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We report that dengue virus (DENV) methyltransferase sequentially methylates the guanine N-7 and ribose
2′-O positions of viral RNA cap (GpppA→m7GpppA→m7GpppAm). The order of two methylations is
determined by the preference of 2′-O methylation for substrate m7GpppA-RNA to GpppA-RNA, and the 2′-O
methylation is not absolutely dependent on the prior N-7 methylation. A mutation that completely abolished
the 2′-O methylation attenuated DENV replication in cell culture, whereas another mutation that abolished
both methylations was lethal for viral replication, suggesting that N-7 methylation is more important than
2′-O methylation in viral replication. The latter mutant with lethal replication could be rescued by trans
complementation using a wild-type DENV replicon. Furthermore, we found that chimeric DENVs containing
the West Nile virus methyltransferase, polymerase, or full-length NS5 were nonreplicative, but the
replication defect could also be rescued through trans complementation using the wild-type DENV replicon.
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Introduction

Dengue virus (DENV) is a mosquito-borne emerging or reemer-
ging pathogen. There are four distinct serotypes of DENV that infect
humans, causing diseases ranging from acute self-limiting febrile
illness to life-threatening dengue hemorrhagic fever (DHF) and
dengue shock syndrome (DSS). More than 2 billion people in tropical
and subtropical regions are at risk of DENV infection, leading to 50 to
100 million human infections and 24,000 deaths each year. Neither
vaccine nor antiviral therapy is currently available for prevention and
treatment of DENV infections. Besides DENV, many other flaviviruses,
including West Nile virus (WNV), yellow fever virus (YFV), Japanese
encephalitis virus (JEV), and tick-borne encephalitis (TBEV), also
cause significant humanmortality andmorbidity (Gubler et al., 2007).

DENVbelongs to genusflavivirus in family Flaviviridae. Theflavivirus
genome is a single, positive-strand RNA of approximately 11 kb in
length. It consists of a 5′-untranslated region (UTR), a long open reading
frame (ORF), and a 3′-UTR. The ORF encodes a polyprotein that is post-
and cotranslationally cleaved by viral and cellular proteases to three
structural proteins (capsid [C], premembrane [prM]/membrane [M],
and envelope [E]) and seven nonstructural proteins (NS1, NS2a, NS2b,
NS3, NS4a, NS4b, and NS5) (Lindenbach et al., 2007). The 5′ end of the
genomicRNAcontains a type1 cap structure (m7GpppAm)(Cleaves and
Dubin, 1979; Wengler, 1981), which is similar to the cap structure of
most eukaryotic and viral mRNAs. The cap structure is known to be
critical for mRNA stability and efficient translation (Furuichi and
Shatkin, 2000).

RNA cap formation generally requires four enzymatic reactions
(Shuman, 2001). First, the 5′-triphosphate end of nascent RNA
transcript is hydrolyzed to a 5′-diphosphate by an RNA tripho-
sphatase. Second, the 5′-diphosphate RNA is capped with GMP (using
GTP) by an RNA guanylyltransferase. Third, the N-7 position of
guanine cap is methylated by an RNA guanine-methyltransferase (N-7
MTase). Lastly, the first and second nucleotides of many cellular and
viral mRNAs are further methylated at the ribose 2′-OH position by a
nucleoside 2′-O MTase, resulting in cap 1 (m7GpppNm) and cap 2
(m7GpppNmNm) structures, respectively. S-adenosyl-L-methionine
(SAM) is the methyl donor for both N-7 and 2′-O methylations. After
each methylation event, SAM is converted to the by-product S-
adenosyl-L-homocysteine (SAH). For flavivirus RNA cap formation,
the RNA triphosphatase has been mapped to NS3 (Li et al., 1999;
Wengler and Wengler, 1991); the N-7 and 2′-O MTase activities have
been located to the N-terminal region of NS5 (Egloff et al., 2002; Ray
et al., 2006; Zhou et al., 2007); recent studies suggest that the
guanylyltransferase may also reside in the MTase domain of NS5
(Egloff et al., 2007; Issur et al., 2009).

The current understanding of flavivirus RNA cap methylation has
been mainly derived from WNV MTase. The WNV MTase domain was
shown to catalyze N-7 and 2′-O methylations in a sequential manner,
with N-7 preceding 2′-O methylation (Zhou et al., 2007). Unlike
cellular RNA cap methyltransferase, WNV MTase requires specific
viral RNA sequence and structure for its methylation reactions (Dong
et al., 2007). Structure-based mutagenesis studies suggest that the
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Fig. 1. Optimal conditions for N-7 and 2′-O cap methylations of DENV-4 MTase. (A) SDS-PAGE analysis of recombinant DENV-4 MTase. Molecular masses of protein markers are
labeled. (B) Optimal conditions for N-7 and 2′-O cap methylations. The N-7 and 2′-O methylation assays were performed using substrate G*pppA-RNA and m7G*pppA-RNA,
respectively; the reactions were incubated for 5 min for N-7 methylation and 60 min for 2′-O methylation. The reaction mixtures were digested with nuclease P1 and analyzed on
TLC plates. The products on TLC plates were quantified by PhosphorImager analysis. Optimal temperature, pH, NaCl concentration, and MgCl2 concentration were obtained by
titrating individual parameter while keeping other parameters at the optimal levels. Relative methylation activities are presented using the optimal level as 100%. Average results
from three independent experiments are shown.
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WNV MTase catalyzes the two methylation events through an RNA
substrate repositioningmodel (Dong et al., 2008a; Dong et al., 2008b).
Experiments using a luciferase-reporting replicon and an infectious
clone of WNV showed that the N-7 methylation is critical for efficient
RNA translation as well as for viral replication. In contrast, mutations
that completely destroyed 2′-O methylation attenuated WNV repli-
cation in cell culture and in mice (Zhou et al., 2007). Furthermore,
WNV MTase was found to genetically interact with the RNA-
dependent RNA polymerase (RdRp) domain of NS5 as well as the 5′
stem-loop of genomic RNA (Zhang et al., 2008). The WNV results
suggest that flavivirus MTase represents a new antiviral target (Dong
et al., 2008c). However, it remains to be experimentally demonstrated
whether the conclusions derived from the WNVMTase are applicable
to other members of the flavivirus genus. A systematic analysis of
MTase from other flaviviruses is required to generalize the mecha-
nism for flavivirus cap methylations.

