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By using a purified dengue virus RNA-dependent RNA polymerase and a subgenomic 770-nucleotide RNA
template, it was shown previously that the ratio of the de novo synthesis product to hairpin product formed was
inversely proportional to increments of assay temperatures (20 to 40°C). In this study, the components of the
de novo preinitiation complex are defined as ATP, a high concentration of GTP (500 �M), the polymerase, and
the template RNA. Even when the 3�-terminal sequence of template RNA was mutated from -GGUUCU-3� to
-GGUUUU-3�, a high GTP concentration was required for de novo initiation, suggesting that high GTP
concentration plays a conformational role. Furthermore, utilization of synthetic primers by the polymerase
indicated that AGAA is the optimal primer whereas AG, AGA, and AGAACC were inefficient primers. More-
over, mutational analysis of the highly conserved 3�-terminal dinucleotide CU of the template RNA indicated
that change of the 3�-terminal nucleotide from U to C reduced the efficiency about fivefold. The order of
preference for the 3�-terminal nucleotide, from highest to lowest, is U, A�G, and C. However, change of the
penultimate nucleotide from C to U did not affect the template activity. A model consistent with these results
is that the active site of the polymerase switches from a “closed” form, catalyzing de novo initiation through
synthesis of short primers, to an “open” form for elongation of a double-stranded template-primer.

Dengue viruses are members of the Flavivirus family of pos-
itive-strand RNA viruses. These viruses infect as many as 100
million individuals per year and are the causative agents of
dengue fever, dengue hemorrhagic fever, and dengue shock
syndrome (24, 35, 53). Approximately 500,000 cases of dengue
hemorrhagic fever are reported worldwide, with as many as
25,000 deaths annually (23). The dengue virus, the most prev-
alent tropical infectious agent after malaria, is spread by the
mosquito Aedes Aegypti, which is a common day-biting mos-
quito in tropical climates (23, 24). Epidemiological studies
have demonstrated that dengue virus type 2 (DEN2) is the
most prevalent of the four serotypes (DEN1 to -4).

The genome of the New Guinea-C strain of DEN2 is 10,723
nucleotides long and contains a type 1 cap structure at the
5� terminus but lacks a poly(A) tail at the 3� end (30; for a
review see reference 12). The genome encodes a single poly-
protein, NH2-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-
NS5-COOH, which is processed within the endoplasmic retic-
ulum (ER), producing the capsid (C), precursor membrane
(prM) protein, and envelope protein (E) through cotransla-

tional processing by the ER-resident signal peptidase (49, 55,
66). The C-terminal portion of the polyprotein, NS1 to NS5, is
processed into at least seven nonstructural proteins in the ER
by both the host protease(s) and the virally encoded serine
protease, NS2B/NS3, of the trypsin family.

NS3 is the second largest protein encoded by the DEN2
virus and contains at least three enzymatic properties. Con-
tained within the N-terminal 180 amino acids is a serine pro-
tease domain which, in the presence of the NS2B cofactor,
recognizes and cleaves at dibasic amino acid motifs (3, 11, 13,
14, 19, 21, 60, 69, 77). NS3 also contains conserved motifs
found in the DEXH family of RNA helicases (22, 41; for a
review, see reference 31). Purified NS3 has been reported to
contain both nucleoside triphosphatase (NTPase) and RNA
helicase activities (6, 17, 37, 43, 44, 68, 70) as well as 5�-RNA
triphosphatase activity (2, 71), the first enzyme required in
5�-cap synthesis.

NS5, the largest of the DEN2 structural proteins, contains
conserved motifs consistent with those of RNA-dependent
RNA polymerases (RdRP) encoded by several positive-strand
RNA viruses (57, 59). This enzymatic activity has been dem-
onstrated for purified NS5 from DEN1, DEN2, and Kunjin
virus and for hepatitis C virus (HCV) NS5B (1, 25, 45, 48, 67,
72). NS5 also contains conserved motifs found in several 5�-
RNA methyltransferases (40, 63). The crystal structure of the
N-terminal region of DEN2 NS5 containing the guanylyltrans-
ferase/methyltransferase domain was recently reported (18).
The facts that NS3 and NS5 exist in a stable complex in in-
fected cells (34) and that NS3 has the NTPase/RNA helicase
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and the 5�-RNA triphosphatase activity suggest that replica-
tion and capping could occur in a closely coupled pathway.

An in vitro viral RNA replicase assay system which utilized
cytoplasmic lysates prepared from mosquito (C6/36) cells in-
fected with DEN2 and exogenous subgenomic 770-nucleotide
RNA templates containing both 5�- and 3�-terminal regions
was described previously. Two RNA products were formed.
One was the same size as the input template (1�) and was
resistant to RNase A treatment and therefore understood to
be double-stranded RNA. The other product was shown to be
a hairpin RNA twice the size of the template (2�), formed by
3�-end elongation of the template RNA by a “copy-back”
mechanism. RNase A treatment of the hairpin RNA also gave
rise to an RNase A-resistant, template-sized product upon
digestion of the single-stranded loop formed by elongation of
the “fold-back” region. The newly synthesized RNA was shown
by RNase H mapping to be of minus-strand polarity (74, 75).
This in vitro system revealed that both 5�- and 3�-terminal
regions that include a 5� untranslated region (5� UTR), a 3�
stem-loop structure, 5� and 3� cyclization motifs, and a predic-
tive pseudoknot tertiary structure are structural determinants
involved in the long-range interactions between the two termi-
nal regions regulating initiation of minus-strand RNA synthe-
sis (74, 75).

