA SLC18 as the template but contained different polymerases. F, B, and H, reactions without any polymerase, with the BMV replicase, and with HCV NS5B,
respectively.
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confirm this possibility, we tested several RNAs whose 39 ends
cannot participate in phosphoryl transfer. BVDV NS5B has
been shown to direct RNA synthesis from a template contain-
ing a 39 ribose dideoxy analog (19). When the ribose at the
39-most cytidylate of SLD3 was substituted with a C29,39-dide-
oxy or a 39-amino moiety, the amount of product observed was
decreased at least 50-fold in comparison to synthesis from
SLD3 (Fig. 4A, lane 4) (Kao, unpublished). These results sug-
gest that the ribose 39-OH of the 39-terminal cytidylate may be
required to interact with NS5B during RNA synthesis, perhaps
through the formation of an H bond. Next, we tested SLD3
containing a 39-terminal puromycin in RNA, SLD3-Pmn. The
nucleotide analog puromycin lacks 39-OH and cannot partici-
pate in phosphoryl transfer. Instead, puromycin contains a 39
amide bond that could potentially participate in H-bond for-
mation. SLD3-Pmn directed efficient synthesis of the mono-
meric products, with the caveat that the products were de-
creased in length by 1 nt, likely due to the preferential use of
the penultimate cytidylate in SLD3-Pmn rather than the 39-
terminal cytidylate (Fig. 4A, lane 3). Interestingly, SLD3-Pmn
showed substantially decreased ability to direct the synthesis of
dimeric and trimeric RNA products in comparison to SLD3
(compare Fig. 4A, lanes 2 and 3).

A confirmation of de novo initiation was undertaken next.
Initiation of viral RNA synthesis in vitro involves the RdRp,
the initiation GTP (for HCV NS5B), a second nucleoside
triphosphate (the i11 nucleotide), and the template RNA. The
apparent Km of the initiation nucleotide for RNA synthesis is
severalfold higher than that of the i11 nucleotide (18, 26). For
the BMV replicase, the initiation GTP can be replaced with
guanosine nucleotide analogs that can initiate synthesis but
cannot function during elongating synthesis (18). To determine
whether this is the case for HCV NS5B, reactions were per-
formed with GTP limited to 2 mM, a concentration that se-
verely reduces RNA synthesis, presumably because it is too low
for initiation (Fig. 4B, lanes 1 and 2). The addition of GTP to
100 mM in these reactions restored RNA synthesis (Fig. 4B,
lane 8). Various analogs, such as GMP, GDP, the dinucleotide
GpG, and MantGTP, were found to partially restore RNA syn-
thesis, while ADP did not (Fig. 4B, lanes 3 to 7). These results,

along with the sizes of the monomeric products from SLD3
and the ability of SLD3-Pmn to initiate RNA synthesis, indi-
cate that HCV NS5B initiated RNA synthesis by a de novo
mechanism.

NMR analysis of SLD3 secondary structure. The most sta-
ble secondary structure predicted for SLD3 by the mfold pro-
gram (16) is shown in Fig. 5A. By virtue of its small size (25 nt),
SLD3 is amenable to studies with proton NMR analysis. We
sought to confirm or refute the predicted structure of SLD3
using NMR spectroscopy.

SLD3 is predicted to have an 8-bp stem that contains 11
imino protons in one-dimensional NMR analysis, including the
uridylate in the trinucleotide loop (Fig. 5A). The imino pro-
tons that are involved in base pairing or the formation of a
stable conformation are usually protected from fast proton
exchange with the water solvent, resulting in sharp imino pro-
ton peaks. We observed 12 sharp NMR peaks, indicating that
the major conformation is quite stable.