Our long-term goal is to develop small-molecule inhibitor for
clinical treatment of DENV infection. To examine whether MTase is a
valid target for anti-DENV drug discovery, we performed biochemical
Fig. 2. Time course analysis of DENVMTase activities. 33P-labeled G*pppA-RNA (representin
buffer (pH 9.0). The reactions were terminated at indicated time points, digested with nuclea
point, the relative conversions of G*pppA to m7G*pppA, m7G*pppAm, and G*pppAm are pre
and the migrations of G*pppA, m7G*pppA, m7G*pppAm, and G*pppAm molecules are indic
according to the VP39-mediated reaction (see details in Fig. 4A).
and genetic characterizations of the DENV MTase. Our results
demonstrate that MTases from DENV and WNV share a common
mechanism in catalyzing the two cap methylation reactions.
Importantly, mutagenesis experiments using an infectious cDNA
clone of DENV suggest that N-7 methylation, rather than 2′-O
methylation, is critical for DENV replication. These results have
established a foundation to target N-7 methylation for DENV drug
discovery.

Results

Distinct conditions required for DENV N-7 and 2′-O methylations

We cloned, expressed, and purified the MTase domain, represent-
ing the N-terminal 272 amino acids of DENV-4 NS5. An SDS–PAGE
analysis showed that the protein was N90% pure with an expected
molecular mass of 30 kDa (Fig. 1A). The recombinant MTase was used
to search for optimal assay conditions for methylation reactions
(Fig. 1B). To avoid artifacts, we used an authentic RNA substrate,
g the first 211 nucleotides of DENV genome) was incubated with DENV-4 MTase in 2′-O
se P1, analyzed on a TLC plate (A), and quantified using a PhosphorImager. For each time
sented (B). The input G*pppA-RNA at 0 min was set at 100%. The positions of the origin
ated on the left side of the TLC image. The mobility of G*pppAm on TLC was assigned
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representing the 5′-terminal 211 nucleotides (nt) of the DENV
genome. The N-7 methylation was monitored by the conversion of
G*pppA-RNA to m7G*pppA-RNA (the symbol * indicates that the
following phosphate is 33P-labeled). The 2′-O methylation was
measured by the conversion of m7G*pppA-RNA to m7G*pppAm-
RNA. The reactions were digested by nuclease P1 to release G*pppA,
m7G*pppA, and m7G*pppAm, which were separated on a TLC plate.
Using these methods, we varied several parameters and quantified

image of Fig.�3
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their effects on methylation efficiency. As plotted in Fig. 1B, both N-7
and 2′-O methylations shared a same optimal temperature at 30 °C.
However, the two methylations require different pH, and NaCl and
MgCl2 concentrations. The optimal pH for N-7 and 2′-O methylation
were at 6.0 and 8.0–10.0, respectively. Concentrations of NaCl at
N500 mM and N50 mM inhibited N-7 and 2′-O methylation, respec-
tively. The presence of MgCl2 inhibited N-7 methylation, whereas
MgCl2 concentration at 1–5 mM exhibited optimal 2′-O methylation.
These results demonstrate that distinct conditions are required for
DENV-4 N-7 and 2′-O methylations.

Order of N-7 and 2′-O methylations of viral RNA cap

A time course of methylation was performed to examine the order
of N-7 and 2′-O methylations. G*pppA-RNA was incubated with
DENV-4 MTase in a reaction buffer at pH 9.0, which supports both
methylation activities (as shown in Fig. 1B). The reaction was
terminated at various time points and assayed on a TLC plate. As
shown in Fig. 2, m7G*pppA was observed as early as 1 min, saturated
at 5–15 min, and steadily declined at later time points. Concurrently,
m7G*pppAm product was first detected at 5 min and increased up to
60 min. These results suggest that DENV-4 MTase catalyzes the two
methylations in an order of GpppA→m7GpppA→m7GpppAm. Mean-
while, a consistent level of G*pppAm (determination of G*pppAm
mobility on TLC plates is described in detail in Fig. 4A) was observed
throughout the experiment, indicating that 2′-O methylation is not
absolutely dependent on the prior N-7 methylation.

Distinct amino acid requirements for the N-7 and 2′-O methylations

Flavivirus MTase has a conserved structure with a SAM-binding
pocket, a GTP-binding pocket, a RNA-binding site, and a K-D-K-Emotif
(Egloff et al., 2002; Zhou et al., 2007). The K-D-K-E motif forms the
active site that is conserved among 2′-O MTases from various
organisms (Egloff et al., 2002; Hager et al., 2002; Hodel et al., 1996).
Using the crystal structure of DENV-2 MTase as a guide (Egloff et al.,
2002), we performed a systematic mutagenesis of the DENV-4 MTase.
For every structural pocket or motif, a panel of mutantMTases, each of
which contained an Ala substitution of one amino acid, were prepared
and assayed for cap methylations.

