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RNA-dependent RNA polymerases (RdRps) that initiate RNA synthesis by a de novo mechanism should
specifically recognize the template initiation nucleotide, T1, and the substrate initiation nucleotide, the NTPi.
The RdRps from hepatitis C virus (HCV), bovine viral diarrhea virus (BVDV), and GB virus-B all can initiate
RNA synthesis by a de novo mechanism. We used RNAs and GTP analogs, respectively, to examine the use of
the T1 nucleotide and the initiation nucleotide (NTPi) during de novo initiation of RNA synthesis. The effects
of the metal ions Mg2� and Mn2� on initiation were also analyzed. All three viral RdRps require correct base
pairing between the T1 and NTPi for efficient RNA synthesis. However, each RdRp had some distinct tolerances
for modifications in the T1 and NTPi. For example, the HCV RdRp preferred an NTPi lacking one or more
phosphates regardless of whether Mn2� was present or absent, while the BVDV RdRp efficiently used GDP and
GMP for initiation of RNA synthesis only in the presence of Mn2�. These and other results indicate that
although the three RdRps share a common mechanism of de novo initiation, each has distinct preferences.

RNA viruses initiate RNA synthesis by either of two major
mechanisms: de novo synthesis (where the primer is 1 nucle-
otide [nt]) or primer-dependent synthesis (where synthesis is
initiated with an oligonucleotide or a protein covalently linked
to nucleotides). De novo initiation is used by numerous RNA
viruses, including those with genomes of positive, negative, and
ambisense RNA (17). Examples include the double-stranded
RNA viruses such as �6 (7) and rotavirus (8), negative-strand
RNA viruses such as vesicular stomatitis virus, positive-
stranded alphavirus-like viruses, and members of the Flaviviri-
dae (1, 22, 26, 43).

At its essence, de novo initiation is a simple process involv-
ing the active site of the polymerase, the initiation nucleotide
(the NTPi) that provides the 3�-hydroxyl for nucleotidyl trans-
fer to a second nucleoside triphosphate (NTP), and a template
initiation site (the T1) (Fig. 1A). Additional structures in the
polymerase or conformational changes may contribute to the
specificity of this process. The NTPi binds to the i site in the
polymerase and is base paired to T1 (12). The second NTP
binds to the i � 1 site and is paired with T2. After the synthesis
of the first phosphodiester bond, either the polymerase or the
template translocates and the i � 1 site is used to incorporate
subsequent nucleotides. The initiated RNA can then be cou-
pled to other processes, such as the addition of the 5� cap (35).

General requirements for de novo initiation of viral RNA
synthesis include a higher Km for the NTPi than for other NTPs
(14, 22, 43). Having a special site and Km for the NTPi in
comparison to other NTPs indicates that initiation is subject to

additional regulations and/or specificity in recognition (refer-
ence 34 and reference therein). Specific recognition of the
NTPi during de novo initiation has been preliminarily demon-
strated for a number of viral RNA-dependent RNA poly-
merases (RdRps), including the ones from influenza virus,
bovine viral diarrhea virus (BVDV), and brome mosaic virus
(BMV) (14, 18).

In this work, we seek to better understand the mechanism of
de novo initiation of RNA synthesis by RdRps by examining
the requirements for the T1 nucleotide and the NTPi. We find
that recombinant flaviviral RdRps and replicase complexes of
plant-infecting RNA viruses specifically recognize both nucle-
otides. Despite the specific recognition, however, each enzyme
has distinguishable preferences for the NTPi and the T1 nu-
cleotide.

MATERIALS AND METHODS

Materials. Nucleotides, nucleotide analogs, and dinucleotide NTPi analogs
were from Sigma, Inc. (St. Louis, Mo.). The nucleotides were dissolved and
neutralized with NaOH to a pH between 7 and 7.5. All RNAs and oligonucle-
otides longer than 2 nt were synthesized chemically by Dharmacon, Inc. (Boul-
der, Colo.) and deprotected according to the manufacturer’s protocol, and a
single band of the expected size was purified from a 7.5 M urea–polyacrylamide
gel. The RNA was eluted and quantified as described by Ranjith-Kumar et al.
(33). DNA oligonucleotide dLE19 was from MWG, Inc. (High Point, N.C.).

Plant viral RNA replicases. BMV replicase was enriched from infected barley
according to the protocol of Sun et al. (40). Cucumber mosaic virus (CMV)
replicase was prepared from infected tobacco leaves as described by Sivakuma-
ran et al. (38). Cowpea chlorotic mottle virus (CCMV) replicase complex was
extracted from infected Chenopodium quinoa leaves as described by Adkins and
Kao (2). Replicase activity assays were carried out in a 40-�l reaction mixture
containing final concentrations of 20 mM sodium glutamate at pH 8.2, 12 mM
dithiothreitol, 4 mM MgCl2, 0.5% (vol/vol) Triton X-100, 500 �M GTP, 200 �M
ATP, 200 �M UTP, and 250 nM [�-32P]CTP (400 Ci/mmol; 10 �Ci/ml; Amer-
sham). Some reactions were amended with MnCl2. The template was used at a
concentration of 125 nM. Following incubation for 60 min at 25°C, the reaction
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was extracted with phenol-chloroform (1:1, vol/vol), adjusted to a 0.4 M final
concentration of ammonium acetate, and precipitated with ethanol (6:1, vol/vol)
and 10 �g of glycogen. Loading buffer (45% [vol/vol] deionized formamide, 1.5%
[vol/vol] glycerol, 0.04% [wt/vol] bromophenol blue, and 0.04% [wt/vol] xylene
cyanol) was used to dissolve the pellet. The samples were heated at 90°C for 3
min prior to electrophoresis on denaturing (7.5 M urea) gels of 10 to 20%
polyacrylamide. Gels were wrapped in plastic and exposed to film at �80°C.
Product bands were quantified using a PhosphorImager (Molecular Dynamics).
Within each experiment, results were normalized to those of wild-type control
run within that experiment.