Two-dimensional NMR spectra of an RNA molecule can be
used to determine the secondary structure of the molecule and
to help assign the protected imino protons that are located
within a 5-Å space (43). Where 2 nts interact, cross peaks
between imino peaks can be observed by NOESY (43). Fur-
thermore, the NOESY cross-peak pattern allows us to distin-
guish between GC and AU base pairs using the characteristic
cross peak between the uracil imino and the H2 amino proton
of the AU pair versus the guanine imino and the cytosine
amino protons of the GC pair. The expected GU wobble base
pairs can be discerned by their characteristic strong imino cross
peaks. The sequential connectivity of imino protons was made

FIG. 3. SLD3 (25 nts) can direct RNA synthesis. (A) Sequences and putative
structures of three RNAs tested to determine the minimal sequence necessary
for efficient RNA synthesis. The potential initiation sites are in bold. An RNA
named GG39 (sequence not shown) contains a replacement of the 39-terminal
two cytidylates of SLD3 with two guanylates. (B) Autoradiogram of a 15%
denaturing gel containing the products from the four RNAs. An RNA ladder
with bands that are multiples of 12 nts was used to estimate the size of the 25-nt
product indicated to the left of the autoradiogram. The white asterisk shows the
position of monomeric RdRp product.

FIG. 4. De novo initiation of RNA synthesis from SLD3. (A) Autoradiogram
of a 20% denaturing gel containing NS5B products directed by variants of SLD3.
RNA GG39 has a replacement of the initiation cytidylates with guanylates. WT
contains normal SLD3. C39-Pmn contains a puromycin at the 39 end of SLD3.
C39-NH2 is modified with an amino moiety. Lane 5 was the result of synthesis by
BVDV NS5B from a 12-nt template that generated products of the lengths (in
nucleotides) indicated to the right of the autoradiogram. (B) RNA synthesis
from SLD3 requires high levels of GTP or a GTP analog. MantGTP {29- (or
39)-o[N-methyl(antraniloyl)GTP]} was from Molecular Probes (Eugene, Oreg.).
The autoradiogram contains a 15% denaturing gel. All of the reactions were
performed with limiting GTP (2 mM) that was not amended (reactions labeled
with F) or that was amended with 100 mM GTP or GTP analogs shown above
the autoradiogram.
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through the stem region (Fig. 5C). The key to this connectivity
is the cross peaks between the G2 imino proton and imino
protons of the adjacent two GU wobble base pairs. As expect-
ed from the predicted secondary structure, the G2 imino pro-
ton shows four cross peaks. Thus, the NMR results are in good
agreement with the computer-predicted base-pairing pattern
of SLD3.

Of all observable imino protons (Fig. 5B), only two (at 12.1
and 13.2 ppm) were left unassigned. It is known from the
analysis of a similar triloop that the U10 in the triloop is par-
tially stacked with the nucleotides in the stem and that addi-
tional interactions could account for unassigned peaks (20). At
the present time, there is no NMR evidence that the 6 nts at
the 39 end of SLD3 are hydrogen bonded. Since no comple-
mentary sequence exists for this sequence, it seems likely that
it is single stranded.

Features within SLD3 required for efficient RNA synthesis.
Next, we systematically examined the loop, stem, and single-
stranded portions of SLD3 to see how they contribute to effi-
cient RNA synthesis. The 3-nt loop of SLD3 was examined first
with a series of changes (Fig. 6A). When an adenylate was
removed, to result in RNA L-DA, synthesis was reduced to
50% that obtained with SLD3 (Fig. 6A and 6B, lane 3). Similar
effects were observed when the loop nucleotides were changed
to their Watson-Crick transversions (Fig. 6B, lane 4). Also, add-
ing either 1 nt or 3 nts to the loop did not significantly decrease
the amount of RNA synthesis, although the product sizes in-
creased correspondingly, as expected (Fig. 6B, lanes 5 and 6).
Thus, the sequence and length of the loop seem not to be ma-
jor factors either in recognition by NS5B or in directing RNA
synthesis.

The SLD3 stem of 8 bp was subjected to a series of deletions
and nucleotide substitutions. The removal of 1, 2, and 3 bp had
an increasingly severe effect on RNA synthesis (Fig. 7B and
7C, lanes 3 to 5). To confirm and extend this observation, 1-, 2-,

FIG. 6. Requirements in the loop of SLD3 for RNA synthesis. (A) Three-
nucleotide loop and two closing base pairs of SLD3. Other parts of SLD3 are not
shown. Nucleotides removed from the prototype SLD3 are indicated by dashes.
Nucleotide additions and substitutions are indicated in bold. (B) Autoradiogram
of a 15% denaturing gel containing NS5B products directed by the RNAs listed in
panel A. DCC39 is an RNA lacking the 39-terminal two cytidylates of SLD3. The
white asterisk shows the position of the monomeric (25-nt) RdRp product.