K-D-K-E motif
The K-D-K-E motif is well known to catalyze an SN2-reaction

mediated 2′-O methyl transfer (Hodel et al., 1996). In DENV MTase,
this motif is formed by K61-D146-K181-E217 (Fig. 3A, middle panel,
green). Methylation assays showed that K61A, D146A, and E217A
MTases mutants were completely inactive in 2′-O methylation, while
the K181A mutant retained 6% 2′-O activity of the WT enzyme
(Fig. 3C). For N-7methylation, only the D146Amutant completely lost
the N-7 activity; the K61A, K181A, and E217A mutants retained 34%,
16%, and 59% of the WT activity, respectively (Fig. 3B). The results
demonstrate that residues K61, D146, and E217 of the K-D-K-E motif
are essential for the 2′-O methylation, whereas only D146 is essential
for the N-7 activity.
Fig. 3. Mutagenesis analysis of DENV-4 MTase. (A) Surface representation of DENV-2 MTa
molecules are shown in stick presentation. Residues forming the K-D-K-E tetrad are shown
Five residues (cyan) forming direct interactions with GMP molecule in the GTP-binding po
(cyan) interacting with the adenosine moiety of the SAH molecule. The images were prod
(B) Effects of mutations within the K-D-K-E tetrad, SAM-, GTP-, and putative RNA-binding
nucleotides of the DENV genome, was incubated withWT or variousmutantMTases at room
nuclease P1, analyzed on a TLC plate, and quantified using a PhosphorImager. Themethylation
and these are indicated below the TLC image. The MTase variants are labeled at the top
experiments were performed as described in (B), except that substratem7G*pppA-RNAwas i
was quantified using a PhosphorImager. 33P-labeled markers (G*pppA andm7G*pppA) are in
the G*pppA, m7G*pppA, andm7G*pppAmmolecules are shown to the left of the TLC images. (
experiments are presented.
SAM-binding pocket
Four residues within the SAM-binding pocket were selected for

mutagenesis analysis, among which K105 and I147 sandwich the
adenosine base, D131 interacts with the amide of the adenosine, and
H110 forms a hydrogen bond with the 2′-OH of the ribose (Fig. 3A,
right panel, residues in cyan). Methylation assays showed that
substitutions of K105, H110, D131, and I147 with Ala affected both
the N-7 and 2′-O methylations (Figs. 3B and 4C), suggesting that the
single SAM-binding site is responsible for both methylations. Since
the SAM molecule is bound to the SAM pocket through interactions
with multiples residues, a single point mutation is not sufficient to
completely abolish the methylation activities.

GTP-binding site
For the GTP-binding pocket, five residues were individually

substituted with Ala. F25 stacks with the guanine base; K14 interacts
with the 2′-OH and 3′-OH of the ribose; N18 forms a hydrogen bond
with the 2′-OH of the ribose; and K29 and S150 interact with the α-
phosphate of GTP (Fig. 3A, left panel, cyan). Methylation assays
showed that only F25A significantly decreased the N-7 methylation,
with 15% of the WT level; substitutions of other residues exhibited
minor effects on N-7 methylation, with 53–100% of the WT activity
(Fig. 3B). For 2′-O methylation, K14A, N18A, and K29A reduced the
activity by≥85%; N18A and S150A suppressed 30% and 45% of the 2′-O
activity, respectively. These results suggest that the GTP-binding
pocket selectively functions during 2′-O methylation.

RNA-binding site
To identify critical residues within the putative RNA-binding site,

we selected four residues on enzyme surface for Ala-scanning
mutagenesis (Fig. 3A, middle panel, residues in red). The E35A and
W87A substitutions reduced N-7 methylation to about 50% of the WT
level (Fig. 3B), but almost completely abolished 2′-O methylation,
with≤4% of theWT activity (Fig. 3C). In contrast, the R84A and E149A
mutations were selectively important for N-7 methylation, with ≤5%
of the WT activity (Fig. 3B), while retained 49–62% of the WT 2′-O
activity (Fig. 3C). Based on the abovemutagenesis results (Fig. 3D), we
conclude that distinct residues are required for the two methylation
events.

2′-O methylation prefers a substrate with prior N-7 methylation

We asked what factor determines the order of GpppA→m7Gpp-
pA→m7GpppAm, as observed in Fig. 2. The E149A mutant was
selected to address this question as it was completely inactive in N-7
methylation while retaining 49% of WT 2′-O methylation (Fig. 3D). A
time course experiment was performed using E149A and substrate
G*pppA-RNA or m7G*pppA-RNA in the 2′-O assay buffer (pH 9.0).
After nuclease P1 digestion, the reactions were resolved on TLC plates
(Fig. 4A) and 20% polyacrylamide denaturing gels (Fig. 4B). The
denaturing gel was used as an alternative means to separate G*pppA,
G*pppAm,m7G*pppA, andm7G*pppAm, as previously reported (Dong
et al., 2008a). Vaccinia protein 39 (VP39), a well-known 2′-O MTase,
was included as the positive control. As shown in Fig. 4A, the mobility
se in complex with GMP and SAH (middle panel). GMP (magenta) and SAH (yellow)
in green. Residues mutated within the putative RNA-binding site are in red. Left panel:
cket. Hydrogen bonds are indicated by dashed black lines. Right panel: Four residues
uced using DENV-2 MTase structure (PDB code: 1L9K; Egloff et al., 2002) and PyMOL.
sites on DENV-4 N-7 methylation. Substrate G*pppA-RNA, representing the first 211

temperature for 5 min in the presence of SAM. The reactionmixtures were digested with
efficiencies of mutant MTases were comparedwith that of theWTMTase (set at 100%),
of the TLC autoradiograph. (C) Effects of mutations on DENV 2′-O methylation. The
ncubated in 2′-O buffer (pH 9.0). The conversion of m7G*pppA-RNA→m7G*pppAm-RNA
dicated at the top of TLC images. The position of the origin and themigration positions of
D) Summary of methylation results from panels B and C. Averages of three independent