Recombinant NS5B proteins and activity assays. The NS5B proteins from
BVDV, hepatitis C virus (HCV), and GB virus-B (GBV) were expressed with
C-terminal truncations of 23, 21, and 23 amino acids to increase the solubility of
the proteins. This change does not affect de novo initiation of RNA synthesis. In
addition, six histidines encoded by the pET21 plasmid were added to the C
termini of these proteins. Escherichia coli strain BL21(DE3)LysS harboring the
plasmids were grown at 30°C in standard Luria-Bertani medium supplemented
with final ampicillin and chloramphenicol concentrations of 50 and 34 �g/ml,
respectively, until the culture reached an optical density at 600 nm of 1.0. The
culture temperature was then lowered to 25°C and expression was induced for 4 h
with 1 mM isopropyl-thiogalactoside. Cells were harvested after centrifugation at
5,000 � g for 10 min. The preparation of the lysate was essentially as described
by Behrens et al. (4), and the proteins were enriched sequentially through
columns of Talon nickel and poly(U) RNA resins (Pharmacia Inc.). The N
termini of the expressed proteins were sequenced to confirm the correct trans-
lation of each protein, and the masses of the proteins were determined by mass
spectrometry. NS5B was quantified by a Bradford colorimetric assay using bovine
serum albumin as a concentration standard.

Standard RdRp assays consisted of 2.5 pmol of template (unless stated oth-
erwise) with 100 ng of NS5B in 20 �l of reaction in buffer A. MnCl2 was added
to some reactions, as will be specified. The samples were processed as described
for the plant viral RNA replicases. Where standard deviations are shown, the
results were replicated at least thrice. Km determinations were performed as
mentioned by Ranjith-Kumar et al. (32) by measuring the initial reaction rates at
different substrate concentrations.

RESULTS

Recognition of the initiation cytidylate. To study and com-
pare the mechanism of de novo initiation by recombinant Fla-
viviridae RdRps, the NS5B proteins of HCV, GBV, and BVDV
were expressed and purified as described in Materials and
Methods. The final preparations used for characterization con-
tained only the recombinant RdRps in Coomassie brilliant
blue-stained gels (see Fig. 1 of the accompanying manuscript
by Ranjith-Kumar et al. [32]). N-terminal sequencing of the
proteins and mass spectrometry confirmed that the proteins
were expressed correctly. However, the N-terminal methionine

is absent in the final proteins, presumably due to processing by
E. coli.

A predicted characteristic of the de novo initiation of viral
RNA synthesis is that the T1 nucleotide has special require-
ments in comparison to other template nucleotides. To establish
that all three recombinant viral RdRps have special recogni-
tion of the T1 cytidylate in the absence of other RdRp-asso-
ciated proteins, we used a chemically synthesized RNA named
B2(-)26g as a prototype for chemical modification (Fig. 2A).
B2(-)26g is the core promoter for genomic RNA2 plus-strand
initiation of BMV (39), and it is known to be recognized by the
CMV replicase (38). It has a guanylate 3� of the initiation
cytidylate, a requirement for initiation by the BMV and CMV
replicases (13, 38). The 3� guanylate could negatively affect
RNA synthesis by recombinant RdRps compared to RNAs
where the initiation cytidylate is the 3�-most nucleotide (15).
All RNAs tested in this series have a 3� guanylate to facilitate
comparisons.

Several versions of B2(-)26g containing nucleotide analogs
were synthesized to examine the requirements for the initia-
tion cytidylate (Fig. 2A). An RNA with a methyl group added
to the non-hydrogen-bonding C-5 position of the T1 cytidylate
was named T1CH3. B2(-)26g with a deoxyribose at only the T1
position was named T1H. Lastly, three RNAs were made with
the base analog 4-thio-uridine (4SU) at the T1, T3, or T8
positions. A 4SU differs from a cytidylate by having a thio
instead of an NH2 group at the C-4 position (Fig. 2A), thus
causing a loss of the double bond between C-4 and the N-5 of
guanylate, which should significantly affect the base pairing
with the NTPi and the template. When these five modified
RNAs were tested in comparison to prototype B2(-)26g, RNA
synthesis from each varied slightly between the three RdRps
(Fig. 2D to F) and also between the two RNA replicases (Fig.
2B and C). Most notable is that the BVDV RdRp has a pro-
pensity to add nontemplated nucleotides to the 3� terminus of
the nascent RNA, resulting in a ladder of bands (Fig. 2E). This
activity is present without Mn2� but is especially prominent in
the presence of Mn2� (33; also see below). However, all five
polymerases had poor synthesis with the template containing a
4SU at the T1 position, but not at the T3 and T8 positions,
indicating a special requirement for the T1 cytidine (Fig. 2B to
F). Also, the changes to the T1 ribose in T1H had no detri-
mental effect on any of the polymerases tested. These results
are in agreement with and extend the previous observations of
Kim et al. (18) and demonstrate that the specific recognition of
the initiation cytidylate is a property of the recombinant RdRp,
even in the absence of the other subunits of the replicase
complex.

To further probe recognition in the de novo initiation com-
plex, we focused on the recombinant RdRps. LE19 contains
the 3�-terminal 19 nt of minus-strand BVDV RNA and has a
cytidylate as the 3�-most nucleotide (Fig. 3A). It does not
direct RNA synthesis by the plant viral RNA replicases (C. C.
Kao, unpublished results) but has been characterized for de
novo initiation of RNA synthesis by the BVDV and the HCV
RdRps (18, 33). LE19 is useful for studies of de novo initiation
in that it contains only one cytidylate at the T1 position. Hence,
GTP is used only for initiation and not during elongation.

Derivatives of LE19 were synthesized (Fig. 3A) and assayed
for RNA synthesis by all three recombinant RdRps. The reac-

FIG. 1. Nomenclature and RdRps used in this study. (A) Sche-
matic of a polymerase active site responsible for de novo initiation.
The initiation nucleotide(pppG) is base paired to the 3�-most C of the
template RNA. The second nucleotide that binds to the i � 1 site is
also represented (PPPN). The arrow shows the reaction leading to the
formation of a phosphodiester bond. Template nucleotides are named
sequentially, starting with T1.
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tions were either with 4 mM Mg2� or with 4 mM Mg2� and 1
mM Mn2�. Only the autoradiograph for results with the GBV
RdRp is shown (Fig. 3B), while quantitative results from all
three RdRps are compiled in Table 1.

