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Many flaviviruses are significant human pathogens. No effective antiviral therapy is currently available
for treatment of flavivirus infections. Development of antiviral treatment against these viruses is urgently
needed. The flavivirus methyltransferase (MTase) responsible for N-7 and 2’-O methylation of the viral
RNA cap has recently been mapped to the N-terminal region of nonstructural protein 5. Structural and
functional studies suggest that the MTase represents a novel antiviral target. Here we review current
understanding of flavivirus RNA cap methylation and its implications for development of antivirals. The 5’
end of the flavivirus plus-strand RNA genome contains a type 1 cap structure (m’ GpppAmG). Flaviviruses
encode a single MTase domain that catalyzes two sequential methylations of the viral RNA cap, GpppA-
RNA — m’GpppA-RNA — m’GpppAm-RNA, using S-adenosyl-L-methionine (SAM) as the methyl donor.
The two reactions require different viral RNA elements and distinct biochemical assay conditions. Despite
exhibiting two distinct methylation activities, flavivirus MTase contains a single binding site for SAM in
its crystal structure. Therefore, substrate GpppA-RNA must be re-positioned to accept the N-7 and 2’-O
methyl groups from SAM during the two methylation reactions. Structure-guided mutagenesis studies

indeed revealed two distinct sets of amino acids on the enzyme surface that are specifically required for
N-7 and 2’-O methylation. In the context of virus, West Nile viruses (WNVs) defective in N-7 methylation
are non-replicative; however, WNVs defective in 2’-O methylation are attenuated and can protect mice
from subsequent wild-type WNV challenge. Collectively, the results demonstrate that the N-7 MTase
represents a novel target for flavivirus therapy.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Many members of the genus Flavivirus in the family Flaviviridae
are arthropod-borne, and cause significant human disease (Gubler
et al., 2007). The four serotypes of dengue virus (DENV), yellow
fever virus (YFV), Japanese encephalitis virus (JEV), West Nile virus
(WNYV), and tick-borne encephalitis virus (TBEV) are all emerging
or reemerging pathogens. Vaccines for humans are currently avail-
able only for YFV, JEV, and TBEV; no clinically approved vaccine or
antiviral therapy for humans is available for WNV or DENV (Kramer
etal., 2007; Gould et al., 2008; Leyssen et al., 2008; Monath, 2008).
Development of a vaccine for DENV has been challenging, princi-
pally because of the need to simultaneously immunize and induce
long-lasting protection against all four DENV serotypes; an incom-
plete immunization of the four serotypes may give rise to dengue
hemorrhagic fever or dengue shock syndrome, upon subsequent
natural DENV infection. Furthermore, due to the sporadic nature
of outbreaks of many flaviviruses (such as WNV), it may not be
cost-effective to vaccinate the general population, even if vac-
cines become available. These complications have underscored the
importance of developing effective therapies for flaviviral diseases.
The goal of this review is to highlight recent progress in understand-
ing flavivirus RNA cap methylation. The advances clearly suggest
that flavivirus methyltransferase (MTase) is a valid antiviral target.

2. Flavivirus RNA cap formation

The flaviviral genome is a single-stranded, plus-sense RNA
approximately 11kb in length. It consists of a 5-untranslated
region (UTR), a single long open reading frame, and a 3’-UTR
(Fig. 1A). The single open reading frame encodes three struc-
tural proteins (capsid, premembrane or membrane, and envelope)

and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) (Lindenbach et al., 2007). Two of the 10 viral
proteins have enzymatic activities (Fig. 1A). NS3 acts as a serine
protease (with NS2b as a cofactor), 5'-RNA triphosphatase (RTPase),
nucleoside triphosphatase (NTPase), and helicase (Wengler and
Wengler, 1991, 1993; Warrener et al., 1993; Li et al., 1999; Bartelma
and Padmanabhan, 2002; Benarroch et al., 2004). NS5 functions
as an RNA-dependent RNA polymerase (RdRp) (Tan et al., 1996;
Ackermann and Padmanabhan, 2001; Guyatt et al., 2001) and a
MTase involved in methylation of the 5’-cap structure of genomic
RNA (Koonin, 1993; Egloff et al., 2002; Ray et al., 2006; Zhou et
al., 2007). Flavivirus replication occurs on the cellular endoplasmic
reticulum membrane without viral entry into the nucleus, although
some viral proteins can be detected in the nucleus in infected cells
(Lindenbach et al., 2007).