In a subsequent study, DEN2 NS5 with an N-terminal His
tag was expressed in Escherichia coli and purified to near-
homogeneity. The purified polymerase also gave rise to the
same two products, 1� and 2�, in the absence of any other
viral or host proteins. Furthermore, we showed that the 1�
product was formed by de novo initiation of RNA synthesis on
the subgenomic 770-nucleotide RNA template, as opposed to
the hairpin product, which was formed by 3�-end elongation of
a fold-back structure of the template RNA. The ratio between
the de novo product and the hairpin product was dependent on
the incubation temperature (1). Using a heparin trap protocol
(1, 65), we showed that lower temperatures promoted de novo
synthesis of RNA at the initiation rather than the elongation
stage. Once the de novo initiation complex was formed at
lower temperatures (20 to 24°C) in the presence of the tem-
plate RNA, NS5, ATP, GTP, and CTP, addition of heparin
followed by UTP allowed the de novo product to be formed in
preference to the hairpin product even when the elongation
reaction was carried out at 30°C. If the same components in the
initial partial system were incubated at higher temperatures
(35 to 40°C), this preferred formation of the de novo product
was not observed after the addition of heparin and the missing
components, even when the second incubation was carried out
at low temperatures (1).

The influence of temperature on the nature of the products
formed could be explained by a proposed model in which
the DEN2 polymerase exists in two conformational states,
“closed” and “open,” that are in equilibrium. At lower tem-
peratures, at which the equilibrium is in favor of a closed
conformation, the polymerase is unable to initiate RNA syn-
thesis at the 3� end of the RNA primer either annealed to the
template RNA or in the form of a fold-back structure. Thus,
the polymerase is forced to synthesize short primers comple-
mentary to the 3�-terminal sequences of the template RNA.
Once these primers are synthesized, the polymerase is in an
open conformation, due to a conformational change mediated

by the primer synthesis, and it can carry out an elongation
reaction from the primer to produce the 1� product. At higher
temperatures, the polymerase in an open conformation could
bind to the 3� fold-back structure of the template RNA and
preferentially produce the hairpin product.

In the present study, using the heparin trap protocol, we
further defined the temperature-dependent parameters for de
novo initiation of RNA synthesis, such as the minimum nucle-
otide components and their concentrations required for de
novo preinitiation complex formation versus the 3�-end elon-
gation reaction. Our results show that the template RNA,
ATP, and a high concentration of GTP, along with NS5 poly-
merase, are the minimum components that are required and
sufficient for formation of the de novo preinitiation complex;
omitting any of these components and adding it later, after the
addition of heparin, did not result in the formation of the de
novo product. The same components, including the high con-
centration of GTP, are required even if a mutant template that
does not require a guanylate residue for incorporation within
the first 6 nucleotides from the 3�-terminal end is used. Fur-
thermore, as our model would predict that the polymerase is in
an open conformation, the enzyme utilizes the AGAA primer
efficiently to yield a template-sized product at 35°C. Muta-
tional analysis of the highly conserved 3�-terminal dinucleotide
sequence CU of the template RNA indicates that a change of
the 3�-terminal U to C reduces the activity about threefold and
that the order of preference for the 3�-terminal nucleotide
(from highest to lowest) is U, A�G, and C. However, mutation
of the penultimate C to U did not have any significant effect.
These results suggest that the 3�-terminal nucleotide is impor-
tant for recognition and binding by the polymerase for initia-
tion of RNA synthesis.

MATERIALS AND METHODS

RNA primers. RNA primers 5�-AG, 5�-AGA, 5�-AGAA, and 5�-AGAACC
were synthesized by Dharmacon Research, Inc. (Lafayette, Colo.). Radiolabeled
[�-32P]CTP (800Ci/mmol) was obtained from Perkin-Elmer Corp. (Boston,
Mass.).

RdRP assay. DEN2 NS5 protein with an N-terminal His tag was expressed in
E. coli and purified as previously described (1). Purified NS5 was stored in a 40%
glycerol-containing buffer at �20°C before use in RdRP assays. The construction
of the plasmid encoding the DEN2 subgenomic RNA has been described else-
where (75). The RNA template was prepared by in vitro transcription using an
Ampliscribe T7 Transcription kit (Epicentre Technologies). The standard reac-
tion mixture (50 �l) contained 50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 5 mM
MgCl2, template RNA (0.1 �g; 0.1 pmol), 500 �M (each) ATP, GTP, and UTP,
10 �M unlabeled CTP, and 10 �Ci of [�-32P]CTP along with 200 ng (2 pmol) of
purified NS5 except when otherwise indicated. The reaction was carried out by
incubation at 24 to 38°C for 1 h by using a gradient thermocycler (T-gradient;
Biometra, Göttingen, Germany). The reaction was terminated by acid phenol-
chloroform extraction, followed by purification with a Bio-Rad P-30 column to
remove the unincorporated nucleotides. Radioactive RNA products were ana-
lyzed by formaldehyde-agarose gel electrophoresis and visualized by autoradiog-
raphy. The labeled bands were excised from dried gels and quantified by liquid
scintillation counting.

Heparin trap protocol. To determine the factors necessary for de novo initi-
ation of negative-strand synthesis, we utilized a modified heparin trap protocol
(1, 65). In the original protocol, the subgenomic 770-nucleotide RNA was incu-
bated with 200 ng of purified NS5, 500 �M (each) ATP, GTP, and CTP, and 10
�Ci of [�-32P]CTP for 10 min at various temperatures (20 to 40°C) to allow
partial synthesis of the negative-strand RNA (1). Under these conditions, the
NS5 polymerase pauses in a stable, heparin-resistant initiation complex. After
the addition of heparin (2 �l of 25 ng/�l) to inactivate polymerase that was not
in a stable RNA-protein complex, followed by UTP (500 �M), the elongation
reaction was allowed to proceed (1). In a slightly modified protocol, the template
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RNA, NS5, and either various combinations of two nucleoside triphosphates
(NTPs) or a single NTP were incubated at 30°C before the addition of heparin
and the remaining NTPs to make up the complete system, and the elongation was
continued at 30°C. At this incubation temperature, when all components were
added at the same time, equimolar amounts of the template-sized and hairpin
products were formed (1). Therefore, we surmised that only if the right combi-
nation of components that could form a functional de novo initiation complex
was present would we be able to detect the template-sized product; otherwise,
only the hairpin product would be detectable.