The GBV RdRp initiated RNA synthesis using LE19 (Fig.
3B, lane 1), generating a 19-nt product. It also produced a
19-nt RNA from LE19P, which has a puromycin added to the
3� terminus of LE19 (Ranjith-Kumar, data not shown). The
puromycin prevents primer extension, thus demonstrating that
RNA synthesis is initiated by a de novo mechanism. RNA
synthesis by the GBV RdRp can take place without Mn2�,
contradicting the previous claim of Zhong et al. that the GBV
RdRp is dependent on Mn2� for RNA synthesis (48). Chang-
ing the T1 cytidylate to a guanylate in template �1G abolished
RNA synthesis, although a uridylate in RNA �1U resulted in
7% of the synthesis seen from LE19 when Mn2� was present
(Fig. 3B, lane 5; Table 2). The GBV RdRp required the initi-
ation cytidylate in a position-dependent manner; the addition
of one or two adenylates to the 3� terminus of LE19 in RNAs

named �A and �AA decreased RNA synthesis significantly
(Fig. 3B, lanes 9 and 10). We note, however, that the products
synthesized from �A and �AA were 19 nt, indicating that the
cytidylate remained as the initiation nucleotide.

The GBV RdRp was unable to efficiently synthesize RNA
from a wholly deoxyribose version of LE19, dLE19 (Fig. 3B,
lane 2), although the HCV and BVDV RdRps and plant viral
RNA replicases can use single-stranded DNAs to initiate RNA
synthesis (36, 39, 42). To examine which portion of the tem-
plate is required to be a ribonucleotide(s) to allow synthesis by
the GBV RdRp, templates �1dC and 2�OMe were tested.
These two nucleic acids have the ribose C2� moiety of the T1
cytidylate modified to be, respectively, a deoxyribose and an
O-methoxy group. Both templates directed RNA synthesis at a
higher level than LE19 (Fig. 3B, lanes 6 and 11), indicating that
the T1 position can be a deoxyribonucleotide, in agreement
with the observations in Fig. 2E. However, a change of posi-
tions T2 to T4 to deoxyribonucleotides abolished RNA synthe-
sis, while a change of positions T11 to T14 did not significantly

FIG. 2. Specific recognition of the initiation cytidylate by plant viral replicases and by recombinant viral RdRps. (A) Sequence and RNA
secondary structure of the template B2(-)26g and its chemically synthesized variants that contain specific modifications. The modified nucleotides
are numbered according to their position as template nucleotides. The secondary structure of B2(-)26g was established by nuclear magnetic
resonance analysis (39). The two bases denote a normal cytosine and a 4SU. The methyl group attached to the C-5 position in T1CH3 is shown
in parentheses. (B) RNA synthesis by the BMV replicase using either B2(-)26g or the modified variants of B2(-)26g listed on top of the
autoradiogram. (C) RNA synthesis by the CMV replicase. (D to F) RNA synthesis by the HCV �21, the BVDV �23, and the GBV �23 RdRps
using the templates listed above the autoradiogram.
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affect synthesis (Fig. 3B, lanes 7 and 8). Therefore, ribonucle-
otides near the initiation cytidylate are preferred for RNA
synthesis by the GBV RdRp.

In contrast to the GBV RdRp, the HCV and BVDV RdRps
appear to use a wider range of templates containing modified
nucleotides for RNA synthesis. However, previous observa-
tions with the BVDV and HCV RdRps were made with tem-
plates with different sequences, thus making comparison of the
results difficult. Therefore, requirements of the BVDV and
HCV RdRps were tested with the templates derived from
LE19 (Fig. 3A). RNA synthesis by each RdRp is expressed
relative to that from LE19 (Table 1).

All three RdRps efficiently use LE19 as a template for de
novo initiation in the presence of both Mg2� and Mn2�. Tem-
plate �1G decreased RNA synthesis significantly regardless of
whether the reactions have Mg2� as the only divalent metal or

are supplemented with Mn2�. However, Mn2� had a number
of significant effects. For example, �1U directed the BVDV
and HCV RdRps to produce RNAs at 15 and 16%, respec-
tively, only in the presence of Mn2� (Table 1, �1U), indicating
that Mn2� relaxed the recognition of the T1 nucleotide. How-
ever, synthesis cannot initiate efficiently from template purine
nucleotides even in the presence of Mn2�.

Mn2� also had different effects on the three RdRps. RNA
synthesis from template �A by the HCV RdRp did not depend
on the presence of Mn2� (Table 1). In contrast, RNA synthesis
by the BVDV RdRp was reduced to half when Mn2� was
present and synthesis was at background level in its absence.
This effect was seen with several RNAs, indicating that higher
nontemplated nucleotide addition in the presence of Mn2� is
an inherent property of the BVDV RdRp (Kao, unpublished
results). Synthesis by the GBV RdRp from �A and �AA was
at 10% of that from LE19 whether Mn2� was present or not
(Table 1). Consistent with previous reports (15, 18), the HCV
and BVDV RdRps could initiate RNA synthesis from the
single-stranded DNA, dLE19, in the presence of Mn2� (Table
1). The 3�-terminal cytidylate in dLE19 is required since a
change of that nucleotide to a deoxyguanylate in template d �
1G significantly decreased RNA synthesis (Table 1). These
differences indicate that the three RdRps may have dis-
tinct requirements during some phase of RNA synthesis and
that Mn2� can be a contributing factor to template recog-
nition.

Use of the NTPi. Brassenelli et al. (6) had demonstrated that
the HCV RdRp has a low-affinity GTP binding site in addition
to the GTP-specific NTPi site. Mutation of the key residues in
this low-affinity GTP binding site did not affect de novo initi-
ation with GTP or several of the GTP analogs tested, including
GMP and dGTP (Ranjith-Kumar, unpublished data). Further-
more, treatment with RNase T1, which cleaves 3� of a guany-
late, was used to demonstrate that GTP was used as the NTPi
in our assay (33). These results indicate that LE19 and GTP

FIG. 3. RNA synthesis by RdRps using LE19 and LE19 with mod-
ified nucleotides. (A) Sequence of chemically synthesized LE19. The
modifications are focused on the initiation cytidylate (boxed C).
Changes in LE19 and the names of the variants of LE19 are indicated
in the two columns to the right. Deoxyribonucleotides, where present,
are shown with lowercase boldface letters, while ribonucleotides are
shown in capital letters. (B) Autoradiogram of the RNA products of
the GBV RdRp. The size of the 19-nt RNA was determined by com-
parison to a ladder of RNA markers routinely used in the laboratory.
The divalent metals used in the reactions are listed to the left of the
autoradiograms.

