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Dengue virus (DENV) infects 50–100 million people world-
wide per year, causing severe public health problems. DENV
RNA-dependent RNA polymerase, an attractive target for drug
development, catalyzes de novo replication of the viral genome
in three phases: initiation, transition, and elongation. The aim
of this work was to characterize the mechanism of nucleotide
addition catalyzed by the polymerase domain of DENV sero-
type 2 during elongation using transient kinetic methods. We
measured the kinetics of formation of the elongation complex
containing the polymerase and a double-stranded RNA by pre-
incubation experiments. The elongation complex assembly is
slow, following a one-step binding mechanism with an associa-
tion rate of 0.0016 � 0.0001 �M�1s�1 and a dissociation rate of
0.00020 � 0.00005 s�1 at 37 °C. The elongation complex as-
sembly is 6 times slower at 30 °C and requires Mg2� during
preincubation. The assembled elongation complex incorpo-
rates a correct nucleotide, GTP, to the primer with a Kd of
275 � 52 �M and kpol of 18 � 1 s�1. The fidelity of the poly-
merase is 1/34,000, 1/59,000, 1/135,000 for misincorporation
of UTP, ATP, and CTP opposite CMP in the template, respec-
tively. The fidelity of DENV polymerase is comparable with
HIV reverse transcriptase and the poliovirus polymerase. This
work reports the first description of presteady-state kinetics
and fidelity for an RNA-dependent RNA polymerase from the
Flaviviridae family.

Dengue virus (DENV)3 infects 50–100 million people
worldwide per year. It causes dengue fever sometimes fol-
lowed by hemorrhage, shock syndrome, and death (1). DENV
belongs to the Flaviviridae virus family, which includes other
important human and animal pathogens such as hepatitis C
virus (HCV), West Nile virus, yellow fever virus, and bovine
diarrhea virus. So far there is no effective vaccine or therapeu-
tic treatment for DENV infection. The dengue virus RNA-de-
pendent RNA polymerase (RdRp) is a potential drug target

because it replicates the viral genome (2–4). There are no
approved medicines that specifically target RdRps, although
HCV RdRp inhibitors are currently under clinical investiga-
tion (5). The discovery of medicines that inhibit RdRp activity
is facilitated by a further understanding of the molecular basis
of RdRp function and inhibition. To this end the crystal struc-
ture of RdRp domain within the NS5 protein from DENV se-
rotype 3 was recently solved; however, a detailed kinetic anal-
ysis has yet to be reported (6).
NS5 is the largest DENV protein, about 900 amino acids in

length. It contains a C-terminal RdRp domain and an N-ter-
minal 5�-RNA methyltransferase domain (6). The recombi-
nant full-length NS5 and its truncated RdRp domain alone,
NS5pol, both can catalyze RNA replication in vitro (7, 8). Like
other Flaviviridae polymerases, DENV RdRp carries out de
novo RNA replication in vivo, meaning synthesis of the com-
plementary RNA from the 3� end of the template RNA with-
out a primer (9–12). DENV RNA synthesis in vivo requires
interactions between the polymerase, the genomic RNA,
other viral proteins, and host factors (13, 14). Based on in
vitro biochemical and structural studies, de novo RNA replica-
tion catalyzed by a Flaviviridae RdRp can be divided into three
stages: de novo initiation, initiation-to-elongation transition,
and elongation (7, 12, 15). During de novo initiation and the
transition, RNA synthesis is slow and abortive, leading to ac-
cumulation of short RNA products; in contrast, RNA synthe-
sis during elongation is thought to be relatively rapid and pro-
cessive (7, 15–17). In this study we sought to develop a
method to form an active elongation complex that would en-
able us to study the mechanism of nucleotide addition cata-
lyzed by DENV RdRp during elongation by using transient
kinetic methods.
No detailed mechanistic information of the nucleotide ad-

dition reaction catalyzed by DENV RdRp has been reported in
previous in vitro studies (8–11). One of the limitations to
these studies was that the enzymatic reactions were carried
out under conditions where replication complex assembly
and initiation were likely to be rate-limiting. Detailed tran-
sient kinetic studies of nucleotide addition require stoichio-
metric binding of RNA primer and template at the active site
of the polymerase before the addition of the next incoming
nucleotide. However, the assembly of a productive elongation
complex containing polymerase-primer- template has been
unsuccessful for RdRps from the Flaviviridae family, which in
turn prevented detailed kinetic analysis of these medically
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important polymerases. For example, low active site concen-
trations of enzyme and the inability of the native enzyme to
bind a double-stranded RNA (dsRNA) have limited kinetic
analysis of HCV polymerase (18, 19). These limitations have
been attributed to the encircled active site of Flaviviridae
polymerases, which appear to only accommodate a single-
stranded RNA (ssRNA) based on their crystal structures (6,
12, 20–22). However, Padmanabhan and Ackermann (10)
found that higher temperature may turn DENV polymerase to
an open state to allow the enzyme to bind double-stranded
RNA to form an elongation complex.
In this study the assembly of the elongation complex of

DENV polymerase was achieved by preincubation of NS5pol
from DENV serotype 2 (DENV-2) and a primer-template
RNA (P12/T26) at 37 °C in the presence of Mg2�. We found
the assembly of the productive elongation complex was strin-
gently affected by temperature, metal ions, and enzyme con-
centration. Using the preassembled elongation complex, the
presteady-state kinetics of nucleotide incorporation and the
specificity of NS5pol were measured. The methodology devel-
oped in this study will facilitate mechanistic analysis of nucle-
otide addition catalyzed by DENV RdRp during elongation.
Moreover, the methodology established for DENV RdRp may
also apply to other Flaviviridae polymerases, thus, facilitating
kinetic characterization of polymerases from this medically
important virus family.