RESULTS

Components required for de novo initiation of RNA synthe-
sis by DEN2 RdRP. In previous studies, it was reported that
the DEN2 NS5 RdRP exhibits a temperature-dependent shift
toward de novo initiation from 3�-end elongation in negative-
strand RNA synthesis from the subgenomic positive-strand
RNA template (1). If the RdRP assay was carried out at lower
temperatures (i.e., 24°C), a predominance of de novo initiation
occurred to produce the template-sized product (1�), whereas
at higher temperatures (�38°C), the hairpin product was pre-
dominantly formed (2�). We used a heparin trap protocol to
isolate the initiation events as opposed to 3�-end elongation
events and to identify the components of the preinitiation
complex that are required to form the de novo product. A
partial RdRP assay system containing ATP, GTP, and CTP,
NS5, and the template RNA produced the template-sized de
novo product after the addition of heparin and UTP (1). Ac-
cording to this protocol, if the components that are required
for the formation of the de novo initiation complex are present
in the partial RdRP assay system, then addition of heparin
followed by the missing components would produce the 1�
product through heparin-resistant elongation events. On the
other hand, if the initial incubation conditions with selected
components are favorable only for 3�-end elongation, then
addition of heparin and complete reconstitution of the assay
would predominantly produce the hairpin product.

In this study, we further defined the minimum components
that are required for the formation of the de novo initiation
complex. By using the heparin trap protocol, it was first deter-
mined whether NS5 binding to RNA alone at different tem-
peratures was sufficient to elicit the de novo-to-hairpin switch
(Fig. 1). If NS5 could stably bind to different RNA conforma-
tions, and would stay bound to the template until nucleotides
were supplied after heparin addition, then one would expect a
temperature-dependent shift from formation of the de novo
(1�) product at low temperatures to formation of the hairpin
(2�) product at higher temperatures. As shown in Fig. 1, five
tubes containing various components in the preinitiation com-
plex were incubated at five different temperatures for 10 min.
This step was then followed by addition of the remaining com-
ponents and [�-32P]CTP, and incubation was continued for 10
min at a constant temperature of 30.8°C. After the addition of
heparin and UTP, a final incubation for elongation was carried
out at the same temperatures used in the first step for 60 min.
The RNA products formed at the end of final incubation were
analyzed by formaldehyde-agarose gel electrophoresis, visual-
ized by autoradiography, and quantified by scintillation count-
ing as described previously (1). The ratio of de novo to hairpin
product formation (1�:2�) was plotted. As shown in Fig. 1A
to C, incubation of the template and the polymerase alone or

in the presence of ATP or GTP was insufficient to cause a shift
in the ratio of 1� to 2� toward the de novo product at lower
temperatures; the ratio remained close to 1 at all five temper-
atures of incubation. However, when the template, polymer-
ase, ATP, and GTP were preincubated at various tempera-
tures, this ratio shifted, and the de novo product was present in
about 2.2-fold-larger amounts than the hairpin product at 24°C
(Fig. 1D). A similar ratio was observed when the template,
NS5, ATP, GTP, and CTP were incubated at 24°C and UTP
was added subsequent to heparin (1). Furthermore, if the tem-
plate RNA was omitted during the preinitiation step but added
later, before the second incubation, this temperature-depen-
dent shift from the 1� to the 2� product was not observed
(Fig. 1E). These experiments were repeated twice with similar
results, which indicated that the minimum components that are
required for a shift in favor of the de novo product at 24°C are
the polymerase, template RNA, ATP, and GTP (Fig. 1D).
Even when the polymerase assay was carried out at a constant
temperature of 30°C, the de novo product was still formed at
the same level as the hairpin product instead of at the 3:1 ratio
observed at 24°C (Fig. 2, lane 1). However, the de novo prod-
uct could not be detected under any of the other assay condi-
tions, although the hairpin (2�) product was readily formed
(Fig. 2, lanes 2 to 8). If the template or the enzyme was omitted
in the assays, no products could be detected; these conditions
served as negative controls (Fig. 2, lanes 9 and 10).

Effects of nucleotide concentrations on 3�-end elongation
versus de novo synthesis of RNA. It has been reported that
high concentrations of GTP stimulate de novo initiation of
RNA synthesis by brome mosaic virus (BMV) RdRP (33) as
well as by HCV NS5B RdRP (46, 48, 56, 79). The results
described above indicated that de novo initiation requires pre-
incubation of the template RNA and the polymerase along
with ATP and GTP; CTP and UTP could be added later and
are required only for the elongation reaction. Therefore, we
sought to determine the concentrations of ATP, GTP, and
UTP that are required for de novo initiation by DEN2 poly-
merase. In the RdRP assay, all nucleotide concentrations were
kept at standard levels (500 �M) except for the one that was
varied. The results shown in Fig. 3A indicate that at 1 �M UTP
no RNA synthesis occurred, whereas at 10 �M UTP both de
novo synthesis and elongation from the 3� end of the template
RNA occurred. Moreover, the concentration of UTP in the
range between 10 �M and 1 mM did not affect the ratio of the
de novo to the hairpin product, suggesting that UTP is re-
quired for elongation only.