TABLE 1. RNA synthesis by recombinant RdRps with different
LE19 modificationsa

Template

Mean % RNA synthesis 	 SD

HCV �21 BVDV �23 GBV �23

�Mn2� �Mn2� �Mn2� �Mn2� �Mn2� �Mn2�

RNA
LE19 100 100 100 100 100 100
�1G 1 	 1 0 4 	 1 0 0 0
�1U 16 	 1 0 15 	 1 0 7 	 0 3 	 0
�A 99 	 0 246 	 64 46 	 9 3 	 0 10 	 1 10 	 1
�AA 9 	 5 7 	 2 5 	 1 0 14 	 1 9 	 2

DNA
dLE19 93 	 5 6 	 1 131 	 7 11 	 8 5 	 1 0
d�1G 17 	 1 1 	 1 0 0 1 	 0 0

Chimera
�1dC 212 	 14 371 	 50 137 	 9 93 	 13 173 	 3 127 	 16
2�OMe 115 	 39 149 	 52 126 	 0 41 	 0 325 	 4 714 	 138
d1–4 83 	 0 33 	 7 86 	 7 4 	 5 3 	 0 1 	 0
d11–14 73 	 5 50 	 27 131 	 2 68 	 2 83 	 5 51 	 6

a All reactions contained 4 mM Mg2�. Where indicated (�Mn2�) Mn2� was
added to a final concentration of 1 mM. �Mn2�, no Mn2� added.
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analogs could be used to examine the requirements for the
NTPi, as described below.

The GTP analogs used to functionally probe the require-
ment for the NTPi can be divided into groups that are altered
in the phosphates, ribose, or base (Fig. 4A). Analogs with
phosphate modifications are represented by GDP, GMP,
guanosine 5�-O-3�-thiotriphosphate (GTP-
-S), guanosine 5�-
O-2�thio-diphosphate (GDP-�-S), and �
-imido GTP. dGTP
was the one ribose modification that was tested. Base modifi-
cations include XTP, ITP, and N7-methyl GTP (N7-meGTP).
Qualitative results from representative experiments are shown
in Fig. 4B and C, and quantitative ones from several experi-
ments are in Table 2. A reaction lacking GTP or GTP analogs
had no detectable RNA synthesis even though ATP and UTP
were present at 100 �M, indicating specificity for GTP (Fig,
4B, lane 1). GTP at 200 �M was able to support RNA synthesis
of an expected 19-nt RNA (Fig. 4B, lanes 2, and 4C, lane 12).
The amount of product initiated with GTP differed signifi-
cantly with the three RdRps in the absence of Mn2�, with the
HCV RdRp producing severalfold less product compared to
reactions with the BVDV and GBV RdRps (Fig. 4C, lanes 12,
all three panels). This difference is not due to differing
amounts of active enzyme in the three RdRp preparations
since RNA syntheses by the three RdRps can be more com-
parable in the presence of Mn2� and with some of the GTP
analogs (compare the three panels in Fig. 4B and 4C). Instead,
this result suggests that the HCV RdRp is more dependent on
Mn2� for de novo initiation than the RdRps from BVDV and
GBV. As previously noted, the BVDV RdRp has increased
terminal nucleotide addition to the nascent RNA in the pres-
ence of Mn2� (Fig. 2E; also compare Fig. 4B and C, middle
panels). Also, a band at 21 nt is seen with the HCV RdRp in
the absence of Mn2� (Fig. 4C, asterisk) and also in the absence
of GTP (Fig. 5C, top panel, lane 1), arising from nontemplated
nucleotide addition to LE19 (33).

In reactions with GTP analogs substituted for GTP, several
similarities and differences in RNA syntheses among the three
RdRps were seen in an Mn2�-dependent manner. For exam-
ple, dGTP initiated synthesis by all three RdRps only in the
presence of Mn2� (compare Fig. 4B, lane 3, and 4C, lane 13).
Also, initiation with ITP and N7-meGTP by all three RdRps
improved in the presence of Mn2� (Table 2). Together with
the results from modified templates (Table 1), Mn2� affects
multiple aspects of de novo initiation. The fact that the three
RdRps responded differently with NTPi analogs in a metal-
dependent manner suggests that divalent metals may act on
RdRp structure.

Requirements for the phosphates of the NTPi were exam-
ined. The presence of Mg2� and Mn2� allowed all three
RdRps to use analogs lacking one or more phosphates to
synthesize products in the following relative amounts (from
most to least): GMP, GDP, GTP, guanosine (Table 2). How-
ever, relative to the synthesis with GTP, the HCV, BVDV, and
GBV RdRps had, respectively, 5.4-, 2.3-, and 1.5-fold the RNA
synthesis seen with GMP. With the nucleoside guanosine, the
HCV, BVDV, and GBV RdRps had syntheses of 79, 11, and
40% of that seen with GTP (Table 2). In the presence of only
Mg2�, the preferred order of the same analogs differed among
the three RdRps. The HCV and GBV RdRps still preferred
GMP for initiation, while the BVDV RdRp strongly preferred
GTP and had relatively low levels of synthesis when the NTPi
lacked one or more phosphates. Furthermore, without Mn2�,
guanosine was not used by any of the three RdRps.