EXPERIMENTAL PROCEDURES

Chemicals and Nucleic Acids—All NTPs were ultrapure
grade purchased from United States Biochemical Corp.
(Cleveland, OH). Heparin sodium salt (195.9 USP units/mg)
was from Sigma. MgCl2, EDTA, NaCl solutions, and Tris-Cl
buffers were purchased from Ambion (Austin, TX).
Unless otherwise stated (Table 1), the following RNA oligo-

nucleotides were used in this study: 5�-GGAGAGAAAAGG-3�
(P12, primer) and 5�-ACAGUUUUUUUUGCCCUUUUCUC-
UCC-3� (T26, template). The underlined base shows the tem-
plate base for the next nucleotide incorporation. All RNA oli-
gonucleotides were chemically synthesized and HPLC-
purified by Integrated DNA Technologies, Inc. (Coralville,
IA). The 5� end labeling reaction of the P12 primer was con-
ducted with [�-32P]ATP (PerkinElmer Life Sciences) and T4
polynucleotide kinase according to the manufacturer’s recom-
mendation (Invitrogen). Radiolabeled primer was purified
with G25 spin columns (GE Healthcare). The recovery of the
purified RNA oligonucleotides was quantified by PAGE analy-
sis. To make the double-stranded RNA substrate, P12/T26, the
primer, and the template were mixed at a ratio of 1: 1.1,
heated at 95 °C for 2 min, and then cooled down slowly to
room temperature. The P12/T26 has 12 stable base pairs with a
Tm of 54 °C calculated by the OligoAnalyzer 3.1 web applica-
tion from the website of Integrated DNA Technologies, Inc.
(Coralville, IA).
Expression and Purification of NS5pol—The codon-opti-

mized cDNA sequence of DENV-2 NGC strain RdRp domain,
NS5pol (residues 272–900 of NS5, starting from residues
PNLDII…), was chemically synthesized by DNA2.0 Inc.
(Menlo Park, CA). NS5pol was subcloned to a modified Nova-

gen pET11a vector (EMD, Gibbstown, NJ) containing six his-
tidine and three alanine codons in-frame at the 5� end of the
cloning site. Recombinant NS5pol was produced in BL21 Star
(DE3) Escherichia coli cells (Invitrogen). Cells were cultured
in LB medium with 100 �g/ml ampicillin at 37 °C. After the
optical density reached 0.8, flasks with cells were transferred
to a 4 °C cold room for 3 h. NS5pol expression was induced
with 0.25 mM isopropyl 1-thio-�-D-galactopyranoside for 16 h
at room temperature (25 °C). Cell pellets were collected by
centrifugation at 6000 rpm for 20 min, and then the pellets
were stored in a �80 °C freezer. Cell pellets were resuspended
in the lysis buffer (50 mM HEPES, pH 7.0, 10% glycerol, 500
mM NaCl, 0.1% CHAPS, 1 mM DTT, and 10 mM imidazole)
with the addition of 0.5 mg/ml lysozyme, 200 unit/ml Nova-
gen Benzonase nuclease HC (purity �99%, EMD, Gibbstown,
NJ), and 0.05 tablet/ml protease inhibitor mixture tablet
(Roche Diagnostics). The cell lysate was sonicated and then
clarified by centrifugation at 16,000 � g for 30 min. The su-
pernatant was incubated with nickel-Sepharose beads (GE
Healthcare) with gentle rocking at 4 °C for 1 h. The beads
were loaded on a column and washed with the lysis buffer
containing 50 mM imidazole. The protein was eluted with the
lysis buffer containing 500 mM imidazole. The elution was
diluted 5-fold with the size exclusion column buffer (SEC
buffer: 25 mM HEPES, pH 7.0, 200 mM NaCl, 0.1% CHAPS, 2
mM DTT, 10% glycerol) and then concentrated to 1�2 ml
using an Amicon Ultra-15 filtration device with 30,000 nomi-
nal molecular weight limit (Millipore, Billerica, MA). The
concentrated sample was loaded onto a Hiload 16/60 Super-
dex 75 column (GE Healthcare) and eluted with the SEC
buffer. The identity of NS5pol was confirmed by mass spec-
trometry analysis of intact protein and tryptic-digested
products.
The active site concentration of NS5pol was determined by

a burst kinetic assay (supplemental Fig. 1) and was used for all
the experiments in this study. The active site concentration
was about 15% of the protein concentration measured by
UV280 absorbance with the extinction coefficient of
170850 cm�1M�1.
Single Nucleotide Primer Extension Assay without Enzyme-

RNA Preincubation—The 100-�l reaction containing NS5pol
(0.6 �M), P12/T26 (0.5 �M), and GTP (500 �M) in the reaction
buffer (40 mM Tris-Cl, pH 7.4, 23.8 mM NaCl, 3 mM DTT, 15%
glycerol, and 2 mM MgCl2) was conducted at 37 °C. The buffer
pH, NaCl, and glycerol concentrations in the reaction buffer
were chosen from optimized conditions (data not shown).
The same reaction buffer was used in this report unless other-
wise stated. The reaction was started by the addition of
NS5pol. At each time point an aliquot (5 �l) from the reaction
was mixed with 15 �l of the quench solution (90% formamide,
50 mM EDTA, 0.1% bromphenol blue, and 0.1% xylene cyanol)
to stop the reaction in the aliquot (Fig. 2, B and C).
Single Nucleotide Primer Extension Assay with Enzyme-

RNA Preincubation—A typical preincubation reaction (100
�l) was started by mixing P12/T26 (0.5 �M) with NS5pol (con-
centrations are indicated in the figure legends) in the reaction
buffer at 30 or 37 °C. At each time point an aliquot (5 �l) from
the preincubation reaction was immediately mixed with an
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equal volume of a solution containing 1 mM GTP and 0.1
mg/ml heparin in the reaction buffer to start the single nucle-
otide primer extension reaction. The primer extension reac-
tion was quenched after 90 s by mixing with 30 �l of the
quench solution. Heparin was added to trap free NS5pol to
ensure that the 13-mer product was generated only from the
enzyme-RNA elongation complex formed during preincuba-
tion. Therefore, assaying the 13-mer product allows quantifi-
cation of the formation of the elongation complex.
Mg2�-dependent Elongation Complex Formation—NS5pol