FIG. 5. NMR analysis of the secondary structure of SLD3. (A) Secondary structure of SLD3 predicted by the mfold computer program. (B) Results of a
one-dimensional analysis of SLD3 showing the spectrum of the imino protons between 14.5 and 9.5 ppm. (C) Results of two-dimensional NOESY performed with a
200-ms mixing time. The cross peaks that emanate from the signals present on the diagonal allow assignment of the connectivity of the imino protons participating in
base pairing. The nucleotide assignments are superimposed on the spectrum. Axes labeled D1 and D2 correspond to proton dimensions 1 and 2, respectively.
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or 3-nt substitutions that should increasingly destabilize the
stem were made and tested. The presence of a UU bp in the
middle of the stem caused a slight reduction in RNA synthesis,
to 60% (Fig. 7C, lane 6). However, two and three consecutive
UU base pairs resulted in low levels of synthesis (Fig. 7C, lane
7 and 8). The last RNA may form an alternative structure that
is recognized inefficiently by NS5B.

Several versions of the 39 single-stranded tail of SLD3 were
analyzed for their effects on RNA synthesis. The 6-nt tail of the
prototypical SLD3 has the sequence 59-GAGACC-39. In the
members of the alphalike virus superfamily, the sequence near
the initiation site may regulate the level of RNA accumulation
(38). Therefore, a change of the sequence to 59-GCGACC-39
was tested and found to result in 45% the synthesis seen with
SLD3, after normalizing for 32P-CMP incorporation (Fig. 8B,
lane 3). A change of the 39 6-nt sequence to 59-UAUACC-39
resulted in 70% the synthesis seen with SLD3 (Fig. 8B, lane 4).
Therefore, the sequence of the single-stranded tail has only
minor effects on RNA synthesis. Deletions of 1 nt to 4 nts in
the single-stranded tail were found to increasingly reduce both
the amount and the lengths of the RNA products (Fig. 8B,
lanes 5 to 8). In contrast, an increase in the 39 tail to 8 nts
resulted in a 1.6-fold increase in synthesis, while further in-
creases to 9 and 10 nts reduced synthesis to 91 and 70% that
seen with SLD3, respectively (Fig. 8B, lanes 9 to 11). An 8-nt
non-base-paired 39 sequence is optimal.

SLD3 chimeric for deoxy- and ribonucleotides. The inability
of SLD3 containing a 39 dideoxyribose to direct RNA synthesis
indicates that HCV NS5B may interact with the 39-terminal
nucleotide through the ribose 29-hydroxyl and/or 39-hydroxyl.
Several RdRps can direct synthesis from single-stranded DNAs,
often at a reduced level (33, 35). To determine whether the
riboses affect RNA synthesis, a version of SLD3 containing all
deoxyribonucleotides, named dSLD3, was made and tested
(Fig. 9). In comparison to SLD3, dSLD3 directed the synthesis
of approximately 35% of the products. In addition, a higher
abundance of products shorter than monomeric lengths was
observed (Fig. 9B, compare lanes 1 and 2).

To elucidate the ribonucleotide(s) in SLD3 that may con-
tribute to more efficient RNA synthesis, chimeras with ribo-
and deoxyribonucleotides were made. We reasoned that more
stringent requirements would be found for the sequence which
participates in initiation than for that which participates in
elongation. Therefore, the chimeras were designed to contain
deoxyribonucleotides in their 59 portion and ribonucleotides in
their 39 portion, near the initiation cytidylates. These RNAs
are named 59 to 39 according to the number of deoxy- and
ribonucleotides. RNA d19/r6 was found to direct RNA synthe-
sis by NS5B at least as well as SLD3 (Fig. 9B, lane 3). A chi-