Fig. 4. Analysis of 2′-O methylation using E149A MTase. E149A MTase was incubated with m7G*pppA-RNA (A) and G*pppA-RNA (B) in 2′-O buffer (pH 9.0). The reactions were
terminated at different time points, subjected to nuclease P1 digestion, and analyzed on TLC plates (A) and on a 20% denaturing polyacrylamide gel containing 8 M urea (B). VP39, a
known 2′-OMTase, was included as a positive control. The enzyme, RNA substrate, and reaction time are indicated. The positions of G*pppA, m7G*pppA, G*pppAm, andm7G*pppAm
molecules are labeled to the left of the TLC plates and gels. The bottom panel in (B) summarizes the conversions of GpppA-RNA→GpppAm-RNA and m7GpppA-RNA→m7GpppAm-
RNA that were quantified using PhosphorImager. Conversion percentage = product/(residual substrate+product)×100%. See details in Materials and methods.
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of G*pppAm on TLC was assigned according to the VP39-mediated
reaction; a weak band of unknown identity (labeledwith “?”) was also
observed in all reactions. Nevertheless, the TLC (Fig. 4A) and
denaturing gel analyses (Fig. 4B) showed that E149A could perform
2′-O methylation on both m7G*pppA-RNA and G*pppA-RNA. How-
ever, the conversion of m7G*pppA-RNA→m7G*pppAm-RNA was
more efficient than the G*pppA-RNA→G*pppAm-RNA conversion
(Fig. 4B, bottom panel). The results suggest that a substrate with
prior N-7 methylation is preferred for the 2′-O methylation; this
substrate preference determines the dominant methylation order of
GpppA→m7GpppA→m7GpppAm. It is of note that the flavivirus
mRNA cap methylation shows that m7GpppAm has a lower Rf
(retardation factor) than m7GpppA, which is the opposite of what
should occur.

Effect of MTase on DENV replication

To analyze the biological relevance of MTase, we performed
mutagenesis analysis using a DENV-1 infectious cDNA clone. Based
on the above biochemical results, two mutations were selected for
viral replication analysis (Fig. 5). E217A which was completely
defective in 2′-O methylation, but retained 59% of N-7 methylation
activity, and D146A was completely inactive in both methylations.
Three parameters were used to monitor the effect on viral
replication. Firstly, after electroporation of BHK-21 cells with
equal amounts of WT and mutant genome-length RNAs, immu-
nofluorescence assay (IFA) was performed to detect viral E protein
expression. As shown in Fig. 5A, transfection of WT RNA
generated IFA-positive cells on day 1 posttransfection (p.t.), and
the number of positive cells increased from day 1 to 4.
Transfection of E217A RNA also generated IFA-positive cells, but
the number of positive cell was fewer compared to WT. In
contrast, no E-positive cells were observed in BHK-21 cells
transfected with D146A RNA even on day 5 p.t. (Fig. 5A).
Secondly, plaque assays showed that cells transfected with the
WT and E217A RNAs generated viruses; the E217A virus produced
smaller plaques than the WT virus (Fig. 5B). Sequencing of the
complete NS5 gene of E217A virus confirmed that the engineered
nucleotides were retained with no other mutations (data not
shown). Plaque assay using supernatant from cells transfected with
the D146A RNA did not generate plaques (Fig. 5B); continuous
passaging of the D146A RNA-derived culture fluids on naive cells
did not yield viruses that could be detected by plaque assays or RT–
PCR (data not shown). Thirdly, growth kinetics were compared
between theWT and E217A viruses on Vero andmosquito C6/36 cells.
The E217A virus grew slightly slower (b4-fold in viral titer) than the
WT virus on Vero cells (Fig. 5C, left panel). The growth difference on
C6/36 cells was more dramatic (10- to 50-fold in viral titer) between
the WT and E217A viruses. These results indicate that a mutation
defective in 2′-O methylation does not significantly affect DENV
replication, whereas amutation defective in N-7methylation could be
lethal for DENV replication.

image of Fig.�4


Fig. 5.Mutagenesis of MTase in the context of DENV replication. (A) IFA analysis. BHK-21 cells were electroporated with WT and mutant (D146A and E217A) genome-length RNAs.
The transfected cells were subjected to IFA analysis using mouse monoclonal antibody 4G2 (against DENV E protein) and anti-mouse immunoglobulin G conjugated with FITC as the
primary and secondary antibodies, respectively. Similar number of cells was observed for all images under phase contrast (data not shown). (B) Plaquemorphology ofWT and E217A
mutant viruses. No plaques could be detected for cells transfected with the D146A genome-length RNA. (C) Growth kinetics of WT and mutant E217A viruses. Vero and C6/36 cells
were infected with theWT and E217A viruses at anMOI of 0.2. Supernatants of the infected cells were collected at different time points and assayed for viral titers using plaque assay.
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trans-Complementation of lethal MTase mutation

Since the D146A mutation is lethal for viral replication, we asked
whether the replication defect could be overcome by trans comple-
mentation. A DENV-1 genome-length RNA containing the D146A
mutation was transfected into BHK-21 cells harboring a DENV-1
replicon. The transfected cells were examined for viral E protein
expression with IFA. Since the replicon lacks E gene, the detection of E
protein-positive cells could indicate the replication of the transfected
genome-length RNA. Upon transfection with the D146A genome-
length RNA, E protein-positive cells were clearly observed in the
replicon-containing cells, but no IFA-positive cells were detected in
the transfected cells without replicon (Fig. 6A). As a positive control,
WT genome-length RNA was transfected into both naive BHK-21 cells
and the replicon-carrying cells; both cells produced E protein-positive
cells. Interestingly, WT RNA produced more IFA positive foci in the
naive cells than those in the replicon-containing cells; this phenom-
enon could be due to superinfection exclusion, as recently reported
for WNV (Zou et al., 2009).