(0.6 �M) and P12/T26 (0.5 �M) in the reaction buffer with
MgCl2 at various concentrations (0, 0.5, 1, 2, 3, 4, 5, 6 mM)
were incubated at 37 °C for 1 h. The primer extension reac-
tion was started by mixing each preincubated sample with an
equal volume of a solution containing 1 mM GTP and 0.1
mg/ml heparin in the reaction buffer with MgCl2 at various
concentrations (4, 0.5, 1, 2, 3, 4, 5, 6 mM). The final MgCl2
concentrations in the primer extension reactions were 2, 0.5,
1, 2, 3, 4, 5, and 6 mM after mixing. The reactions were
quenched after 90 s. The 13-mer product represents the elon-
gation complex formed during 1 h of incubation.
Quench-flow Assays—These assays were carried out at

37 °C using an RQF-3 chemical-quench-flow instrument
(KinTek Corp., Austin, TX). In a typical quench-flow assay, a
mixture of NS5pol and P12/T26 in the reaction buffer was in-
cubated at 37 °C for 1 h. Then the mixture was stored at room
temperature during the experiment. The primer extension
reaction was started by mixing each aliquot from the preincu-
bated mixture with an equal volume of a solution containing
GTP in the reaction buffer. Each reaction was quenched at a
time interval indicated in the figures.
Single Nucleotide and Multiple Nucleotide Incorporation to

Elongation Complexes—Each RNA substrate used in this assay
had a same P12 primer and a T26 template with a different
template base for the next incoming nucleotide as shown in
Fig. 5 and Table 1. NS5pol (0.6 �M) and P12/T26 (0.5 �M) in
the reaction buffer were incubated at 37 °C for 1 h. Then an
equal volume was added of a solution containing one correct
nucleotide at 0.5 mM or all four nucleotides (each nucleotide
is 0.5 mM) and 0.1 mg/ml heparin in the reaction buffer. The
reactions were quenched after 90 s.
Misincorporation of Nucleotides Opposite Template CMP—

Because the reactions were slow, these assays were carried out
at 37 °C by hand mixing. NS5pol (0.6 �M) and P12/T26 (0.5
�M) in the reaction buffer were incubated at 37 °C for 1 h.
Primer extension reactions were initiated by mixing the as-
sembled elongation complex with an equal volume of a solu-
tion containing NTP at various concentrations and 0.1 mg/ml
heparin in the reaction buffer. Heparin was added in the nu-
cleotide solution to prevent the complication of NS5pol and
P12/T26 rebinding. Aliquots from the reactions were mixed
with the quench solution at various time intervals.
Product Analysis—The quenched reactions were heat-de-

natured for 3 min at 95 °C before electrophoresis. The sam-
ples were loaded onto a 16% denaturing polyacrylamide gel
with 7 M urea, and electrophoresis was performed at 80 watts.
Gels were dried at 82 °C for 1 h with a Model-583 gel drier
(Bio-Rad). Dry gels were exposed to storage phosphor screens

and visualized by using a Typhoon 9400 scanner (GE Health-
care). The intensity of the 5� end-labeled substrates and prod-
ucts was quantitated by the ImageQuant software (Version
5.2, GE Healthcare).
Data Analysis—Data were analyzed by nonlinear regression

using the program, GraFit5 (Erithacus Software, Surrey, UK).
Each data set presented in each figure was from a representa-
tive experiment of multiple experiments with similar proto-
cols. The data from the time courses of product formation
were fit to either a single exponential equation, product �
A(1 � exp(�kobst)), or a double exponential equation, prod-
uct � A1(1 � exp(kobs,1t)) � A2(1 � exp(�kobs,2t)), where A,
A1, and A2 are the amplitudes of product formation, and kobs,
kobs,1, and kobs,2 are the observed rate constants. The nucleo-
tide concentration dependence of the observed rates was fit to
a hyperbola, kobs � kpolS/(Kd � S), where kpol is the maximal
rate of nucleotide incorporation, Kd is the equilibrium disso-
ciation constant for ground state binding of nucleotide, and S
is the concentration of nucleotide. The parameters from data-
fitting were presented in the form of best-fit value � S.E. with
their respective units. The S.E. estimates were calculated by
the covariance matrix during nonlinear regression using
GraFit5.

RESULTS

Protein Expression and Purification—His-tagged recombi-
nant RNA-dependent RNA polymerase domain, NS5pol (resi-
dues 272–900 of NS5), from DENV-2 NGC strain was ex-
pressed and purified as shown in Fig. 1. RNase contamination
was found in the enzyme preparation when only the nickel
column was used during purification, as evidenced by the deg-
radation of the majority RNA substrates during the replica-

FIGURE 1. Expression and purification of NS5pol from DENV serotype 2.
Lanes 1– 6, marker, total cell lysate, cell pellet, supernatant, elution from
nickel column, elution from Superdex 75 column.
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tion assay (data not shown). Size-exclusion chromatography,
after the nickel column, showed a small peak before a major
peak. RNase contamination was found only in the small peak,
and the major peak was devoid of contamination detectable
during a 1-h reaction (data not shown). The major peak
showed one band on an SDS gel (Fig. 1, lane 6) and was used
as a source of enzyme for this study. The identity of the pro-
tein was confirmed by mass spectrometric analysis.
Activity of NS5pol Using a Primer/Template RNA—We de-

signed a heteropolymeric primer/template RNA substrate
(P12/T26) that was derived from an RNA template used in the
HCV polymerase assay (Fig. 2A) (23). We found that NS5pol
can use this P12/T26 as a substrate by incorporating the next
correct nucleotide, GTP, onto the primer. The single nucleo-
tide primer extension reaction was initiated by the addition of
NS5pol (0.6 �M) to a mixture containing P12/T26 (0.5 �M) and
GTP (0.5 mM) in the reaction buffer at 37 °C. Aliquots were
removed from the reaction at various time intervals and
mixed with the quench solution to stop reactions (Fig. 2, B
and C). Because the assay was performed under single turn-
over conditions in which more NS5pol was added than P12/
T26, the time course of 13-mer formation was fit to a single

exponential, yielding a kobs of 0.00110 � 0.00003 s�1 with an
amplitude of 0.46 � 0.005 �M. Although 92% of the RNA re-
acted to form product in this assay, the rate of one nucleotide
incorporation, with a half-life of 10 min, was too slow to rep-
resent the rate of nucleotide incorporation during elongation
in vivo.
Time-dependent Formation of the Elongation Complex—