We used GTP-
-S, GDP-�-S, and �
-imido GTP to further
compare the effects of modifications in the phosphate portion
of the GTP on RNA synthesis. The sulfur that replaces the
oxygen in the phosphate in GTP-
-S and GDP-�-S should
delocalize the net negative charge of the phosphates. Com-
pared to results with GDP, GDP-�-S increased RNA synthesis
by the HCV RdRp both in the presence and absence of Mn2�

TABLE 2. RNA synthesis by recombinant RdRps using different GTP analogsa

Analog

Mean % RNA synthesis 	 SD

Recombinant RdRps Replicases

HCV �21 BVDV �23 GBV �23
BMV CMV

(�Mn2�) CCMV
�Mn2� �Mn2� �Mn2� �Mn2� �Mn2� �Mn2�

Ribose
GTP 100 100 100 100 100 100 100 100 100
dGTP 71 	 8 0 	 0 252 	 3 1 	 0 98 	 1 0 	 0 60 	 2 73 	 4 65 	 15

Phosphate
GDP 348 	 29 117 	 1 209 	 40 4 	 1 149 	 2 50 	 7 7 	 0 69 	 6 57 	 7
GMP 535 	 75 277 	 30 234 	 6 21 	 2 154 	 3 153 	 8 4 	 0 55 	 5 50 	 8
Guanosine 79 	 12 0 	 0 11 	 3 0 	 0 40 	 6 2 	 1 NTb NT NT
GTP-
-S 85 	 3 189 	 16 116 	 12 72 	 2 43 	 2 62 	 5 120 	 11 76 	 6 36 	 4
GDP-�-S 501 	 50 173 	 3 257 	 23 9 	 1 80 	 9 27 	 1 26 	 0 78 	 10 61 	 4
�
-imido GTP 118 	 7 844 	 90 394 	 13 217 	 26 136 	 4 109 	 4 50 	 1 84 	 8 69 	 3

Base
XTP 6 	 3 2 	 1 1 	 1 0 	 0 0 	 0 0 	 0 0 2 	 3 1 	 1
ITP 44 	 8 1 	 0.4 25 	 1 1 	 0 23 	 1 1 	 0 13 	 2 73 	 7 82 	 8
N7-meGTP 87 	 5 9 	 4 61 	 1 4 	 0 128 	 19 2 	 0 12 	 1 18 	 3 19 	 5

a All reactions contained 4 mM Mg2�. Where indicated Mn2� (�c), Mn2� was added to a final concentration of 1 mM. LE19 is the template used for all of the RNA
synthesis reactions using recombinant RdRps. The plant viral replicases used template �20/13, the subgenomic promoter for BMV. �Mn2�, no Mn2� added.

b NT, not tested.
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(Table 2), while the BVDV RdRp required Mn2� to initiate
with GDP-�-S. With its three phosphates, GTP-
-S directed
RNA synthesis by the HCV and BVDV RdRps similar to the
levels seen with GTP. The GBV RdRp had a moderate reduc-
tion of RNA synthesis with both GDP-�-S and GTP-
-S either
in the presence or absence of Mn2� (Fig. 4B, lanes 4 and 7; Fig.
4C, lanes 14 and 17). With �
-imido GTP, all three RdRps
increased initiation both in the presence and absence of Mn2�.
These results indicate that one or more phosphates in the
NTPi can be dispensable for initiation in the presence of
Mn2�, but the requirements differ for each RdRp. The HCV
RdRp generally prefers to initiate RNA synthesis with less
negatively charged NTPi, while the BVDV RdRp prefers to
use NTPi with three phosphates unless Mn2� is present—in
which case, the BVDV RdRp will no longer require the

-phosphate. The GBV RdRp has an intermediate require-
ment for the phosphates compared to the other two RdRps.

Base modifications in the NTPi were examined next. A
methyl modification at the non-hydrogen-bonding N-7 position
of guanine affected RNA synthesis in the absence of Mn2�

(Table 2). For the H-bonding face of guanine, moieties in XTP
and ITP will alter hydrogen bond formation with the T1 cyti-
dylate (Fig. 4A). The absence of the C2 amino and the N1

imino group in XTP should abolish normal hydrogen bonds
between the G:C base pair. Not surprisingly, XTP was not used
for RNA synthesis by any of the three RdRps, even in the
presence of Mn2�. The absence of the C2 amino group in ITP
should cause the loss of one H-bond between a G:C base pair.
In the absence of Mn2�, RNA synthesis by all three RdRps was
at background levels. In the presence of Mn2�, however, ITP
was tolerated better by the three RdRps, with synthesis being
from 23 to 44% of that with GTP (Table 2). These results
indicate that base pairing is an important feature of the de
novo initiation complex.

The concentration of several GTP analogs for which RNA
synthesis is at half of the maximum velocity, the Km, was de-
termined. Although the Km cannot provide details regarding
the affinity of the specific analog-RdRp interaction, it may help
explain the differences in accumulation of the final RNA prod-
ucts when different NTPi analogs are used. The presence of
Mn2� decreased the Kms for GTP by 28-, 7-, and 34-fold for
the GBV, BVDV, and HCV RdRps, respectively (Table 3). All
analogs tested had similar or higher Kms for RNA synthesis in
comparison to GTP. The slightly higher Km in comparison to
GTP indicates that although these analogs resulted in in-
creased initiation of RNA synthesis, it is not due to more-

FIG. 4. Use of GTP analogs in the de novo initiation of RNA synthesis by three RdRps. (A) Chemical structure of GTP and the moieties that
are affected in the GTP analogs. Only the portions of GTP that are affected are shown, and the names of the analogs are in parentheses. (B) RNA
synthesized by the three RdRps in the presence of 1 mM Mn2� and 4 mM Mg2�. Except for the positive and negative controls, all GTP analogs
were tested in duplicate, independent reactions. The quantitation of these and other results are presented in Table 1. Positions of the 19-nt RNA
expected of accurate de novo initiation and termination are indicated to the left of the autoradiogram. (C) RNA synthesized by the three RdRps
in the presence of only Mg2� (4 mM). The asterisk identifies a 21-nt band in RNA synthesis reactions with the HCV RdRp that likely arose by
the addition of nontemplated nucleotides to the 3� terminus of LE19 or the nascent RNA.
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efficient use of the analogs. Perhaps GDP or GMP allows more
rounds of initiation or faster polymerase escape from initia-
tion. Information on pre-steady-state kinetics of RNA synthe-
sis by RdRp will be necessary to obtain additional details in the
mechanism of RNA-dependent RNA synthesis.