To exclude the possibility that the replication of D146A RNA in the
replicon-containing cells was due to a reversion, a second site
adaptation, or a recombination between the replicon and mutant
genome-length RNA, we passaged the culture fluids from the RNA-
transfected cells (with replicon) on naive Vero cells (without replicon)
for three rounds. The Vero cells were examined for E protein expression
using IFA. If reversionor recombinationhashadoccurred, thecellswould
have become E-positive due to the replication of the reverted genome-
lengthRNA.On thecontrary, noE-positive cellsweredetectedduring the
culture fluid passaging (data not shown), indicating that revertant or
recombinant viruses had not emerged from the D146A mutant.

We also performed RT–PCR to confirm the trans complementation
results. On day 4 post-transfection, total cellular RNA and culture fluid
RNA were extracted. The extracted RNAs were subjected to RT–PCR
using primers targeting viral structural prM and E genes; these
primers could only amplify genome-length RNA, not replicon RNA
(due to absence of structural genes). As shown in Fig. 6B, no RT–PCR
product was detected from BHK-21 cells transfected with mutant
D146A RNA (lane 3). In contrast, the D146A RNAwas readily detected
by RT–PCR (862-bp product) in transfected replicon-containing cells
(Lane 1) and supernatant (Lane 2). As a positive control, supernatant
RNA derived from the cells transfected with WT RNA yielded RT–PCR
product (lane 4). Overall, the IFA and RT–PCR results demonstrate that
the replication defect of an inactive MTase for both methylation types
could be rescued by trans complementation in DENV.

image of Fig.�5


Fig. 6. trans complementation of mutant D146A genome-length RNA. (A) IFA analysis. WT and D146A genome-length RNAs (2 μg) were transfected into naive BHK-21 cells with or
without a DENV-1 replicon. IFA was performed to detect viral E protein expression (stained in green) in the transfecetd cells at indicated time points. Nuclei were counter stained
with DAPI in blue. (B) RT–PCR analysis. On day 4 post-transfection, RNA was extracted from cells and supernatants, and subjected to RT–PCR amplification using primers targeting
viral prM and E genes. The RT–PCR products were analyzed on a 1% agarose gel. Various experimental conditions are indicated above the image of agarose gel. See experimental
details in Materials and methods.
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trans-Complementation of chimeric DENV-2 containing WNV MTase,
RdRp, or full-length NS5

Since the above D146A point mutant represents the first success of
trans complementation of flavivirus MTase, we asked whether other
types of mutations within MTase, RdRp, or both domains could be
trans complemented. To address this question, we generated a panel
of chimeric DENV-2, in which the DENVMTase domain, RdRp domain,
or full-length NS5 gene was individually substituted with the WNV
counterparts, resulting in DENV-2 MTaseWNV, DENV-2 RdRpWNV, and
DENV-2 NS5WNV, respectively (Fig. 7A). Upon transfection of the
genome-length RNAs into naive BHK-21 cells, only the DENV-2 WT
RNA produced E-positive cells; none of the chimeric RNAs generated
E-positive cells (Fig. 7B), indicating that the chimeric RNAs are
nonreplicative. In contrast, after transfection of the genome-length
RNAs into BHK-21 cells containing DENV-2 replicon, all three chimeric
RNAs generated E-positive cells, although the number of E-positive
cells was fewer than that generated by the DENV-2 WT RNA. These
results confirmed that the replication defect of NS5 (MTase and/or
RdRp) could be rescued by trans complementation in DENV.
Continuous passaging of the supernatants on naive BHK-21 cells or
on replicon-containing BHK-21 cells did not yield viruses that could
replicate on BHK-21 cells without replicon (data not shown).

Discussion

We characterized various aspects of the DENV MTase using both
biochemical and genetic approaches. Assay optimization showed that
DENVMTase requires distinct biochemical conditions for N-7 and 2′-O
methylations (Fig. 1B). The high pH requirement for the 2′-O
methylation supports the SN2 mechanism of methyl transfer (Hager
et al., 2002; Hodel et al., 1998). It was proposed that high pH facilitates
the K-D-K-Emotif-mediated deprotonation of the target 2′-OH, which
nucleophilically attacks the methyl moiety of SAM for methyl transfer
(Zhou et al., 2007). The requirement of high pH for methylation was
also reported for DIM-5, a histone H3 lysine 9 MTase (Zhang et al.,
2002). However, the question remains as to how the MTase
overcomes the requirement of high pH during replication inside
cells. One speculation is that the local pKa of Lys within the K-D-K-E
motif is lowered in the membrane-associated replication complex;
alternatively, interactions with other viral or cellular proteins may
lower the pH dependence of the MTase reaction.