We hypothesized that the slow rate was due to the slow for-
mation of the elongation complex, NS5pol-primer-template.
Therefore, we studied the formation of the elongation com-
plex by preincubation of NS5pol (0.6 �M) and P12/T26 (0.5
�M) for specific time intervals before the addition of GTP.
The study was performed at two different temperatures: 30
and 37 °C (Fig. 3). After preincubation for various time inter-
vals, aliquots from the mixture were rapidly mixed with 0.5
mM GTP to initiate the single nucleotide incorporation reac-
tions, and the reactions were quenched after 90 s. We chose a
90-s reaction time because the burst phase of 13-mer product
formation during elongation was completed in this time inter-
val (see below). Heparin was added with the GTP solution to
trap free NS5pol to ensure that the 13-mer was generated
only from the elongation complex formed during preincuba-
tion. Accordingly, the concentration of the 13-mer product
formed will equal the concentration of the elongation com-
plex formed during the preincubation phase. The time course
of preincubation to form the elongation complex at 37 °C was
fit to a single exponential, yielding a rate of 0.00110 � 0.00003
s�1 (t1⁄2 � 10.5 min) and an amplitude of 0.270 � 0.002 �M; at
30 °C, the rate was 0.00020 � 0.00007 s�1 (t1⁄2 � 58 min), and
the amplitude was 0.320 � 0.003 �M. The rate of elongation

FIGURE 2. P12/T26 as a substrate for nucleotide incorporation catalyzed
by NS5pol. A, the primer/template double-stranded RNA, P12/T26 is shown.
B, shown is a single nucleotide primer extension assay without enzyme-RNA
preincubation. The reaction was initiated at 37 °C by the addition of NS5pol
(0.6 �M) to a mixture containing P12/T26 (0.5 �M) and GTP (0.5 mM) in the
reaction buffer (40 mM Tris-Cl, pH 7.4, 23.8 mM NaCl, 3 mM DTT, 15% glyc-
erol, and 2 mM MgCl2); aliquots of the reaction were quenched by a form-
amide-EDTA solution at the indicated times. The samples were resolved on
a 16% denaturing polyacrylamide gel. C, shown is the time course of 13-mer
product formation from the experiment described in B. The data were fit to
a single exponential, yielding a rate of 0.00110 � 0.00003 s�1 and an ampli-
tude of 0.460 � 0.005 �M.

FIGURE 3. Kinetics of elongation complex assembly at different temper-
atures. The preincubation reactions were started by mixing NS5pol (0.6 �M)
and P12/T26 (0.5 �M) in the reaction buffer at 30 °C (open circles) and 37 °C
(close circles). The elongation complexes assembled during preincubation
were quantified by single nucleotide primer extension reaction (see “Experi-
mental Procedures”). Each time course of elongation complex formation
was fit to a single exponential equation, yielding a rate of 0.00110 �
0.00003 s�1 with an amplitude of 0.270 � 0.002 �M for reactions at 37 °C
and a rate of 0.00020 � 0.00007 s�1 with an amplitude of 0.320 � 0.003 �M

for reactions at 30 °C.
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complex formation by preincubation of NS5pol with P12/T26
at 37 °C was identical to the rate of nucleotide incorporation
without preincubation (Fig. 2C), strongly suggesting that the
elongation complex assembly was rate-limiting. Also, the rate
of elongation complex formation at 37 °C was about 6 times
faster than at 30 °C. Preincubation studies at room tempera-
ture (23 °C) showed less than 0.05 �M elongation complexes
were formed even after preincubation for 4 h (data not
shown).
Mg2�-dependent Elongation Complex Formation—Several

earlier studies reported different roles for divalent metal ions
in the polymerase function (24, 25). We examined the effect
of MgCl2 on the formation of the elongation complex (Fig. 4).
In this experiment, NS5pol (0.6 �M) and P12/T26 (0.5 �M)
were preincubated with MgCl2 (0–6 mM) in the reaction
buffer for 1 h at 37 °C. Then primer extension reaction was
initiated by the addition of GTP in the presence of MgCl2 and
heparin. The reactions were quenched after 90 s, and the re-
actions were analyzed by PAGE. The gel of the results and the
plot of elongation complexes formed during 1 h of preincuba-
tion versusMgCl2 concentration are shown in Fig. 4. The ob-
served optimal concentration of MgCl2 is around 2 mM. Sur-
prisingly, only about 10% of total RNA (0.05 �M) was

assembled into active elongation complexes after preincuba-
tion of enzyme and RNA without MgCl2 (lane 1 in Fig. 4A
and the first data point in Fig. 4B) compared with about 55%
of the RNA (0.275 �M) assembled after preincubation with 2
mM MgCl2 (lane 4 in Fig. 4A and the fourth data point in Fig.
4B). Both samples contained 2 mM MgCl2 during the 90-s
primer extension reaction. This comparison indicates that
MgCl2 is necessary for efficient formation of the elongation
complex during preincubation. The MgCl2-dependent elon-
gation complex formation was also observed at 30 °C (data
not shown).
Nucleotide Incorporation Catalyzed by NS5pol in the Elon-

gation Complex—The rate of nucleotide incorporation from
the assembled elongation complex was measured in a rapid
mixing/quenching experiment. NS5pol (0.6 �M) and P12/T26
(0.5 �M) were incubated in the reaction buffer for 1 h at 37 °C
and then rapidly mixed with an equal volume of GTP solution
in the reaction buffer. After mixing, the final concentrations
of NS5pol, P12/T26, and GTP were 0.3, 0.25, and 800 �M, re-
spectively. The reactions were quenched at various time inter-
vals (Fig. 5A). The time course of 13-mer formation was fit to
a two-exponential equation; the fast exponential gave a rate of
13.2 � 0.8 s�1 and an amplitude of 0.083 � 0.002 �M. The
slow exponential gave a rate of 0.22 � 0.01 s�1 and an ampli-
tude of 0.094 � 0.002 �M. This result demonstrates that nu-
cleotide addition to the primer catalyzed by NS5pol in the
assembled elongation complex is much faster than the assem-
bly of elongation complex.
Single and multiple nucleotide incorporation reactions