NTPi use by three plant viral replicases. We seek to deter-
mine whether closely related plant viral replicases have specific
preferences in the use of NTPi analogs. RNA �20/13, which

contains a 20-nt nontemplated subgenomic core promoter and
a 13-nt template sequence, was used for this analysis (37).
Similar to LE19, �20/13 contains only one cytidylate in the
template at the T1 position, thus allowing the examination of
the GTP analogs as substitutes for the NTPi. RNA �20/13 is
recognized by the replicases from BMV, CMV, and the CCMV
(2; M. Chen and C. C. Kao, unpublished results).

The three plant viral replicases used the GTP analogs as the
NTPis to different extents (Table 2). With the exception of
GTP-
-S in initiation by the BMV replicase, all three repli-
cases preferred GTP as the NTPi. This is in contrast to the
results seen with the recombinant RdRps. Consistent with the
results from recombinant RdRps, XTP resulted in the lowest
level of RNA synthesis, between 1 to 2% of that seen with GTP
(Table 2). Therefore, base pairing between T1 and the NTPi is
a key requirement for de novo initiation by recombinant
RdRps and plant viral replicases.

Use of oligonucleotide NTPi analogs. Oligonucleotides of
five bases or fewer could replace GTP for de novo initiation by
RNA replicases (10, 14). The BMV replicase requires specific
positioning and recognition of the oligonucleotide NTPi prim-

FIG. 5. Use of oligonucleotide NTPi primers by the recombinant RdRps. (A) Schematic of potential base pairing between the NTPi analog and
the template LE19. Should base pairing between the primer and LE19 take place, the expected length of the RdRp product would be the number
of nucleotides indicated in the column to the right. The products may also have nontemplated nucleotides at their 3� terminus; hence, a ladder
of bands may be observed. Four oligonucleotides that are not complementary to LE19 were also tested: AU, GA, GC, and UA. (B) Products of
RNA synthesis in the presence of both 4 mM Mg2�and 1 mM Mn2� by the HCV, BVDV and GBV RdRps. (C) Products of RNA synthesis by
the GBV RdRp in the presence of only 4 mM Mg2�. (D) Quantification of the effect of NTPi length on the accumulation of HCV RdRp products.

TABLE 3. Effect of GTP analogs on the Km of RNA synthesisa

Analog

Mean Km 	 SD (�M)

HCV �21 BVDV �23 GBV �23

�Mn2� �Mn2� �Mn2� �Mn2� �Mn2� �Mn2�

GTP 3 	 0.3 103 	 12 24 	 5 168 	 16 1 	 0.2 28 	 5
dGTP 48 	 11 87 	 29 103 	 28
GDP 16 	 3 54 	 3
GMP 9 	 2 434 	 70 31 	 6 512 	 44

a All reactions contained 4 mM Mg2�. Where indicated (�Mn2�), Mn2� was
added to a final concentration of 1 mM. LE19 was the template used for the Km
determinations. �Mn2�, no Mn2� added.
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ers (14). The HCV RdRp used some dinucleotide primers to
initiate RNA synthesis, but these were not used to probe the
requirements of the NTPi site (15, 47). Hence, we examined
the use of oligonucleotide NTPi primers in de novo initiation
more systematically. Oligonucleotide NTPi primers may be
complementary to one or more of the bases in LE19 (Fig. 5A)
and are named by their base sequence in the 5�-to-3� orienta-
tion. All primers used contain a 5� hydroxyl instead of one or
more phosphates.

Oligonucleotide GU is complementary to the T1 and T2
nucleotides in LE19 and should initiate the synthesis of a 19-nt
RNA. In the presence of Mn2�, GU substituted for GTP in
initiation by the HCV RdRp, synthesizing the 19-nt product at
420% of the level seen with GTP (Fig. 5B, lane 8, top panel).
The BVDV was able to use GU to initiate synthesis only when
Mn2� was in the reaction (middle panels of Fig. 5B and C,
lanes 8). Unexpectedly, the GBV RdRp used GU and other
oligonucleotide NTPi primers inefficiently in the presence of
Mn2� (Fig. 5B, lane 8, bottom panel). For GBV RdRp use of
the oligonucleotide NTPi analogs improved in the absence of
Mn2� (compare Fig. 5B and C, bottom panels), suggesting that
Mn2� may participate in the exclusion of NTPi primers that
form extensive base pairing with the template. These observa-
tions further reinforce the differences in the initiation complex
between closely related RdRps.

Dinucleotides AU, GA, GC, and UA that were not comple-
mentary to T1 and T2 yielded less than 8% of the products
yielded by GU (Fig. 5B, lanes 4, 5, 6, and 9), indicating that
base pairing to T1 and T2 of the template allows more-efficient
de novo initiation. AU and UA were unable to direct initiation
by the BVDV and GBV RdRps in the presence or absence of
Mn2� even though they could base pair with several internal
sites in the template. For example, UA could form Watson-
Crick base pairs with T2 and T3 to produce an 18-nt RNA (Fig.
5A) but did not. Therefore, for efficient RNA synthesis base
pairing must include the T1 nucleotide. The HCV RdRp did
inefficiently initiate RNA synthesis with AU in the presence of
Mn2� (less than 8% of the amount in comparison to reactions
with GU; Fig. 5B, top panel, lane 4). The AU-initiated RNA
was 19 nt long, indicating that mispairing occurred with the T1
and T2 nucleotides during initiation by the HCV RdRp.

GUA and GUAUA were used to examine the effects of
increasing the length of base pairing between the NTPi analog
and the template (Fig. 5D). For RNA synthesis by the HCV
RdRp in the presence of Mn2�, GUA and GUAUA produced
RNA at 64 and 44%, respectively, relative to that in the reac-
tion initiated with GU (Fig. 5D). Therefore, while base pairing
between the NTPi and T1 is required, more-stable base pairing
does not necessarily translate into increased synthesis.