The conversion of GpppA-RNA→m7GpppA-RNA→m7GpppAm-RNA
was evident in a time course experiment (Fig. 2). The order of two
methylations is similar to that of host mRNA cap methylation events
(Shuman, 2001). However, the exact sequence of methylations in the
context of flavivirus replication remains to be experimentally demon-
strated. Nevertheless, like WNV MTase, the DENV MTase uses a single
SAM-binding site to donate methyl groups to both N-7 and 2′-O
positions of viral RNA cap in a sequential manner. Two potential
mechanisms could underlie this sequential outcome: The 2′-O activity is
absolutely dependent on the prior N-7 methylation; alternatively, the
2′-O methylation is more efficient when using an m7GpppA-RNA
substrate compared with a GpppA-RNA substrate. Using a 2′-O-active,
but N-7-defectivemutantMTase (E149A),we showed that E149A could
catalyze the conversions of bothm7GpppA-RNA→m7GpppAm-RNAand
GpppA-RNA→GpppAm-RNA (Fig. 4). The conversion of GpppA-
RNA→GpppAm-RNA demonstrates that the 2′-O methylation is not
absolutely dependent on the N-7 methylation (Figs. 2 and 4). The
independence of 2′-O methylation on N-7 methylation was also shown
in other DENV studies (Egloff et al., 2002; Lim et al., 2008). However, the
current study showed that the efficiency of m7GpppA-RNA→m7Gpp-
pAm-RNAwasmore efficient than that of GpppA-RNA→GpppAm-RNA.
The latter result is in disagreement with a recent DENV MTase study
which showed the efficiency of 2′-O methylation was similar when
using eitherm7GpppACnorGpppACnas substrates (Selisko et al., 2010).
Thediscrepancy couldhave been causedbydifferentRNAsubstrates: An
authentic viral RNAwasused in this study,whereas the other studyused
a short nonviral RNA. The difference in RNA substrate could also explain
the lack of detection of N-7 methylation when the nonviral RNA
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Fig. 7. trans-Complementation of chimeric DENVs containing WNV NS5. (A) Three
chimeric DENV-2 RNAs containing the WNV MTase domain, RdRp domain, or full-length
NS5. TheWNV fragmentswere shaded in grey. (B) IFA analysis. Equal amounts of genome-
length RNAs (2 μg) representing DENV-2WT, DENV-2 MTaseWNV, DENV-2 RdRpWNV, and
DENV-2 NS5WNV were transfected into BHK-21 cells with or without a DENV-2 replicon.
IFAwas performed to detect viral E protein expression (stained in green), and nuclei were
counterstained with DAPI in blue.
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substrate was used (Egloff et al., 2002). Therefore, caution should be
taken when selecting substrates for flavivirus MTase study.

DENV MTase requires distinct viral RNA elements for the two
methylation events (Chung et al., 2010). The N-7 methylation requires
the first 110 nt of DENV genome, indicating that the 5′-terminal two
stem-loops are required for RNA positioning to the enzyme surface
during N-7 methylation. It is puzzling why such a complex RNA
structure is required for the N-7 activity. In contrast, 2′-O methylation
could be efficiently performed with 5′ RNA as short as 25 nt
(Supplementary Figure). These results suggest that future effort on
RNA-MTase cocrystal structure should use viral RNA, as opposed to
various RNA cap analogues or nonviral RNAs. So far, cocrystal structures
of MTase in complex with cap analogue have been obtained for several
flaviviruses (Assenberg et al., 2007; Bollati et al., 2009; Egloff et al., 2007;
Geiss et al., 2009); unfortunately, none of the structures captured the
conformation for the N-7 or 2′-O catalysis.
From the structure-based mutagenesis analysis, we summarized
that two sets of amino acids on the surface of DENV MTase are
required for the N-7 and 2′-O methylations (Fig. 8). Although several
residues are important for both methylations, the distribution of the
2′-O critical residues (Fig. 8C) is more spread out than that of the N-7
critical residues (Fig. 8B). The overall mutagenesis results are similar
between the WNVMTase and the DENVMTase (Fig. 8A), suggesting a
common mechanism for flavivirus MTase in cap methylations. These
results support the molecular repositioning model for flavivirus
MTase (Zhou et al., 2007). For N-7 methylation, guanine N-7 of the
substrate GpppA-RNA is positioned to the methyl group of SAM to
generate m7GpppA-RNA. For 2′-O methylation, the m7G moiety of
m7GpppA-RNA is bound to the GTP-binding pocket so as to register
the 2′-OH of the adenosine with SAM, resulting in m7GpppAm-RNA;
alternatively, the G moiety of GpppA-RNA binds to the GTP pocket to
register the 2′-OH of the adenosine with SAM, generating GpppAm-
RNA. In agreement with the activity results, we found that cap
analoguem7GpppA binds to the GTP pocket with a higher affinity than
the GpppA (Lim et al., unpublished results), partially explaining the
observation that the m7GpppA-RNA is a better substrate than the
GpppA-RNA for 2′-O methylation.

To further examine the importance of cap methylations for viral
replication,weperformedmutagenesis using an infectious cDNA clone of
DENV-1 (Fig. 5). A mutation (E217A) that completely knocked out 2′-O
methylation attenuated DENV replication, whereas a mutation (D146A)
that abolished both methylations was lethal for viral replication.
Furthermore, a mutation (E149A) that abolished N-7 methylation but
retained 49% of the 2′-O methylation activity yielded replicating virus;
however, sequencing of the recovered virus showed reversion of the
engineered mutation (data not shown). These results suggest, that N-7
methylation, but not 2′-O methylation, is essential for DENV replication.
In agreementwithour results, Kroschewski et al. (2008) recently showed
that DENV defective in capmethylation is attenuated in viral replication.
Remarkably, we found that the replication defect of D146Amutant could
be rescuedby trans complementation in replicon-containing cells (Fig. 6).
To our knowledge, this is the first study to show successful trans
complementation for defective MTase in flavivirus. Such trans comple-
mentation was unsuccessful for MTase (either point mutation or
truncation) in WNV (Ray et al., 2006) and Kunjin virus (Khromykh et
al., 1998; Khromykh et al., 1999). Furthermore, we demonstrated that
chimeric DENVs containing the WNV NS5 (methyltransferase and/or
RdRp domains) were nonreplicative, but the replication defects could
also be rescued through trans complementation (Fig. 7). Collectively, the
results suggest a difference in replication complexes among different
members of flaviviruses.