were examined to explore the kinetics of primer extension
using the pre-assembled elongation complex (Fig. 5B). NS5pol
and P12/T26 were incubated for 1 h at 37 °C, and then the
primer extension reactions were initiated by adding one or all
four nucleotides with heparin. The reactions were quenched
after 90 s. In this experiment, four different P12/T26 RNA sub-
strates were used; each has the same P12 primer but used a
T26 template with different template bases for the next in-
coming nucleotide (Table 1). A rapid burst of formation of the
13-mer product was observed for all RNA substrates when
only one nucleotide was added, suggesting single nucleotide
incorporation from the assembled elongation complex was
fast and independent of the identity of the correct base pair
(Fig. 5B). In contrast, the majority of the products were full-
length (26-mer) when all four nucleotides were included in
the reaction, although a ladder of products of intermediate
size was also apparent. We conclude that the 26-mer product
was formed from one enzyme binding event, as heparin pre-
vents rebinding of the enzyme to RNA after dissociation.
These results suggest that incorporation of multiple nucleo-
tides was fast and moderately processive.
Kinetic Mechanism of Elongation Complex Assembly—The

time dependence of formation of the elongation complex was
characterized with NS5pol at various concentrations to study
the kinetic mechanism of assembly (Fig. 6). Preincubation
reactions to form the elongation complex were started by
mixing P12/T26 (0.5 �M) with NS5pol at various concentra-
tions (0.15–0.9 �M) in the reaction buffer at 37 °C. Elongation
complexes formed during preincubation for an indicated time

FIGURE 4. Mg2�-dependent formation of the elongation complex.
NS5pol (0.6 �M) and P12/T26 (0.5 �M) were preincubated at 37 °C in the reac-
tion buffer with MgCl2 at various concentrations (0, 0.5, 1, 2, 3, 4, 5, 6 mM)
for 1 h. The elongation complexes formed during 1 h of preincubation were
quantified by primer extension reaction. Each preincubated sample was
mixed with an equal volume of a solution containing 1 mM GTP and 0.1
mg/ml heparin in the reaction buffer with MgCl2 at various concentrations
(4, 0.5, 1, 2, 3, 4, 5, 6 mM) to start the primer extension reaction. The reac-
tions were quenched after 90 s and analyzed by PAGE. The gel image and
the plot of elongation complex concentration versus MgCl2 concentration
are shown in A and B, respectively.
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interval were quantified by the amount of 13-mer product.
Each time course of elongation complex formation was fit to a
single exponential equation to obtain the observed rate of

assembly and the amplitude of assembled elongation com-
plexes (Fig. 6A). The observed rates of assembly were plotted
against NS5pol concentrations (Fig. 6B). The data in the plot

FIGURE 5. Nucleotide incorporation catalyzed by NS5pol in the elongation
complex. A, kinetics of GTP incorporation are shown. NS5pol (0.6 �M) and P12/
T26 (0.5 �M) in the reaction buffer were incubated at 37 °C for 1 h. Aliquots of
this mixture were rapidly mixed with GTP (0.8 mM after mixing), and then the
reactions were quenched at various time intervals in a quench-flow instrument.
The concentration of NS5pol and P12/T26 after mixing was 0.3 and 0.25 �M, re-
spectively. The time course of 13-mer formation is shown. The data were fit to a
two-exponential equation; the fast exponential had a rate of 13.2 � 0.8 s�1 and
an amplitude of 0.083 � 0.002 �M, and the slow exponential had a rate of
0.22 � 0.01 s�1 and an amplitude of 0.094 � 0.002 �M. B, shown is primer ex-
tension with a single nucleotide or all four nucleotides. After incubation of
NS5pol and P12/T26 (the template of each RNA has different template base for
next incoming nucleotide, see Table 1) in the reaction buffer for 1 h at 37 °C,
each preincubated sample was mixed with an equal volume of a solution con-
taining single nucleotide at 0.5 mM or all four nucleotides (each nucleotide is 0.5
mM) and 0.1 mg/ml heparin in the reaction buffer. The reactions were
quenched after 90 s and analyzed by PAGE.

TABLE 1
RNA substrates

P12/T26 5�-GGAGAGAAAAGG
3�-CCUCUCUUUUCCCGUUUUUUUUGACA-5�

P12/T26_14U 5�-GGAGAGAAAAGG
3�-CCUCUCUUUUCCUGUUUUUUUUGACA-5�

P12/T26_14A 5�-GGAGAGAAAAGG
3�-CCUCUCUUUUCCAGUUUUUUUUGACA-5�

P12/T26_14G 5�-GGAGAGAAAAGG
3�-CCUCUCUUUUCCGCUUUUUUUUGACA-5�

FIGURE 6. Kinetics of elongation complex assembly with NS5pol at vari-
ous concentrations. A, shown are time courses of elongation complex for-
mation at various NS5pol concentrations. Preincubation reactions were
started at 37 °C by mixing P12/T26 (0.5 �M) with NS5pol at various concentra-
tions (0.15 (�), 0.23 (ƒ), 0.3 (Œ), 0.45 (ƒ), 0.6 (f), 0.75 (�), 0.9(F) �M) in the
reaction buffer. The elongation complexes assembled during preincubation
were quantified by single nucleotide primer extension reaction. Each time
course of elongation complex formation was fit to a single exponential
equation to obtain the observed rate of assembly and the amplitude of as-
sembled complexes at each NS5pol concentration. The solid lines are the
best fits. B, shown is the plot of the observed rate versus NS5pol concentra-
tion. The data were fit to a linear function, giving a slope of 0.0016 � 0.0001
�M

�1s�1 and an intercept of 0.00020 � 0.00005 s�1. C, the plot of the am-
plitude versus NS5pol concentration is shown.
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can be fit to a linear function, giving a slope of 0.0016 �
0.0001 �M�1s�1 and an intercept of 0.00020 � 0.00005 s�1.
The results indicate that the binding of NS5pol and P12/T26 to
form the elongation complex follows a one-step binding
mechanism with an association rate of 0.0016 � 0.0001
�M�1s�1 and a dissociation rate of 0.00020 � 0.00005 s�1