Shifting of the oligonucleotide NTPi analogs relative to T1.
Although oligonucleotides AG, GG, and UG are not comple-
mentary to T1 and T2 of LE19 (Fig. 5A), one or more of them
initiated synthesis by each of the three RdRps (Fig. 5B and C,
lanes 3, 7, and 10, all three panels). Notably, the GBV RdRp,
which generally did not efficiently initiate synthesis with com-
plementary primers GU and GUA, produced more abundant
products with AG and GG (Fig. 5B, lanes 3 and 7, bottom
panel). Products of all three RdRps were initiated with AG,
GG, and/or UG and were at least 20 nt, not 19 nt, suggesting
that the 3�-most nucleotide of the dimer base paired with T1

while the 5�-most nucleotide protruded over the 3� terminus of
the template (Fig. 5A). We shall refer to this phenomenon as
“primer shift.” No products were observed in reactions lacking
the NTPi analogs, indicating that the 20-nt RNA did not result
from terminal nucleotide addition (Fig. 5B, lane 1). To test the
hypothesis that the NTPi did shift relative to T1, we used
AAGUA, where the three underlined nucleotides could base
pair with T1 to T3 of LE19. If AAGUA performed the primer
shift, a 21-nt product would be expected. Indeed, all three
RdRps produced RNAs that are minimally 21 nt, with the
longer RNAs having nontemplated nucleotides added at the
end of RNA synthesis (Fig. 5B, lane 13, all three panels).
Primers GUA and GUAUA, which could base pair starting
from the T1 nucleotide of LE19, produced RNAs that are
minimally 19 nt in length in the absence of Mn2� (Fig. 5C).
Furthermore, the HCV and GBV RdRps initiated synthesis
with AAGUA at levels comparable to that initiated from
GUA, indicating that the protruding two 5� nucleotides did not
negatively affect RNA synthesis. These results show that the
catalytic pocket within the RdRp can accommodate NTPi
primers that have at least two 5� nucleotides that are not base
paired to the template.

ATP could not initiate RNA synthesis efficiently even if the
T1 nucleotide in the template was a uridylate (Table 1). We
examined whether more-extensive base pairing between the
NTPi primers and the template can overcome the innate spec-
ificity for the NTPi and T1. These reactions used RNA �1U,
which is identical to LE19 except for the uridylate at the T1
position (Fig. 3A), and primers AU and GU, which are, re-
spectively, complementary to T1 and T2 of �1U and LE19.
Only the RdRps from HCV and BVDV were assayed, since
synthesis by the GBV RdRp was minimal with GU and LE19
and a comparison with �1U would not be productive (Fig. 5B,
lane 8). In the presence of Mn2� and GU, the HCV and
BVDV RdRps produced a 19-nt RNA from �1U at less than
19% of that produced by reactions with LE19 (Table 4). With
AU and LE19, RNA synthesis was at 11 and 3% for the HCV
and BVDV RdRps. The HCV and BVDV RdRps produced
RNA from primer AU and �1U at 32 and 14%, respectively.
The fact that synthesis is not restored to the level seen with GU
indicates that specificity for the NTPi and T1 nucleotide can-
not be overcome simply by more-stable base pairing of the two
components.

DISCUSSION

While proteins in the flaviviral replicase could influence
recognition of the T1 and NTPi, their recognition is directly
mediated by the RdRp. In characterizing the requirements for
de novo initiation in vitro, we found that Mn2� can affect
substrate recognition by inducing a rearrangement in the

TABLE 4. Effects of the T1 nucleotide on RNA synthesis
by dinucleotide NTPi analogs

NTPi
HCV �21 BVDV �23

LE19 �1U LE19 �1U

GU 100 19 100 12
AU 11 32 3 14
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RdRps (32). Furthermore, a comparison of the recognition of
the T1 and the NTPi by three Flaviviridae RdRps revealed
specificity for a cytidylate as the T1 nucleotide and GTP as the
NTPi (summarized in Fig. 6). This specificity can be modulated
by changes in the stability of the NTPi and template interac-
tions but is highly preferred by the RdRps. Despite the spec-
ificities, however, significant differences exist in how the three
recombinant RdRps recognize the template and NTPi. These
functional studies should complement results from emerging
structural studies (5, 6, 20, 45).

NTPi recognition. The HCV RdRp has been reported to
specifically require GTP for RNA synthesis (21). A low-affinity
GTP binding site was identified in crystals of the HCV RdRp
lacking the C-terminal 55 amino acids (6). The site is about 30
Å from the catalytic pocket and is formed by four amino acids
of the thumb domain and two from the N-terminal finger
domain. The low-affinity GTP binding site (estimated Kd of 250
to 450 �M) is specific for GTP and has been proposed to play
a role in regulating the oligomeric state of the HCV RdRp,
perhaps in a manner similar to the poliovirus 3Dpol (27, 45).

The existence of this specific secondary GTP binding site
raises the possibility that GTP and GTP analogs used in this
study could act through this ancillary site rather than as the
NTPi. Several results indicate that we are probing the require-
ments of the NTPi site. (i) There is no RNA synthesis in the
absence of GTP even though ATP could have served as the
NTPi in the templates with a �1 uridylate. (ii) The RNAs
initiated with GTP or the NTPi analogs have a 5� guanylate, as
detected by RNase T1 digestion. (iii) The low-affinity GTP
binding site is specific for rGTP (6), while RNA synthesis could
initiate with dGTP when Mn2� was present (Table 2). (iv)
Oligonucleotide NTPi primers that could perform a primer
shift generated products of the expected lengths, indicating

that they are used in polymerization. (v) Lastly, several muta-
tions in the low-affinity GTP site exhibited properties similar to
those of the wild type with different GTP analogs (Ranjith-
Kumar et al., unpublished data). All of these results indicate
that the low-affinity GTP binding site and the NTPi site that
recognizes GTP have different biochemical properties and dis-
tinct functions.

The three RdRps and the three plant viral replicases ac-
cepted GTP and GTP analogs to various degrees (Table 2 and
Fig. 4 and 5). In general, the replicases have a more limited use
of the NTPi analogs, indicating either that the RdRps within
these replicases are innately more specific or that the associa-
tion with other replicase subunits confers additional levels of
specificity to de novo initiation. Consistent with the recognition
of different RNA core promoters, the BMV replicase appears
to retain the highest level of specificity for the substrates
needed for de novo initiation. Of the three flaviviral RdRps,
the one from HCV was the most capable of accepting a range
of NTPi analogs, perhaps indicating a lesser inherent specific-
ity for the initiation process.