Next, we examined the effect of varying the ATP concentra-
tion on the shift between the de novo and 3�-end elongation
pathways of the polymerase. The 3�-terminal nucleotide of
DEN2 RNA is U and the penultimate nucleotide is C, so ATP
and GTP would be expected to be components of the de novo
preinitiation complex (Fig. 1C and D). When ATP concentra-
tions were varied (Fig. 3B), RNA synthesis mainly by 3�-end
elongation readily occurred at 1 �M, but no de novo synthesis
occurred at this low concentration. However, in the range of 10
to 500 �M ATP, de novo synthesis and 3�-end elongation
reactions were observed to approximately similar extents. At 1
mM, this ratio did not change significantly, although at 2.5 mM
ATP, there was a slight increase in the proportion of the de
novo product compared to the hairpin product (Fig. 3B). From
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these results, we conclude that although ATP is a component
of the de novo preinitiation complex, a high concentration of
ATP is not required for a preferred de novo initiation pathway.

Next, when the GTP concentration was varied in the RdRP
assay from 1 to 100 �M, 3�-end elongation occurred predom-
inantly, giving rise to the hairpin product (Fig. 3C). A 500 �M
concentration of GTP was required to shift the equilibrium
toward equal levels of de novo and hairpin products. When the
concentration of GTP was varied in the 100 to 500 �M range,
there seemed to be a threshold for GTP concentration (�150

�M) below which no appreciable de novo synthesis (1� prod-
uct) was detectable (see below). On the other hand, both the
de novo and hairpin reactions are inhibited at 2.5 mM GTP.
This inhibition may be due to an imbalance of the ratio be-
tween GTP and Mg2�, as was previously shown for HCV NS5B
(46). It was verified that the high GTP concentration require-
ment by the enzyme for de novo synthesis was not due to any
phosphatase present in the enzyme by incubation of the en-
zyme with 4-nitrophenol phosphate as a substrate. No hydro-
lysis of the substrate occurred under the assay conditions, al-

FIG. 1. Components of the de novo preinitiation complex. The protocol for determining the components for the de novo preinitiation complex
is outlined in each of the panels on the right. The conditions under which de novo initiation occurs in preference to 3�-end elongation (1�/2� ratio,
�2) define the components for formation of the de novo preinitiation complex. It was previously established that one of the determinants for
preferential de novo initiation is incubation at a low temperature (1). In experiments A to E, if components in an initial preincubation mixture are
favorable for de novo initiation, then subsequent additions of missing components should not affect the preferential formation of the de novo
product. RdRP assays were performed, and the products were fractionated on formaldehyde-agarose gels and subjected to autoradiography. The
template-sized and hairpin products were cut out and quantitated by scintillation counting. The 1�/2� ratio on the y axis is plotted against the
temperature of the RdRP assay on the x axis.
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though calf intestinal alkaline phosphatase at 0.01 U, used as a
positive control, could hydrolyze the substrate (data not shown).
Thus, in this regard, DEN2 polymerase exhibits characteristics
similar to those of the BMV and HCV polymerases reported
earlier with regard to the requirement of high GTP concen-
trations for de novo initiation (33, 46, 48, 79). In the absence of
GTP (Fig. 3C, lane 1), the polymerase presumably catalyzes a
non-template-dependent addition of a labeled nucleotide(s) at
the 3� end of the template RNA, which is visualized as a 1�
product. This property of the polymerase may be due to its
intrinsic terminal nucleotidyltransferase activity, similar to that
of HCV NS5B polymerase (61). It was previously shown by its
sensitivity to RNase A digestion that this product is single
stranded (1).

Since both ATP and GTP are required for formation of the
de novo preinitiation complex under a set of concentrations
different from those required for 3�-end elongation, we sought
to determine the Km values of the polymerase for these two
NTPs for the 3� elongation reaction from the 3� fold-back
structure and for de novo synthesis of RNA. As shown in Fig.
4, the Km values for ATP and GTP utilized for elongation are

2.25 � 0.84 and 0.37 � 0.07 �M, respectively. For comparison,
the Km values for ATP and GTP utilized by HCV NS5B in
elongation are 2.34 � 0.07 and 1.85 � 0.28 �M, respectively,
on the HCV-derived, D(�) template (48). In the HCV study,
only total RNA synthesis, which represents both the hairpin
and template-sized products, was measured in the assays. Fur-
thermore, GTP utilization exhibited a biphasic profile, and a
second Km of 39 �M was obtained, which led the authors to
suggest that this low-affinity value for GTP is for de novo
synthesis of RNA (48). In our study, the Km for ATP utilization
by the DEN2 polymerase for de novo synthesis is 5.43 � 2.50
�M, which is about 2.5-fold higher than that required for the
3� elongation reaction (see above). For comparison, the Km of
BMV polymerase for ATP in de novo synthesis from the BMV
RNA template is 13.53 � 2.65 �M (65). However, we could not
determine accurately the Km for GTP required for de novo
initiation in this study, because as stated above, the threshold
of GTP concentration below which no appreciable de novo
product could be detected was �150 �M. The effects of grad-
ually increasing the GTP concentration to 1 mM did not follow
Michaelis-Menten kinetics (data not shown). Moreover, the
N-terminal methyltransferase domain was reported to have a
novel GTP binding site with a dissociation constant (Kd) of 58
� 14 �M, and the 7MeGpppA also binds to the same site with
a Kd of 255 � 5 �M (18). The HCV NS5B does not have an
RNA methyltransferase domain analogous to that of DEN2
NS5. Thus, the effect of GTP binding on DEN2 polymerase is
more complex, and further study is needed to differentiate
between the novel GTP binding to the N-terminal domain and
the site in the polymerase domain responsible for de novo
RNA synthesis. The Vmaxs for ATP and GTP were calculated,
from the results of experiments shown in Fig. 4, to be 2.3 � 1.0
and 1.26 � 0.6 pmol of NMP/�g (10 pmol) of DEN2 polymer-
ase enzyme/h, respectively, for elongation; the Vmax for ATP in
de novo synthesis was calculated to be 0.37 � 0.015 pmol of
AMP/�g of enzyme (10 pmol)/h. For HCV NS5B polymerase,
Vmax values for ATP and GTP were reported to be 4.8 and 5.1
pmol of NMP/�g of enzyme/h for total RNA synthesis (47).