(Scheme 1). Based on these two rates, the estimated binding
Kd of the enzyme and RNA to form the productive elongation
complex is about 0.13 �M. As shown in Fig. 6C, the maximal
amplitude of assembled elongation complexes is 0.27 �M,
which is about 54% of the input RNA (0.5 �M). Assembly of
the elongation complex at higher enzyme concentration (�
0.45 �M) does not increase the amplitude, suggesting only
about half of the E-RNA complexes were able to form produc-
tive elongation complexes during preincubation. A fraction of
the RNA could be bound to the enzyme nonproductively, or
there could be some loss of activity during the preincubation
phase. The fractional recovery of active elongation complexes
is comparable with that seen with HIV reverse transcriptase
(26).
Kinetics of Correct and Incorrect Nucleotide Incorporation

during Elongation—The kinetics of single nucleotide incorpo-
ration from an assembled elongation complex were studied at
various NTP concentrations to determine the apparent nucle-
otide equilibrium dissociation constant (Kd) and maximal in-
corporation rate (kpol). The kinetics of correct single nucleo-
tide incorporation were determined by rapidly mixing the
assembled elongation complex with GTP at various concen-
trations in a quench-flow instrument. The time courses of
product formation at various GTP concentrations are shown
in Fig. 7A. Each time course was best fit to a two-exponential
equation. The origin of the slow phase is not known; it could
be due to a shift of the RNA from a nonproductive to a pro-
ductive binding mode or other isomerization in the E-RNA
complex. In any case, the rate of the fast phase describes the
kinetics of the reaction of the productive E-RNA complex.
Therefore, the rates from the fast phase were plotted against
GTP concentration, and the data were fit to a hyperbola,
yielding a Kd of 275 � 52 �M and a kpol of 18 � 1 s�1 (Fig. 7, B
and C) to define the kinetic parameters governing nucleotide
incorporation.
The kinetics of misincorporation opposite CMP in the tem-

plate were studied at various NTP concentrations. As an ex-
ample, the time courses of product formation at various UTP
concentrations are shown in Fig. 8. The data were fit to a sin-
gle exponential to determine the observed rates. The rates
were plotted against UTP concentrations, and the data were
fit to a hyperbola to give a Kd of 1.6 � 0.8 mM and a kpol of
0.0030 � 0.0006 s�1. The kinetic parameters for correct and
incorrect nucleotide incorporations opposite CMP are sum-
marized in Table 2.

DISCUSSION

RNA de novo replication undergoes three phases: initia-
tion, initiation-to-elongation transition, and elongation (12,
27). To date no one has reported a detailed kinetic character-
ization of dengue virus polymerase in the elongation phase. In
this work we report the conditions required for assembly of

the elongation complex of DENV RdRp using a double-
stranded RNA substrate, P12/T26, and the polymerase domain,
NS5pol. The reaction of nucleotide incorporation catalyzed

FIGURE 7. GTP concentration dependence of the kinetics of correct nu-
cleotide incorporation. A, time courses of GTP incorporation opposite
CMP in template at various GTP concentrations are shown. A mixture of
NS5pol (0.6 �M) and P12/T26 (0.5 �M) in reaction buffer were incubated at
37 °C for 1 h. Aliquots of this mixture were rapidly mixed with GTP (12.5 (ƒ),
25 (Œ), 50 (‚)100 (f), 200 (�), 400 (F), and 800 (E) �M after mixing) to start
nucleotide incorporation reactions. The concentration of NS5pol and P12/
T26 after mixing is 0.3 and 0.25 �M, respectively. The reactions were
quenched at various time intervals. Each time course was fit to a two-expo-
nential equation (solid lines). B, data within 1-s reaction time from A are
shown to demonstrate the fitting of the fast phase. C, shown is GTP concen-
tration dependence of the incorporation rate for the fast phase. The rates of
the fast phase were plotted against GTP concentration, and the data were
fit to a hyperbola, yielding a Kd of 275 � 52 �M and a kpol of 18 � 1 s�1.

Presteady-state Kinetics of Dengue Virus RNA Polymerase

JANUARY 21, 2011 • VOLUME 286 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 2073



by NS5pol in the assembled elongation complex was charac-
terized, leading to the minimal mechanism for formation of
the elongation complex and subsequent nucleotide incorpora-
tion shown in Scheme 1.

Assembly: E � Rn -|0
0.0016 �M

�1s�1

0.0002 s�1

E � Rn

Elongation: E � Rn � N -|0
275 �M

E � Rn � NO¡
18 s�1

E � Rn � 1 � PPi

SCHEME 1. Minimal kinetic mechanism of elongation complex assembly
followed by nucleotide binding and incorporation. E, NS5pol; Rn, P12/T26;
N, NTP; Rn�1, P13/T26; PPi, pyrophosphate.

Assembly of the Elongation Complex—Elongation complex
(E�Rn) assembly from P12/T26 and NS5pol was followed by
nucleotide binding to form a ternary complex (E�Rn�N) and
subsequent nucleotide incorporation. Elongation complex
assembly is the slowest step in the pathway; the rate of nucle-

otide incorporation was 0.0011 s�1 without preincubation
(Fig. 2) and 13.2 s�1 after preincubation of enzyme and RNA
(Fig. 5A). A detailed kinetic study of the assembly shows that
the binding of enzyme and RNA to form E�Rn can be de-
scribed by a simple one-step binding mechanism with an as-
sociation rate of 0.0016 � 0.0001 �M�1s�1 and a dissociation
rate of 0.00020 � 0.00005 s�1 when preincubation was per-
formed at 37 °C (Fig. 6). Based on these two rates, the appar-
ent Kd for the formation of the E�Rn complex is about 0.13 �M.
However, the exceedingly slow rate and the extreme tempera-
ture dependence (discussed below) suggest that the process of
forming the elongation complex is much more complex and
may require several steps. Although one expects that initial
weak RNA binding may then lead to subsequent isomeriza-
tion to form a productive complex, there are no data to re-
solve the individual steps.
One interesting observation regarding elongation complex