The 5 end of the flavivirus genome contains a type 1 cap
structure, followed by the conserved dinucleotide sequence AG
(m?GpppAmG; Fig. 1B) (Cleaves and Dubin, 1979; Wengler, 1981).
The cap structure of most eukaryotic and viral mRNAs is crit-
ical for mRNA stability and efficient translation (Furuichi and
Shatkin, 2000). In general, RNA capping consists of four enzy-
matic modifications (Fig. 1C): (i) the 5'-triphosphate end of the
nascent RNA transcript is hydrolyzed to a 5-diphosphate by an
RNA triphosphatase; (ii) the GMP moiety of GTP is transferred to
the 5'-diphosphate of RNA by an RNA guanylyltransferase; (iii)
the N-7 position of guanine is methylated by an RNA (guanine-
N(7))-MTase (N-7 MTase); and (iv) the first nucleotide of the RNA
transcript is further methylated at the ribose 2’-OH position by an
RNA (nucleoside-2'-0)-MTase (2’-O MTase), resulting ina type 1 cap
(m?GpppAm) (Fig. 1C). S-adenosyl-L-methionine (SAM; Fig. 1D) is
the methyl donor for both the N-7 and 2’-O methylations, generat-
ing S-adenosyl-L-homocysteine (SAH) as a by-product.
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Fig. 1. Flavivirus genome and 5’ cap formation. (A) Flavivirus genome structure. Flavivirus genomic RNA consists of a 5-UTR, a single open reading frame (ORF), and a 3'-UTR.
The single ORF encodes three structural and seven nonstructural proteins. The enzymatic activities of NS3 and NS5 are indicated. (B) Flavivirus 5’ cap structure. The cap
structure is formed by connection of a guanosine to the first nucleotide adenosine of RNA through a 5'-to-5" triphosphate bridge. The GpppA cap is methylated at the guanine
N-7 position, and the first nucleotide adenosine is methylated at the ribose 2'-O position. The N-7 and 2’-O methyl groups are shaded in red. (C) Flavivirus 5’ cap formation.
Four enzymatic modifications are required for cap formation. The 5'-RNA triphosphatase has been mapped to the viral NS3, while the N-7 and 2’-O MTase activities are
performed by NS5; the guanylyltransferase remains to be identified. Phosphates from different molecules are colored individually to indicate their sources. (D) Structures of

S-adenosyl-L-methionine (SAM) and sinefungin.
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Since host mRNA capping occurs in the nucleus, viruses
that replicate in the cytoplasm encode their own RNA capping
machineries. For flaviviral cap formation, viral NS3 functions as
an RNA triphosphatase (Wengler and Wengler, 1993), and NS5
functions as both a N-7 MTase and a 2’-O MTase (Egloff et al.,
2002; Ray et al., 2006); the guanylyltransferase, however, remains
to be identified. The capping mechanisms of some viral mRNAs
are different from those of the host mRNA (Furuichi and Shatkin,
2000). For example, the minus-strand RNA vesicular stomatitis
virus (VSV) transfers the 5-monophosphate of the RNA to GDP
(Abraham et al., 1975; Ogino and Banerjee, 2007). The plus-strand
RNA alphaviruses methylate GTP prior to the transfer of m’ GMP
to the 5'-diphosphate of the RNA (Ahola and Kaariainen, 1995).
The differences between the host and viral cap formation pro-
cesses can potentially be exploited for development of antiviral
therapy.

3. Identification of NS5-mediated N-7 and 2’'-0
methylations of flavivirus RNA cap

The flavivirus MTase resides in the N-terminal one-third of NS5,
while the C-terminal two-thirds of NS5 contain an RNA-dependent
RNA polymerase. The NS5 MTase domain was initially predicted by
a sequence alignment (Koonin, 1993). Using short RNA GpppA(C)5
or m’GpppA(C)5 as substrates, Egloff et al. (2002) first showed
that recombinant DENV-2 MTase (containing the N-terminal 296
amino acids of NS5) has a 2’-O methylation activity. The 2’-O
methylation activity was later confirmed using recombinant MTase
and full-length NS5 of WNV. In addition to the 2’-O methyla-
tion, the WNV MTase domain can perform N-7 cap methylation.
Furthermore, the two cap methylation events are sequential, in
the order GpppA-RNA — m’GpppA-RNA — m’ GpppAm-RNA (Ray
et al., 2006). Using authentic RNA substrates representing the
first 190 nucleotides of the flavivirus genome, Dong et al. (2007)
showed that NS5 MTases from four serocomplexes of flaviviruses
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(DENV-1, YFV, and WNYV, plus Powassan virus as a TBEV represen-
tative) also perform N-7 and 2’-O cap methylations sequentially.
The discrepancy between the results of the earlier (Egloff et al.,
2002) and the later studies (Ray et al., 2006; Dong et al., 2007;
Zhou et al., 2007) could have arisen from differences in the assay
conditions, including buffer components and RNA substrates. As
detailed in the following two sections, the buffer conditions (espe-
cially the pH) and the RNA substrate (sequence and structure)
are critical for detection of robust flavivirus RNA cap methyla-
tions.