The structure of the HCV RdRp in complex with NTPs
shows that there are several contacts with the phosphates of
the NTPi (6). The contacts were not completely resolved but
have been shown to be residues that are C-terminal to the
GDD motif that coordinates metal ions. The residues should
bond to the GTP through its phosphates, with the nearby
metals shielding the negative charges of the phosphates. These
interactions likely change significantly in the presence of the
template, since we have functionally determined that specific
base pairing between the NTPi and the template is the key
criterion for initiation.

For the HCV RdRp, the lack of one or two phosphates in
the NTPi analogs increased RNA synthesis and guanosine was

FIG. 6. Summary of features in the NTPi and the template required for de novo initiation of RNA synthesis by the flaviviral RdRps. The
features in shaded boxes are crucial for RNA synthesis, while the ribose 2� hydroxyls in hatched boxes are required only in the absence of Mn2�.
Oligonucleotide primers having 1 nt or more 5� of the NTPi (5� N) that can be tolerated for de novo initiation could be attached to the alpha
phosphate of the NTPi as shown by the shaded triangle.
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able to initiate synthesis at 79% compared to GTP (Table 2).
Therefore, the contacts between the RdRp and the triphos-
phate portion of the NTPi are not required for RNA synthesis,
at least in vitro (Fig. 6). Other DNA-dependent RNA poly-
merases (DdRps), such as the T7 RNA polymerase, could
initiate synthesis with guanosine (23, 24), and DdRps and
RdRps can use dinucleotide NTPi analogs that also lack 5�
phosphates (3, 14). With the T7 RNA polymerase, the Km for
the NTPi was reported to be unaffected by the presence of the
phosphates (23), while we observed a three- to fivefold in-
crease in the Km or GDP and GMP (Table 3). Also, differences
in RNA synthesis by the three RdRps predict a different set of
interactions with the triphosphate portions of the NTPi. Per-
haps the differences could be partially accounted for by the
amino acids within the respective catalytic pockets of the three
RdRps. These predictions will be tested by determination of
the structures of flaviviral RdRps in complex with initiation-
competent templates and NTPs.

At least two nucleotides in the NTPi analog can protrude 5�
of the T1 nucleotide of the template. This observation can be
used to probe the exit site of the nascent RNA in the RdRp
ternary complex. In addition, primer shift during initiation of
RNA synthesis by the flaviviral RdRps resembles a step in a
process observed in minus-strand RNA viruses, named prime-
and-realign (9, 19). In essence, prime-and-realign allows repair
of mutations in the T1 nucleotide by initiating synthesis of an
oligonucleotide nascent RNA using a template nucleotide sev-
eral positions downstream (toward the 5� end) of the normal
T1 nucleotide. The nascent oligonucleotide RNA is then re-
aligned relative to the 3� end of the template before the poly-
merase resumes RNA synthesis. This process then generates
RNA with a repaired initiation nucleotide. The three recom-
binant RdRps use oligonucleotide NTPi analogs that are stag-
gered to different extents with respect to the template T1. The
HCV RdRp can accept these staggered primers as the NTPi at
almost the same level as a dimeric oligonucleotide that is
correctly base paired to T1 and T2 (Fig. 5B). Interestingly, the
BVDV RdRp had decreased initiation from the staggered
NTPi analogs, while the GBV RdRp generally did not prefer
oligonucleotide primers in the presence of Mn2�. Despite dif-
ferences in the use of the NTPi primers, all three RdRps
require that the 3�-most nucleotides of the primer retain base
pairing with at least the T1 nucleotide.

Effect of manganese. Polymerases are metalloproteins that
use divalent metals for coordinating the substrates and prod-
ucts of the polymerization reaction. Mn2� has been known to
increase the utilization of various modified substrates by
DdRps (30, 41). We have observed similar effects on the rec-
ognition of the NTPi and the T1 nucleotide by RdRps, indi-
cating a common theme in polymerization in the two classes of
RNA polymerases. Our data are also consistent with the idea
that Mn2� shields negative charges of the NTPi. However, we
also observed that Mn2� prevented some use of oligonucleo-
tide NTPi primers by the GBV RdRp. It is likely that the
myriad effects mediated by Mn2� are a result of both direct
interaction with the substrates for polymerization and confor-
mational changes in the RdRp itself (32). Perhaps Mn2� in-
duced the rearrangement of some portions of the GBV active
site to prevent extensively base-paired NTPi and template
from being extended. An Mn2�-induced rearrangement was

not obvious in the crystal structure of the C-terminally deleted
version of the HCV RdRp (6). However, we have results con-
sistent with the C-terminal residues of the HCV �21 protein
being functionally involved in a conformational change that
leads to altered modes of RNA synthesis (32). We note that
the crystal structure of the HCV RdRp in complex with GTP
is lacking 55 C-terminal residues (6).

In DdRps, a two-magnesium ion model is responsible for
catalysis (12). A similar model is generally accepted for
RdRps. Mn2� is not thought to play a physiologically relevant
role in RNA-dependent RNA synthesis, in part due to the
intracellular Mn2� concentration being in the low-micromolar
range while free magnesium is at approximately 0.5 mM (31,
46). Mg2� therefore has a greater chance to occupy the RdRp
active site. However, the structures of RdRps known to date
have revealed that Mn2� can specifically bind in the catalytic
pocket (6, 7, 25), and NTP occupancy at the i � 1 site was
claimed to be better in the presence of Mn2� (6). Since viral
RNA replication takes place by means of a population of viral
replication enzymes, it is possible that a subset of RdRp mol-
ecules would contain Mn2� in their active site. These RdRps
could not only initiate synthesis more efficiently but also in-
crease the diversity of the viral replication progenies due to
error-prone RNA synthesis (29). It is also possible that the
identity of the metals within an RdRp’s active site may change
during different stages of RNA synthesis. Other enzymes do
require Mn2� for activity, giving precedence for selective se-
questration of Mn2� (e.g., see references 28 and 44). While de
novo initiation is now widely accepted as a common process for
the flaviviral RdRps (1, 16, 22), this work demonstrates that
specific requirements for de novo initiation can differ between
viral RdRps and allows comparison with the determinants of
specificity for DdRps (11). The innate specificity will likely
reflect differences in the structures of the RdRps and may
provide ways for viruses to distinguish their RNA synthesis
from those of other viruses present in the same cell. The
observed differences could also be exploited in the design of
drugs specific to each RdRp.
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