assembly is that the assembly rate at 37 °C is about 6 times
faster than at 30 °C (Fig. 3); at room temperature the assembly
rate was negligible (data not shown). This observation is simi-
lar to that of Ackermann and Padmanabhan (10), which led to
the proposal that the binding of a dsRNA or a ssRNA to
DENV RdRp is regulated by a temperature-dependent switch
on the enzyme. They proposed that at higher temperatures
the enzyme switches to an open conformational state for
dsRNA to bind and form the elongation complex. The struc-
ture of the apo-form of DENV-3 NS5pol is similar to a canon-
ical polymerase, resembling a human right hand with fingers,
palm, and thumb domains (Fig. 9). Apparently, the active site
of apo NS5pol is encircled by extensions from the fingers and
thumb domain, leading to a narrow RNA binding channel
that appears to only accommodate a ssRNA (6). The narrow
RNA binding channel is conserved in several polymerases that
catalyze de novo RNA replication (28). Although the exact
structural basis for the temperature-dependent switch is un-
clear, evidence from structural and biochemical studies of
several Flaviviridae polymerases provided possible mecha-
nisms involving rearrangements of two different loops, one in
the thumb domain (Fig. 9, red loop), named the priming loop
in DENV, and the other connecting the fingers and thumb
domains (Fig. 9, blue loop), named 	1 loop-like structure (12,
29). The priming loop protrudes into the active site to prevent
the binding of a dsRNA in DENV. In HCV polymerase, dele-
tion of eight residues in the homologous � loop allows the
polymerase to bind a dsRNA (19, 30). Lesburg et al. (20) pro-
posed that the � loop opens to allow exit of duplex RNA
product during the elongation phase and interacts with the
major groove of the duplex RNA to improve replication pro-

FIGURE 8. UTP concentration dependence of the kinetics of misincor-
poration. A, shown are time courses of UTP misincorporation at various
UTP concentrations. A mixture of NS5pol (0.6 �M) and P12/T26 (0.5 �M) in
the reaction buffer was incubated at 37 °C for 1 h. Then the nucleotide
incorporation reactions were initiated by adding an equal volume of
UTP solution (0.25 (Œ), 0.5 (‚), 1 (f), 2 (�), 4 (F), 8 (E) mM after mixing)
in the reaction buffer with heparin (0.05 mg/ml after mixing). The con-
centration of NS5pol and P12/T26 after mixing was 0.3 and 0.25 �M, re-
spectively. At various time intervals, aliquots from the reaction were re-
moved and mixed with the quench solution. Each time course of
product formation was fit to a single exponential to obtain the observed
misincorporation rate. B, UTP concentration dependence of the misin-
corporation rate is shown. The observed rates were plotted against UTP
concentration, and the data were fit to a hyperbola, yielding a Kd of
1.6 � 0.8 mM and a kpol of 0.0030 � 0.0006 s�1.

TABLE 2
Kinetic constants of nucleotide incorporation opposite template
CMP

NTP kpol Kd kpol/Kd Discriminationa

s�1 �M �M�1s�1

GTP 18 � 1 275 � 52 0.065 1
UTP 0.0030 � 0.0006 1570 � 820 0.0000019 34,000
ATP 0.0013 � 0.0004 1180 � 1000 0.0000011 59,000
CTP 0.00053 � 0.00011 1100 � 600 0.00000048 135,000

a Discrimination is the ratio of the specificity for a correct nucleotide (GTP in this
case) to that of an incorrect nucleotide.
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cessivity. The � loop connects to the body of the thumb do-
main through two hinges. Only minor changes in the back-
bone torsion angles are required to allow the opening of this �
loop. The movement of these loop structures is likely to be
highly sensitive to temperature (31). Similarly, the binding of
a dsRNA has been proposed to be controlled by a flexible
locking mechanism through the 	1 loop-like structure, which
is conserved in Flaviviridae RdRps (29). We speculate that
dsRNA binds to the open conformational state of the dengue
polymerase through temperature-sensitive and Mg2�-depen-
dent structural rearrangements involving flexible loop move-
ments and that higher temperature increases the frequency of
the close-to-open transition of two possible loops discussed
above, thus, accelerating the assembly process.
Nucleotide Incorporation Catalyzed by DENV RdRp during

Elongation—DNA and RNA polymerases use a similar mini-
mal mechanism to catalyze nucleotide incorporation; that is,
ground state binding of nucleotide to form the ternary en-
zyme-RNA-nucleotide complex followed by incorporation of
nucleotide (Scheme 1). The kinetic constants for these two
steps, Kd and kpol, respectively, are determined by nucleotide
incorporation assay at various nucleotide concentrations. The
time courses of 13-mer formation from the assembled NS5pol

elongation complexes best fit to a two-exponential equation
(Fig. 7). Data analysis of the fast phase yields a Kd of 275 � 52
�M and a kpol of 18 � 1 s�1, which are comparable with other
well characterized RdRps (32, 33).
As stated above, the kinetics show that there are at least

two distinct kinetic processes that contribute to nucleotide
elongation. We have interpreted these kinetics to suggest that
there are at least two different conformational states involving
the elongation complex, one that catalyzes nucleotide incor-
poration at faster rate and one or more that can isomerize to
the active form or catalyze nucleotide incorporation at a
slower rate. The relationship of the slower step to the faster
step is currently under investigation. Understanding the
mechanistic features that contribute to the slower rate may
provide further insights in the RNA binding and nucleotide
incorporation mechanism. The work reported here focuses on
the faster rate as it is more likely to be physiologically relevant
during viral genome replication in vivo.

During RNA replication, a polymerase has to selectively
incorporate one correct nucleotide of four available nucleo-
tides opposite a given RNA template base. A polymerase
achieves such selectivity by incorporating competing nucleo-
tides with different specificity. The specificity constant for
incorporation of each nucleotide by NS5pol is defined as kpol/
Kd, which is equal to kcat/Km for sequential incorporation dur-
ing processive synthesis. In our study, Kd and kpol for the cor-
rect and incorrect nucleotides were measured by single
turnover nucleotide incorporation assays (Table 2). Based on
these measurements, the specificities for all four nucleotides
are in the order of G, U, A, C, from high to low specificity, for
nucleotide incorporation against a CMP in the template. The
discrimination against a mispair versus a correct base pair can
be calculated by the ratio of kpol/Kd for the correct to the in-
correct (Table 2). For example, the discrimination of NS5pol
for U:C versus G:C was 34,000, meaning one UTP can be mis-
incorporated for every 34,000 template CMPs. Accordingly,
the fidelity or error rate for NS5pol was between 1/34,000 for
the U:C mispair and 1/135,000 for the C:C mispair.
The contribution to the observed fidelity of NS5pol from