FIG. 8. Requirements in the 39 single-stranded (SS) tail of SLD3 for RNA
synthesis. (A) Sequences of the 39 tail in SLD3 and in the various mutants. The
sequences of the stem 59 of the tail are not changed from those in SLD3 and are
not shown. Deletions are denoted by dashes, and nucleotide substitutions and
insertions are denoted by bold lowercase letters. (B) Autoradiogram of the
products synthesized from SLD3 and the various mutants shown in panel A. F
denotes a reaction performed in the absence of an exogenous template. The
white asterisk shows the position of the monomeric (25-nt) RdRp product.

FIG. 7. Requirements in the stem of SLD3 for RNA synthesis. (A) Sequence of the stem in SLD3. (B) Names of and changes in the sequences for SLD3. Deletions
are indicated by a dash. Nucleotide substitutions are indicated by bold lowercase letters. The substitutions are Watson-Crick transversions that should disrupt or alter
the stability of the stem in SLD3. (C) Autoradiogram of the products from SLD3 and the various stem mutants shown in panel B. DCC39 denotes a reaction performed
with an RNA identical to SLD3 except that the 39-terminal two initiation cytidylates have been deleted.
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mera that contained the two 39 cytidylates composed of ribo-
nucleotides gave high levels of RNA synthesis, indicating that
the two riboses on the initiation cytidylates are primarily re-
sponsible for the different levels of synthesis observed from a
ribo- versus a deoxyribose version of SLD3 (Fig. 9B, lane 4).
To distinguish whether one or both of the two 39 cytidylates are
primarily responsible for efficient synthesis, d24/r and d23/r/d,
containing, respectively, a 39-terminal ribocytidylate and a pen-
ultimate ribocytidylate, were tested. Chimera d24/r gave levels
of synthesis significantly higher than d23/r/d (Fig. 9B, lanes 5
and 6). The results indicate that the 29-hydroxyl moiety at the
39-most nucleotide of SLD3 contributes significantly to effi-
cient RNA synthesis by NS5B. This result is consistent with our
previous observation that an RNA with a 39 dideoxyribose is a
poor template.

DISCUSSION

Initiation of RNA synthesis by HCV NS5B is just beginning
to be elucidated. The majority of studies to date have focused
on polymerization from either oligonucleotide primers or tem-
plates that loop back on themselves (5, 23–25). De novo initi-
ation is less thoroughly characterized, in part because a variety
of templates, including the 39-terminal 25 or 60 nts of the HCV
RNA, were unable to direct RNA synthesis in vitro. In this
work, we have determined that HCV NS5B can efficiently ini-
tiate RNA synthesis by a de novo mechanism. The RNA that
efficiently directed de novo initiation possessed a stable stem-
loop and a 6- to 8-nt single-stranded sequence containing a 39
initiation nucleotide.

De novo initiation. A de novo mechanism of initiation of
RNA synthesis is appealing for HCV-infected cells, since it
obviates the need for an additional enzyme either to generate
the primer or to specifically cleave the linkage between the
template and the newly synthesized RNA. We have several
lines of evidence that SLD3 and other functional RNAs initiate
synthesis by a de novo mechanism. First, a template blocked at
the 39 terminus with puromycin can nonetheless initiate RNA
synthesis. This finding is consistent with the results of Luo et al.
(26), who reported that an RNA with 39-deoxyadenosine (cordy-

cepin, which possesses a 29-hydroxyl) retained the ability to di-
rect RNA synthesis. Second, initiation requires the terminal
cytidylates; substitutions with guanylates or deletion of the cy-
tidylates abolishes RNA synthesis. Third, initiation can take
place with several GTP analogs that cannot be hydrolyzed
during phosphoryl transfer; hence, they must serve as the prim-
ing nucleotide by providing a 39-hydroxyl for the formation of
the first phosphodiester bond. Fourth, the higher concentra-
tion of GTP needed for initiation than for elongation is a
feature consistent with de novo initiation. De novo initiation of
RNA synthesis in vitro has now been demonstrated by a num-
ber of groups studying the HCV (26, 29, 42, 47) and BVDV
(19) RdRps.