Template primer-directed RNA synthesis at the 3� end of
DEN2 subgenomic RNA. Viral RdRPs, in addition to being
able to initiate RNA synthesis de novo, are also able to utilize
short oligonucleotides as primers for the elongation reaction
(15, 20, 39, 54, 65, 78). Many RdRPs are able to catalyze
synthesis of RNA by a template-primed reaction resulting from
a fold-back structure of the template RNA (1, 4, 75). In this
study, we sought to determine whether the DEN2 polymerase
could utilize exogenously added RNA primers of various
lengths that are complementary to the template RNA.

The 3�-terminal sequence of DEN2 viral RNA is -GGUU
CU-3�. Since either ATP or GTP alone is sufficient to form the
de novo preinitiation complex, we surmised that the DEN2 poly-
merase synthesizes a tetranucleotide RNA primer, AGAA,
and remains in a heparin-resistant initiation complex prior to
the addition of CTP and UTP for the elongation reaction.
Therefore, we investigated the efficiency with which the poly-
merase can utilize exogenously added RNA primers of varying
lengths complementary to the 3� end of the template RNA. We
carried out RdRP assays in the presence of primers AG, AGA,
AGAA, and AGAACC. The reaction temperature was kept at
35°C. At this temperature, the polymerase essentially pro-

FIG. 2. Preincubation of either ATP or GTP alone with NS5 and
template is not sufficient for de novo initiation. (A) RdRP assays were
carried out at 30°C with limiting components before the addition of
heparin, and then the complete system was reconstituted after its
addition. At 30°C, if all components were added at the same time, de
novo initiation and 3�-end elongation occurred on the template RNA,
and equal amounts of 1� and 2� products were formed (1). (B) The
reaction products were analyzed by formaldehyde-agarose gel electro-
phoresis and detected by autoradiography.
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duced the hairpin product from the template RNA by 3�-end
elongation in the absence of any primers (1). Thus, if the
exogenously added primer is utilized by the polymerase under
these conditions, we would be able to detect the template-sized
product synthesized from the primer by elongation.

The results shown in Fig. 5A indicate that in the absence of
any exogenously added primer, the template was utilized by the
polymerase to yield predominantly a hairpin product by a 3�-
end elongation reaction (lane 5), in agreement with our pre-
vious observation (1). The di- and trinucleotide primers (40
�M) did not significantly change the proportion of the hairpin
product produced in the control assay (Fig. 5A; compare lanes
1 and 2 with lane 5). However, when AGAA (40 �M) was used
as a primer, there was a distinct shift toward synthesis of the
template-sized product (Fig. 5A, lane 3). This experiment has
been repeated twice, with similar results (see also Fig. 4B).

One possible cause for these differences in the efficiency of
utilization of these primers by the DEN2 polymerase could be
differences in the stability of the ternary complex consisting of
the template, primer, and enzyme. Next, we tested the utiliza-
tion of primer AGAACC, which is complementary to the 3�-
terminal sequence of DEN2 RNA (GGUUCU-3�). As shown
in Fig. 5A, lane 4, the efficiency of utilization of this hexanucle-
otide primer was so low that results were comparable to those
for the control without any primer. These results suggested
that the tetranucleotide primer AGAA binds optimally at the
active site of the enzyme to initiate RNA synthesis. For HCV
polymerase, di- and trinucleotide primers were the most effi-
cient, whereas increasing the length further had a drastic effect
on efficiency (78).

Next, we sought to determine the optimum concentration of
this primer in the RdRP assay. As shown in Fig. 5B, increasing
the concentration of primer AGAA up to 200 �M progres-
sively increased the ratio of the template-sized product to the
hairpin product. There was also a progressive decrease in 3�-
end elongation, suggesting that once the productive template-
primer-enzyme ternary complex is formed, excess primer com-
petes with the fold-back structure of the template RNA for
binding with the enzyme, inhibiting RNA synthesis by 3�-end
elongation and thus decreasing overall RNA synthesis.

Mutational analysis of the subgenomic RNA template effi-
ciency in RdRP assays. The results of our experiments so far

FIG. 3. Analysis of NTP requirement for de novo initiation or 3�-
end elongation. For RdRPs, the initiating nucleotide is required at
high concentrations for de novo synthesis whereas lower concentra-
tions are sufficient for elongation (see the text). Standard RdRp assays
in which all components were held at a fixed concentration except for
the NTP that was varied (UTP [A], ATP [B], or GTP[C]) were per-
formed at 30°C. Products were analyzed by formaldehyde-agarose gel
electrophoresis followed by autoradiography. The 1� and 2� products
were cut out and quantified by either scintillation counting (A and B)
or density analysis using the imagej program, a free software product
available at the National Institutes of Health website (http://rsb.info
.nih.gov/ij/). ND, not done.

8836 NOMAGUCHI ET AL. J. VIROL.



indicated that ATP and GTP are required for the formation of
the de novo preinitiation complex and that high concentrations
of GTP are required for de novo initiation. Two possibilities
could explain the requirement for a high concentration of GTP
for de novo initiation: either (i) with increasing concentrations
of GTP, the polymerase changes its conformation, which is
then able to bind to the 3� end of the template RNA and
catalyze de novo synthesis of negative-strand RNA, or (ii) GTP
serves as the initiating nucleotide complementary to the pen-
ultimate C of the template RNA. For example, minus-strand
synthesis by BMV polymerase has been reported to begin at
the penultimate cytidylate residue on the template, and thus a
guanylate is the first nucleotide incorporated (51). In this case
then, the terminal nucleotide is added by other mechanisms.