In summary, the current study has extended and strengthened the
previous results obtained with the WNV MTase to DENV. The
similarity between the WNV and DENV results indicates that
flavivirus MTase share a common mechanism in methylating viral
RNA cap through a molecular repositioning model. Unlike WNV, the
replication defect caused by the DENV MTase mutation could be
rescued by trans complementation with the WT DENV replicon,
suggesting a difference in the capping machinery among different
flaviviruses. Between the two methylation activities, the N-7
methylation, rather than the 2′-O methylation, could be targeted for
potential anti-flavivirus drug discovery.

Materials and methods

Cloning, expression, and purification of wild-type (WT) and mutant
MTases of DENV-4

DNA fragment representing the N-terminal 272 amino acids of
DENV-4 NS5 (MTase domain) was RT–PCR amplified from DENV-4
genomic RNA (strain MY-22713) using reverse primer 1 and forward
primer 2. The RT–PCR product was cloned into expression vector
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Table 1
Primer sequences.a

Primer Sequence (5′→3′)

1 GCCGCCTCGAGTTATGGTTTTTCTGTTTCb
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pGEX4T1 (GE Healthcare) at BamHI and XhoI sites, resulting in
plasmid pGEX4T1-DENV-4 MTase-272. Mutagenesis of MTase was
performed using standard overlap PCR. The complete sequence of
each mutant MTase was validated by DNA sequencing.
2 ATCAGGATCCGGAACTGGGACCACAGGAGAc

3 TAGCACCATCCGTAAGGGTC
4 CAGTAATACGACTCACTATTAGTTGTTAGTCTGTGTGGACd

5 TGTCGGTCCACACAGACTAAC
6 GAACTGTCCTTGTCGGTCCAC
7 ACTGTTAGAACTGTGTTAAG
8 TGGTTCATTTTTCCAGAGATC
9 GGTGGTCTAACCACCTTTTTTC
10 AAAGTCCGGTTGAGAATCTCTTCACC
11 AACCCAGTACATGGCATGAGTGGAGTTTCe

12 AAAAGGCCTTTCCACAGAGCA
13 AACTCCACTCATGCCATGTACTGGGTTTCe

14 CGACGCGTGTCAACTTTCTC
15 AAACGTTCCGTSGCACTGGC
16 GTTTGTGGACRAGCCATGATT

a Annotations and usage of the primers are described in Materials and methods.
b An XhoI site for cloning of MTase is underlined.
c A BamHI site for cloning of MTase is underlined.
d The italicized sequence represents a bacteriophage T7 class IIφ2.5 promoter that was

used to synthesize the ATP-initiated RNA (underlined). Three extra nucleotides (“CAG”)
were added to the 5′ end of the promoter sequence to facilitate efficient transcription.

e The mutated nucleoside for D146A substitution are underlined.
All recombinant MTases were fused with an N-terminally GST,
expressed in BL21 cells (Novagen), and purified through a GSTPrep™
FF 16/10 column (GE Healthcare). Briefly, Escherichia coli BL21 cells
bearing the expression plasmid were grown at 37 °C to 0.6~0.8
absorbance optical density at 600 nm (OD600), induced with 0.4 mM
isopropyl-β-D-thiogalactopyranoside (IPTG) at 16 °C for 18 h, and
harvested by centrifugation. Cell pellets were resuspended and
sonicated in a lysis buffer (50 mM Tris–HCl, pH 7.5, 800 mM NaCl,
and 5% glycerol) plus 2 mM β-mercaptoethanol. After centrifugation,
the lysate supernatant was loaded to a GSTPrep™ FF 16/10 column;
the elution containing the recombinant protein was cleaved by
thrombin at 4 °C for 16 h; and the cleaved GST was removed from the
MTase through the GST column. The proteins (N90% purity) were then
concentrated using Amicon ultracel-10 k centrifugal filter (Millipore),
quantified by Nanodrop-1000, and verified by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE).
Preparation of RNA substrates

A PCR template-mediated in vitro transcription was used to
prepare RNAs representing various 5′-terminal lengths of DENV
genome. All PCRs used the same cDNA template representing the first
211 nucleotides of DENV-4 genome. The 211-bp cDNA template was
prepared by reverse transcription (RT) using genomic RNA of DENV-4
(strain MY-22713), reverse primer 3, and SuperScriptTM III Reverse
Transcriptase (Invitrogen). The RT reaction was performed according
the manufacturer′s protocol. Two microliters of the RT reaction
mixture was used as a template for PCR amplification.