The initiation template nucleotide. We have found that the
initiation cytidylates provide several features that contribute to
the efficiency of RNA synthesis. Changes to uridylates, guany-
lates, deoxycytidylates, or 29-39-deoxycytidylates all reduced
RNA synthesis. These results indicate that the cytidine base
may be specifically required to base pair with a GTP, while the
ribose 29-OH and 39-OH may interact with NS5B. Our obser-
vations of the requirements of the initiation site are different
from some previous observations. Zhong et al. (47) observed
that initiation can take place from a purine nucleotide in the
template, while others, including us, have observed that HCV
NS5B has a specificity for initiation pyrimidines (26, 29, 42). In
contrast to our observations, Zhong et al. (47) and Kao et al.
(19) demonstrated that short templates containing a 29-39-di-
deoxynucleotide could direct de novo initiation by HCV NS5B
and BVDV NS5B, respectively. The amount of de novo initi-
ation products obtained from the dideoxy template by Zhong
et al. (47) seems to be quite low in comparison to those of
other RdRp products in their reactions, suggesting that syn-
thesis was inefficient without a 39-hydroxyl moiety. With regard
to the difference between the results reported here and those
obtained with BVDV RdRp (19), we believe that the two poly-
merases have different initiation requirements. Kim et al. (21)
have confirmed the results of Kao et al. (19) that the template
39-hydroxyl is not required for de novo initiation by BVDV
RdRp. Another possible cause of the observed difference is
that the recombinant NS5Bs used are slightly different, despite
being from the same HCV strain (1b). Our results were gen-
erated with full-length NS5B, while others, including those of
Kao et al., were obtained with proteins that lacked approxi-
mately 20 residues of the C-terminal tail (19, 26). The C-ter-
minal tail of NS5B is present in the active site of the crystal
structure and has been hypothesized to play a role in template
discrimination (2). More analysis is needed to determine if the
C termini of the BVDV NS5B and HCV NS5B play any role in
template discrimination.

Template requirements. An RNA composed of a stem-loop
and a single-stranded sequence is commonly used to initiate
viral RNA synthesis. Oh et al. (29), have independently found
that a stem-loop and a non-base-paired region within the 98 nts
present at the 39 end of HCV RNA can direct RNA synthesis
by NS5B. However, several of the sequences that directed
RNA synthesis in our study are unrelated to HCV, demon-
strating that HCV NS5B does not have exclusive recognition of
sequences within the HCV 39 region. Motifs similar to those
within SLD3 are used to initiate RNA synthesis by the repli-
cases of several plant-infecting RNA viruses, including the
turnip yellow mosaic virus (9, 36), turnip crinkle virus (40, 41),
and BMV (20). Perhaps a similar mode of recognition is to be
expected, since RNA polymerases share similar structures and
functions (6, 11, 13). Work with enriched multisubunit plant
viral replicases, however, cannot yet distinguish which repli-
case subunit(s) contacts the template RNA, other than the

FIG. 9. Ribonucleotides in SLD3 that contribute to efficient RNA synthesis.
(A) RNA nucleotides are shown in bold uppercase letters, while DNA nucleo-
tides are shown in lowercase letters. (B) Autoradiogram of the products synthe-
sized by NS5B with the various RNA, DNA, and chimeric templates shown in
panel A. The 25-nt product is indicated on the right. An RNA ladder with bands
that are multiples of 12 nts (not shown) was used to determine the lengths of the
products. Axes labeled D1 and D2 correspond to proton dimensions 1 and 2,
respectively.

VOL. 74, 2000 HCV TEMPLATE REQUIREMENTS 11127



initiation site, which must be recognized by RdRp proper. The
observation that recombinant HCV NS5B has specific require-
ments for some structured RNA suggests that HCV RdRp
could have additional roles in template discrimination.

Finally, the length of the 25-nt SLD3 and its ability to direct
de novo initiation will be amenable to high-resolution analysis
of the initiation of HCV RNA synthesis in vitro and to further
probing of the NS5B-RNA interaction.
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