To examine these possibilities in detail, the 3�-penultimate
nucleotide of the subgenomic RNA template was mutated
from C to U (UUCU-3� to UUUU-3�). First, we determined
the ATP and GTP concentration requirements of this mutant
template for the de novo and 3�-end elongation reactions. As
shown in Fig. 6A, between 1 and 100 �M GTP, no significant
de novo synthesis occurred; under these conditions, GTP was
essentially used for the 3�-end elongation reaction to yield the
hairpin product. However, at 500 �M GTP, de novo synthesis
of RNA was stimulated about 10-fold, even though the first 6
nucleotides of the template RNA (-GGUUUU-3�) did not
require incorporation of a guanylate residue. These results
suggested that the high GTP requirement in de novo synthesis
of RNA plays a conformational role rather than being neces-
sary for incorporation. By varying the ATP concentrations, we
observed that even at 10 �M ATP, both 3�-end elongation and
de novo synthesis occurred (1�/2� ratio, 0.19); increasing the
ATP concentration to 100 �M stimulated de novo synthesis
about twofold, and increasing it from 100 to 500 �M brought
about a further increase of 1.6-fold (Fig. 6B). This result was
different from that for GTP, in which case no appreciable de
novo synthesis occurred below a threshold of 100 �M (Fig.
6A).

The 3�-terminal dinucleotide sequence CU is highly con-
served in all mosquito-borne flaviviruses and therefore is likely
to play an important role in viral replication. Therefore, we
asked whether the 3�-terminal nucleotide of subgenomic RNA
of positive polarity is important for negative-strand RNA syn-
thesis in vitro. To address this question, subgenomic mutant
RNA templates in which the UUCU-3� (wild type) sequence
was mutated to UUCC-3�, UUCA-3�, UUCG-3�, or UCCU-3�
were generated as described in Materials and Methods. We
determined the template efficiencies of these mutants along
with those of the UUUU-3� mutant and the wild-type template
in RdRP assays. The results shown in Fig. 7 indicate that
mutation of the 3�-terminal nucleotide from U to C reduced
the template efficiency about fivefold, whereas mutation of the
penultimate nucleotide from C to U (UUCU-3� to UUUU-3�)
or of the third-position nucleotide from U to C (UUCU-3� to
UCCU-3�) did not affect template efficiency to a significant
extent. Similarly, mutation of the 3�-terminal U to A or G also
did not affect template efficiency significantly (Fig. 7). From
these results, we conclude that the 3�-terminal nucleotide, U,
plays a critical role in polymerase binding and that the 3�-
terminal nucleotide has a preferred order in efficient minus-
strand RNA synthesis.

FIG. 4. Effects of varying amounts of ATP and GTP on RdRP
activity. RdRP assays were carried out as described in Materials and
Methods except that the concentrations of ATP (A and B) or GTP
(C) were varied. The amounts of the hairpin product produced by 3�
elongation and the template-sized product produced by de novo syn-
thesis of RNA were determined by counting the radioactivity by use of
a scintillation counter. Data are presented as double-reciprocal plots
(1/V versus 1/[S]) generated with Microsoft Excel. The plot for GTP
utilization in de novo synthesis showed a complex kinetics and there-
fore could not be accurately determined (see the text).
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DISCUSSION

In previous studies, an in vitro RdRP assay system was
established using cytoplasmic extracts from DEN2-infected
C6/36 or monkey kidney cells and subgenomic 770-nucleotide
RNA templates of positive-sense polarity. RNA synthesis re-
quired both terminal regions of the template RNA, which
revealed that there is a functional interaction between these
two regions (74, 75). The template RNAs used in our assays
contained highly conserved 3� and 5� stem-loop structures (9,
52, 62) and CYC motifs (26; for a review see reference 12).
Two products were formed in the in vitro assays: a template-
sized RNA and a hairpin RNA twice the size of the template
(75). In a later study, it was shown that DEN2 RdRP expressed
and purified from E. coli was active on exogenous subgenomic
770-nucleotide RNA templates and also produced two prod-
ucts similar to those of the cell lysate system described above;
the template-sized product was shown to be the product of de
novo synthesis, and the hairpin RNA resulted from 3�-end
elongation of a fold-back structure of template RNA (1).

In that study, using the purified DEN2 NS5 RdRP, it was
shown that the viral polymerase switches the mode of RNA
synthesis from synthesis of a de novo product at low temper-
atures to that of a hairpin product by 3�-end elongation of a
fold-back RNA structure at higher temperatures. The ratio of
the de novo to the hairpin product decreased from 2 to 0.25 by
a temperature shift from 20 to 40°C (1). A heparin trap pro-
tocol was used to isolate de novo initiation events from elon-
gation in a single RNA synthesis event by the enzyme. The
results showed that de novo initiation events required incuba-
tion at low temperatures and that once a stable de novo preini-

tiation complex was formed, the elongation step was insensitive
to temperature variations. However, in the context of viral
infection, only the synthesis of the de novo initiation product
by the polymerase is physiologically important for faithful re-
production of progeny viral RNA molecules. The polymerase
is likely to be regulated by its interaction with other viral
proteins as well as host proteins in the viral replicase complex
and the viral RNA template and by its membrane localization.
Our in vitro assay will be useful for dissection of the compo-
nents of the viral replicase complex and analysis of the contri-
bution of the membrane association of template RNA to de
novo synthesis of the RNA product.

Using this in vitro RdRP assay system, it was shown that
RNA synthesis required both 5�- and 3�-terminal regions in-
cluding the highly conserved CYC motifs in the subgenomic
RNA template (1). The 3� stem-loop structure and the CYC
motifs have also been shown to be important for RNA synthe-
sis in vitro using infected cell lysates (74) as well as for viral
RNA replication in cultured cells, as shown by mutagenesis of
infectious DEN2 RNA (76) or either Kunjin virus viral repli-
con (36) or yellow fever virus replicon RNA (16).