RNAs representing the first 25, 35, 70, 110, 134, and 211
nucleotides of DENV-4 genome were in vitro transcribed from
corresponding PCR products. The PCR products were generated by
using the 211-bp cDNA (described above) as a template, a common
Fig. 8. Comparison of mutagenesis results from DENV and WNV MTases. (A) Summary
of mutagenesis data from DENV and WNV MTases. The DENV MTase data are from the
current study. The WNV MTase results are derived from Zhou et al. (2007) and Dong et
al. (2008b), as indicated by “a” and “b,” respectively. Residues important for N-7 (B) and
2′-O methylations (C) are presented on the surface of DENV-2 MTase (PDB code: 1L9K;
Egloff et al., 2002). Residues whose mutations led to reductions in activity to b20% of
the WT level are in red; residues whose mutations led to reductions in activity to 20–
50% of the WT activity are in green. The images were prepared using PyMOL.
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forward primer 4 and a corresponding reverse primer 5, 6, 7, 8, 9, or
10, respectively (Table 1). Primer 4 contained a modified bacterio-
phage T7 class II φ2.5 promoter (italicized in Table 1; Coleman et al.,
2004) to facilitate synthesis of ATP initiated RNA using MEGAshort-
script kit (Applied Biosystems). In vitro synthesized RNAs were
capped using [α-33P] GTP (PerkinElmer) and a vaccinia virus capping
enzyme (Epicentre) in the presence or absence of cold SAM according
to the manufacturer′s instructions. The resulting 5′-labeled
m7G*pppA and G*pppA-RNA (the asterisk indicates that the following
phosphate is 33P-labeled) were used as substrates for N-7 and 2′-O
methylations, respectively. For the removal of unincorporated [α-33P]
GTP, the capping reactions were passed through two G-25 size
columns (GE Healthcare), extracted with phenol–chloroform, and
precipitated with ethanol.

N-7 and 2′-O methylation assays

The N-7 methylation was performed in a 20-μl reaction containing
50 mM Bis–Tris [pH 6.0], 50 mM NaCl, 2 mM dithiothreitol [DTT],
~2×105 cpm G*pppA-RNA, 50 μM SAM, and 0.2 μMMTase at 22 °C for
5 min. 2′-O methylation was performed in a 20-μl reaction containing
50 mM Tris–HCl [pH 9.0], 1 mM MgCl2, 2 mM DTT, ~2×105 cpm
m7G*pppA-RNA, 50 μM SAM, and 0.2 μM MTase at 22 °C for 1 h. All
methylation reactions were digested with nuclease P1 in 20 mM Tris–
HCl [pH 7.5] buffer at 37°C overnight and analyzed on polyethylenei-
mine cellulose thin-layer chromatography (TLC) plates (JT Baker)
using a solvent of 0.65 M LiCl. The radioactive cap structures on TLC
plates were quantified by a PhosphorImager.

E149A MTase-mediated 2′-O methylation assay

Two substrates, m7G*pppA-RNA and G*pppA-RNA (211 nt), were
incubated with E149A MTase in the 2′-O buffer (see above) at 22 °C
for various time periods. The reactions were then treated with
nuclease P1 at 37 °C for overnight. As controls, cap methylation with
ScriptCapTM 2′-O-Methyltransfease (VP39; Epicentre) was performed
in a 20-μl reaction containing 50 mM Tris–HCl (pH 8.0), 6 mM KCl,
1.25 mMMgCl2, 25 μM SAM, 4 pmol m7G*pppA-RNA or G*pppA-RNA,
and 50 ng VP39; the reaction was incubated at 37 °C for 1 h. The
reaction mixtures were separated on a 20% polyacrylamide gel
(16×35 cm2) with 8 M urea. The bands representing different cap
structures (G*pppA, G*pppAm, m7G*pppA, and m7G*pppAm) were
quantified using a PhosphorImager.

Construction of mutant full-length cDNA of DENV-1

A full-length cDNA clone of DENV-1 (Western Pacific 74 strain;
GenBank accession U88535) was constructed using a low-copy number
plasmid pACYC177 (New England Biolabs). The details of the cDNA
construction will be described elsewhere. The pACYA177-DENV-1
plasmid was used to engineer the E216A mutation of the K-D-K-E
motif. Overlapping PCRs,with one PCRpreparedwith primers 11 and 12
and another PCR preparedwith primers 13 and 14, were fused together.
The resulting PCR product, containing the E216A substitution, was
inserted into the WT pACYA177-DENV-1 plasmid using the StuI and
MluI sites. A similar overlapping PCR approach was used to prepare
cDNA clones for chimeric DENVs containing theWNVNS5 (MTase and/
or RdRp). All cDNA plasmids were verified by DNA sequencing.

In vitro transcription, RNA transfection, and immunofluorescence assay
(IFA)

The assay protocols used were described previously (Shi et al.,
2002). Briefly, RNAs were transcribed from full-length cDNA plasmids
and then electroporated into BHK-21 cells. Viral protein synthesis in
transfected cells was monitored by IFA with DEN-immunemouse 4G2
(American Type Culture Collection) and anti-mouse immunoglobulin
G conjugated with FITC as the primary and secondary antibodies,
respectively.

Plaque assay and viral genome sequencing

Viral titers of culture fluids from BHK-21 cells at day 5 post-
transfection (p.t.) were quantified through a single-layer plaque
assay. The stabilities of mutant viruses were examined by continuous
passaging of the viruses in Vero cells for four passages (3 days per
passage), followed by comparison of the plaque morphologies of the
passaged and unpassaged viruses. For each recovered virus, viral RNA
was extracted with an RNeasy kit (Qiagen), the NS5 gene was
amplified by using One-Step RT–PCR kit (Invitrogen), and the
complete MTase domain of the PCR product was sequenced.

Trans complementation assay

Equal amounts of WT and D146A genome-length RNAs (2 μg)
were transfected into naive BHK-21 cells or BHK-21 cells containing a
DENV replicon (Puig-Basagoiti et al., 2006). On day 4 post-transfec-
tion, total RNAs were extracted from cells and culture supernatants
using an RNeasy kit. The extracted RNAs were subjected to RT–PCR
amplification following the manufacturer′s protocol (Invitrogen).
Forward primers 15 and reverse primer 16 (Table 1), located in the
prM and E genes, respectively, were used to amplify an 862-bp
fragment from nucleotide position 704 to 1565.
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