the ground state binding step is mainly due to base pairing.
The ground state binding affinity of a mispair is about 4–5.7-
fold weaker than the cognate G:C pair (Table 2). Therefore,
the free energy difference for ground state binding (		G �
�RTln(Kc/Ki); Kc and Ki are the equilibrium binding con-
stants for correct and incorrect nucleotides, respectively) is
about 0.85–1.1 kcal/mol. The free energy difference between
correct and incorrect base pairs in enzyme-free conditions
was estimated to be 1–3 kcal/mol (34). The similarity in the
differential binding energies with and without enzyme sug-
gests that the interaction of nucleotides with NS5pol contrib-
utes little to the selection of correct and incorrect base pairs
during ground state binding. However, if a nucleotide-depen-
dent conformational change governs the kinetics of correct
nucleotide incorporation, then these calculations may not be
valid (35, 36).
The Kd for the cognate G:C binding is 275 �M, which is

much higher than those for replicative DNA polymerases
such as human mitochondrial DNA polymerase, hPol�, (0.8

FIGURE 9. Crystal structure of the apo-form of DENV-3 RdRp (residues
273–900). A, the front view of the crystal structure resembles a human right
hand with fingers, palm, and thumb domains. The RNA is assumed to oc-
cupy the space between fingers and thumb domains. The priming loop
(shown in red) protrudes into the active site and presumably opens when
dsRNA product exits the active site. 	1 loop-like structure (in blue) pro-
trudes from the fingers domain and docks on the thumb domain. The miss-
ing residues of the structure (residues 311–316) are represented by the bro-
ken lines. Motif F is shown in green. B, the back view of the structure is
shown. Pictures were drawn from PDB file 2J7U (6).
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�M) (37), T7 DNA polymerase (20 �M) (38), and HIV reverse
transcriptase (1.5 �M) (36). High Kd values for correct nucleo-
tide binding were also observed in Sulfolobus solfataricus
DNA polymerase Dpo4 (171 �M) (39), T7 RNA polymerase
(300 �M) (40), poliovirus 3Dpol (130 �M) (32), and foot-and-
mouth disease virus polymerase (50–500 �M) (33). The low
binding affinity has been attributed to a loose, solvent-accessi-
ble active site in Dpo4 (39, 41). In contrast, the ternary com-
plex structure of T7 DNA polymerase has a tight active site.
Our data are consistent with a loose active site for NS5pol
where the amino acids make minimal interactions with the
nascent base pair during ground state binding.
The difference between the rates of correct and incorrect

nucleotide incorporation for NS5pol is large in contrast to the
minimal discrimination at the ground state binding step. The
rates of misincorporation were 6,000–34,000-fold slower than
the rate for incorporating the correct nucleotide. For hPol�
and T7 DNA polymerase, incorrect nucleotides were incorpo-
rated at rates 370�12,000-fold and 2,000�4,000-fold slower
than correct nucleotides, respectively (37, 38). For HIV re-
verse transcriptase, the difference is only 7�90-fold (36).
Therefore, the nucleotide incorporation step catalyzed by
NS5pol was the primary determinant of its fidelity. It is not
clear how the small energy difference in base-pairing during
ground state binding is translated to the larger energy differ-
ence observed in catalysis. Conformational changes exist be-
tween the ground state binding and the chemistry step for
many polymerases (34). For T7 DNA polymerase, the confor-
mational change can stabilize the binding of a correct nucleo-
tide for fast catalysis but destabilize the binding of an incor-
rect nucleotide and misalign the active site for slow chemistry.
It is possible that NS5pol also follows the similar mechanism
adopted by T7 DNA polymerase. The motif F (Fig. 9, shown
in green) of DENV-3 NS5pol has several conserved basic resi-
dues that were thought to provide a binding site for the in-
coming nucleotide during catalysis (20). However, motif F is
far from the active site in the structure (Fig. 9). A major
movement of motif F would be required for it to interact with
a base pair in the active site. Further research is under way to
address this proposal.
The observed fidelity of NS5pol was comparable with repli-

cative DNA polymerases without their exonuclease activity,
such as hPol� (exo�) (37, 42). The error rate of NS5pol is only
1 order of magnitude lower than that of T7 DNA polymerase
(exo�) (38). The fidelity of NS5pol is about 10-fold higher
than HIV reverse transcriptase (26) and is also higher than
many DNA repair polymerases such as rat DNA polymerase �
and Dpo4 (39, 43). Similar fidelity was also observed with
other RdRps, such as poliovirus 3Dpol and foot-and-mouth
disease virus RdRp (32, 33). These comparisons assume that
the fidelity we measured for NS5pol is similar across all com-
binations of base pairs, as seen with DNA-dependent DNA
polymerases (37).
Because RNA polymerases lack the proofreading 3�-5�-exo-

nuclease activity, which can contribute 10–100-fold to fidel-
ity, NS5pol is still deemed to exhibit low fidelity compared
with hPol� and T7 DNA polymerase with their exonuclease
activity (44, 45). In addition, most RNA viruses are deficient

in error correction mechanisms; therefore, the overall muta-
tion rates per genome replication for RNA viruses are close to
the error rate of their polymerases. The fidelity measured
from our assay predicts the error rate in the range of 1/34,000
to 1/135,000 for DENV-2, which is in the range of 10�3–10�5

observed for viruses with a positive ssRNA genome (46). In
contrast, the error rates of DNA replication in eukaryotes and
prokaryotes are in the range of 10�8–10�11 (47). The polym-
erase fidelity should set the upper limit for the mutation rate
per genome replication in vivo (48). The actual mutation rate
might be lower as selection pressure in vivo will remove unfa-
vorable mutants during replication (49).
To our knowledge, this study presents the first example in

the Flaviviridae virus family to characterize the nucleotide
incorporation reaction during elongation using transient ki-
netic methods. The methodology developed here may also be
applicable to other polymerases from the Flaviviridae family
such as HCV polymerase because of their structural homol-
ogy (12).
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