In this study, we further define the components of the preini-
tiation complex. Our results indicate that incubation of poly-
merase, template, ATP, and GTP at low temperatures is suf-
ficient for preferred synthesis of the de novo product. CTP and
UTP can be added subsequent to the addition of heparin and
are therefore required only for the elongation reaction. If any
of the required initiation components were omitted in the
preinitiation complex prior to the addition of heparin but
added subsequently, there was a significant reduction in the

FIG. 5. Analysis of primer utilization by the DEN2 polymerase reveals that the optimal primer for DEN2 polymerase is AGAA. (A) The
oligoribonucleotide primer AG, AGA, AGAA, or AGAACC (40 �M) (lanes 1 to 4) was simply mixed with the subgenomic RNA template (0.1
�g) in a standard RdRP assay. The temperature of incubation of the RdRP assays was kept at 35°C, at which predominantly a hairpin product was
formed in the absence of any primer (lane 5). (B) The concentration of AGAA was varied while all other components were held at constant levels.
Products were analyzed by formaldehyde-agarose gel electrophoresis and autoradiography as described in Materials and Methods. The products
were quantified by densitometric analysis as described in the legend to Fig. 3.
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proportion of the de novo product. Moreover, the concentra-
tion of GTP in the preinitiation complex should be high, al-
though varying the ATP concentration did not have much
effect in de novo synthesis. A high GTP concentration is not
required, however, for the elongation reaction from the 3� end
of a fold-back structure of the template RNA, a result which is
similar to the property of BMV RdRP described previously
(33). De novo initiation by BMV polymerase (33), Q	 RdRP
(5), and HCV NS5B (48, 78, 79) also requires high GTP con-
centrations, whereas the influenza virus polymerase requires
high concentrations of ATP (39). Luo et al. (48) observed a
biphasic kinetics in the utilization of GTP by the HCV NS5B
RdRP, which had two Km values for GTP; the lower Km cor-
responded to those of the other NTPs whereas the higher Km

was attributed to de novo initiation.
Since a high GTP concentration is required for de novo

initiation but not for elongation, it is possible that GTP is the
initiating nucleotide for negative-strand RNA synthesis. This
has been shown for BMV RdRP, which initiates with the guan-
ylate complementary to the penultimate cytosine (51). Recent
crystal soaking experiments with the 
6 RdRP have demon-
strated that the initial NTP binding site is complementary to
the second nucleotide from the 3� end of the template strand
(10). After the initial Watson-Crick binding of GTP to the
second nucleotide from the 3� end of the template, the 
6
polymerase steps back. The “stepping back” then allows the
binding of a second GTP to the 3�-terminal nucleotide of the
template, followed by the formation of the first phosphodiester
bond (10). Similarly, in vitro RNA synthesis by short oligori-

bonucleotide primers for the Tacaribe arenavirus RNA poly-
merase indicated that stimulation of polymerase activity by
GpC (complementary to positions �2 and �3 of the template)
was greater than that by CpG (complementary to positions �1
and �2). Analysis of the 5� ends of the in vitro transcripts was
consistent with a model in which genome replication begins
with pppGpC on the �2 and �3 nucleotide positions on the
template; the enzyme steps back on the template so that the 5�
end of the newly synthesized transcript is at position �1 prior
to elongation (20). A similar explanation was also put forward
as a possible mechanism for RNA synthesis by the respiratory
syncytial virus polymerase (42).

The stepping-back mechanism for initiation of DNA repli-
cation by viral DNA polymerases to ensure copying of the
terminal sequences on the template has been well studied (38,
50). In the case of DEN2, the second nucleotide in the nega-
tive-strand RNA is a guanylate residue. If a high GTP concen-
tration is required to initiate at the penultimate nucleotide,
then mutation of this residue from C to U in the template
RNA (from the wild-type UUCU-3� to UUUU-3�) would be
expected to shift this requirement for a high concentration of
the initiating nucleotide from GTP to ATP. On the other hand,
a high GTP concentration was still required for de novo syn-
thesis of RNA, and the de novo initiation complex was formed
only when the template, polymerase, ATP, and high concen-
trations of GTP were preincubated prior to the addition of
heparin (data not shown). This finding still does not rule out
the possibility that the initiating nucleotide is GTP, which can
form a wobble base pair with the 3�-penultimate uridylate on

FIG. 6. High GTP concentration requirement for de novo initiation on a mutant RNA template. The positive-strand RNA template containing
the 3�-end sequence GGUUCU-3� in the wild-type RNA was mutated to GGUUUU-3� by PCR as described in Materials and Methods. RdRP
assays were performed at 30°C by using fixed amounts of all components except GTP (A) or ATP (B). Products were analyzed by formaldehyde-
agarose gel electrophoresis followed by autoradiography. The intensities of bands were quantified by using the imagej program as described in the
Fig. 3 legend. ND, not done.
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the mutant template RNA. Under these conditions, the same
primer, AGAA (see below), may still be made during the
initiation step. Alternatively, GTP binding to a specific site on
the DEN2 polymerase changes its conformation such that the
enzyme is able to bind productively at the 3� end of either the
wild-type or the mutant template RNA for de novo initiation.

Recent structural analysis of HCV NS5B showed that GTP
binds to a specific low-affinity surface binding site that cannot
bind to other NTPs, 30 Å away from the catalytic site, adjacent
to a region where thumb and finger domains interact (7). It
appears that other nucleotides can bind to the catalytic site of
HCV NS5B through their triphosphate moieties even in the
absence of the template. At present, it has not been conclu-
sively established whether this surface binding site is respon-
sible for de novo initiation by the HCV NS5B. It has also been
suggested that this surface site may be involved in oligomer-
ization of the polymerase, which may be required for optimal
initiation of RNA synthesis, as proposed for the poliovirus
polymerase, 3Dpol (8, 27, 28, 58). A recent study has indicated
that the N-terminal region consisting of 296 amino acid resi-
dues has a 2�-O-methyltransferase activity, and the crystal
structure of this domain has been determined (18). This do-
main bound to GTP, as shown by UV cross-linking, and the Km

for GTP was around 58 �M. It is not clear if this GTP binding
site plays any role in the initiation of RNA synthesis.

The 3�-terminal dinucleotide CU is highly conserved in all
mosquito-borne flaviviruses. Our results indicate that mutation
of the 3�-terminal nucleotide from U to C reduced the tem-
plate activity about fivefold, whereas mutation of the penulti-
mate nucleotide C to U was well tolerated (as seen from the

activity of the UUUU-3� template, which was similar to that of
the wild type). Recently, Shim et al. (64), using a synthetic
short RNA for purified HCV NS5B polymerase in the in vitro
RdRP assays, showed that U was preferred, followed by G, A,
and C. However, Yi and Lemon reported that the order for
replication of HCV replicon RNA in cultured cells (from most
to least preferred) was U (wild type), C, A, and G (73). These
results from experiments performed in vitro using purified
polymerase and in cultured mammalian cells using replicon
RNA are different in the order of preference at the 3�-terminal
nucleotide, and in both studies, the U residue was still the
preferred nucleotide at the 3� end. Interestingly, purified
DEN2 NS5 and HCV NS5B (64) exhibit similar orders of
preference for the 3�-terminal nucleotide (U, A�G, C). As
Shim et al. (64) suggested, the 3�-terminal base is not the sole
determinant for template specificity; that specificity is collec-
tively determined by the 3�-terminal nucleotide, incoming
NTP, and the active-site structure of the polymerase.

We tested primer utilization by the polymerase by using
synthetic AG, AGA, AGAA, and AGAACC primers and the
subgenomic RNA template in the RdRP assays at 35°C. This
temperature was chosen because in the absence of any primer,
the product formed is predominantly a hairpin RNA (1).
Therefore, if the primer is utilized by the polymerase for 3�-
end elongation to yield a template-sized product, it could easily
be detected by electrophoresis on a denaturing gel and auto-
radiography. Our results indicated that AGAA was the optimal
length of the primer utilized by the polymerase and that nei-
ther a shorter nor a longer (AGAAGG) primer was efficient.
These results suggest that primer AGAA may fit into the active

FIG. 7. Mutational analysis of the 3�-terminal sequences of the template RNA. The wild-type sequence, UUCU-3�, was mutated to UUUU-3�
(see Fig. 6), UCCU-3�, UUCA-3�, UUCG-3�, or UUCC-3� as described in Materials and Methods. The mutant template RNAs in three different
concentrations (0.02, 0.1, and 1.0 �g) were used in the RdRP assays, and the products were analyzed by formaldehyde-agarose gel electrophoresis
and autoradiography. The radioactivities for the 1� and 2� products were quantified by liquid scintillation counting. The sum of the radioactivity,
representing total RNA synthesis, was determined by using 0.1 �g each of wild-type and mutant RNA templates. The activity of each mutant
relative to that of wild-type RNA, taken as 100%, is given below the gel.
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site of the polymerase optimally at the temperature that favors
an open conformation (see below). Furthermore, AGAA is
likely to be a stable product formed by the polymerase during
the de novo initiation step which is then elongated to yield the
template-sized product. Moreover, RNA synthesis by elonga-
tion at the 3� end of the AGAA primer required a reduced
concentration of GTP (10 �M) (data not shown). This obser-
vation is consistent with the finding of a previous study that
primer GpG could substitute for the high GTP requirement for
stimulation of negative-strand RNA synthesis by BMV poly-
merase (33). In addition, the influenza virus polymerase exhib-
ited a 10-fold-higher Km for ATP than for the other NTPs for
initiation, but during elongation the Km for ATP was same as
that for the other NTPs (39).

Ackermann and Padmanabhan proposed a model to explain
the temperature-dependent shift from de novo synthesis to
3�-end elongation of the fold-back structure on the template
RNA (1). This model was based on a previous study that
analyzed template-primer utilization by the poliovirus poly-
merase 3Dpol and the HCV polymerase NS5B and correlated
the results to differences in the conformation of the active sites
of these viruses (29). The active site of the poliovirus polymer-
ase 3Dpol is in an open conformation and is active on double-
stranded RNA templates. However, the HCV RdRP has an
extra 	-hairpin of 12 amino acid residues in the thumb subdo-
main which occludes the active site (and which is absent in
3Dpol). HCV NS5B RdRP is thus unable to bind to the double-
stranded template RNA-primer structure productively (29). In
support of this model for active-site occlusion, deletion of 4
amino acid residues on either side of the 	-hairpin in the active
site of HCV NS5B conferred on the polymerase the ability to
initiate synthesis on a double-stranded template primer as ef-
ficiently as the poliovirus 3Dpol.

If the DEN2 polymerase structurally resembles the HCV
enzyme, the active site of the enzyme is likely to be in equilib-
rium between a more rigid, closed conformation at low tem-
peratures and a more flexible, open conformation at higher
temperatures; in the former state, the active site of the poly-
merase is positioned for de novo initiation, whereas in the
latter state, the polymerase is able to bind to double-stranded
template-primer structures and catalyze 3�-end elongation of
the primers or of a 3� fold-back structure of the template RNA
to yield a template-sized or a hairpin product, respectively.
There appears to be some structural similarity among flavivi-
ruses, hepaciviruses, and pestiviruses, as a sequence akin to the
HCV 	-loop is expected in the proximity of the conserved
GDD motif. Moreover, the positions of aromatic amino acid
residues within the putative 	-loop also seem to be conserved
(32). Further work including determination of the crystal struc-
ture of the DEN2 polymerase is necessary to clarify the role of
the GTP binding site(s) on the polymerase and its relationship
to de novo initiation of RNA synthesis.
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