3.1. Distinct assay conditions for optimization of flavivirus N-7
and 2’'-0 methylation

Optimization of assay conditions using WNV MTase showed that
N-7 and 2’-O cap methylations require distinct assay parameters
(Fig. 2A). Both activities reached maximum when performed at
22°C; however, the optimal pH and the concentrations of MgCl,
and NaCl were different (Zhou et al.,, 2007). N-7 methylation
required neutral pH (pH 7.0) and 0-250 mM NaCl; MgCl, inhib-
ited the activity. In contrast, 2’-O methylation required high pH
(pH 10) and 5-10mM MgCl,; NaCl inhibited the activity. Simi-
lar results were obtained for the DENV-1 and YFV MTases. These
data demonstrate that optimal N-7 and 2’-O methylations of fla-
vivirus cap require distinct biochemical conditions, suggesting
that the two methylations occur through different mechanisms.
The distinct pH requirements for the N-7 and 2’-O methylations
give us an experimentally useful means to isolate the two reac-
tions. Specifically, the requirement of a high pH for the 2’-0
methylation allows us to selectively perform the N-7 methyla-
tion of GpppA-RNA — m’ GpppA-RNA, without the subsequent 2’-O
methylation, by incubating the reactions in a neutral pH buffer.
The 2’-0 methylation of m’ GpppA-RNA—m’GpppAm-RNA can be
efficiently accomplished if the reaction is performed in a high-pH
buffer.
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Fig. 2. Optimal assay conditions and minimal RNA requirement for two WNV cap methylations. (A) Optimal assay conditions for the N-7 (@) and 2’-O (O) methylations.
Activities were measured on radioactively labeled substrates. The N-7 and 2’-O methylations achieve conversion of G*pppA-RNA — m’G*pppA-RNA and m’G*pppA-
RNA — m’G*pppAm-RNA, respectively. Symbol * indicates that the following phosphate is 32P-labeled. The optimal conditions were determined by individual titrations
of pH, temperature, MgCl, and NaCl, while other parameters were held constant at optimal levels. The reaction mixtures were then treated with nuclease P1, analyzed on
thin layer chromatography plates, and quantified by Phosphorlmager. For each parameter, relative activities are presented with the optimal level set at 100%. For details,
see (Zhou et al., 2007). (B) Minimal RNA requirement for WNV cap methylation. The stem-loop structure formed by the 5’-terminal 74 nucleotides of the WNV genome was
predicted by the Mfold program. The shaded regions are important for N-7 (left) and 2'-O (right) methylation. Essential wild-type nucleotides are underlined.
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3.2. Requirement of viral RNA for flavivirus cap methylations

The specific requirement for viral RNA elements for methyla-
tion of the flavivirus cap was initially made clear by the finding
that WNV MTase can methylate the cap of the viral RNA, but not
the cap of a plasmid-derived RNA of the same length (Ray et al.,
2006). Systematic mutagenesis of the 5’-stem-loop structure in the
WNV genome showed that distinct RNA elements are required for
the N-7 and the 2’-O methylations (Fig. 2B). The N-7 methylation
requires wild-type nucleotides at the 2nd (G) and 3rd (U) positions,
and a 5'-stem-loop structure; in contrast, 2'-O methylation requires
wild-type nucleotides at the 1st (A) and 2nd (G) positions, and a
minimum of 20 nucleotides of viral RNA. Cap analogues, GpppA
and m’GpppA, are not active substrates for WNV MTase. Footprint-
ing experiments using GpppA-RNA and m’ GpppA-RNA suggested
that the 5’ termini of RNA substrates interact with NS5 during both
methylation reactions. An antisense oligomer with a sequence com-
plementary to the first 20 nucleotides of the WNV genome can
inhibit WNV cap methylation (Dong et al., 2007).

3.3. A K-D-K-E motif as an active site for 2’-0 methylation

A K-D-K-E tetrad is conserved among various RNA MTases,
including flavivirus MTases (Egloff et al., 2002). The tetrad residues
are distant from one another in the primary sequence, but clustered
together in the three-dimensional structures. The K-D-K-E motif
was previously shown to be the active site for the 2’-O MTases of
vaccinia virus VP39 and Rrm] (a heat shock-induced 2’-O MTase)
(Schnierle et al., 1994; Hager et al., 2002). Mutagenesis of the Kg;-

D146-Kig2-E215 tetrad (depicted on the right panel in Fig. 3C) of WNV
MTase showed that the enzyme requires distinct amino acids for the
N-7 and 2’-0 methylations. The entire Kg;-D146-Kig2-E218 motif is
essential for 2’-O methylation, whereas N-7 methylation requires
only Dy46. The other three amino acids of the tetrad facilitate, but
are not essential for, N-7 methylation (Ray et al., 2006). Structural
alignment of the WNV MTase with the tertiary complex of vaccinia
virus VP39 (MTase, short RNA with cap, and SAH) showed that the
K-D-K-E tetrad is nearly superimposable between one enzyme and
the other, suggesting, by analogy, that K;g, within the WNV tetrad
directly participates in the deprotonation of ribose 2’-OH (Egloff
et al., 2002; Zhou et al., 2007). Since the pK; of Lys is at pH 10, a
high pH (optimal for 2’-O methylation; Fig. 2A) would facilitate the
deprotonation of Kyg,. Such deprotonation would in turn favor the
deprotonation of the ribose 2’-OH, leading to formation of the Sy2-
like transition state to accomplish the methyl transfer (Hodel et al.,
1998).

In contrast to the residues involved in 2’-O methylation, the
residues of the N-7 active site remain to be determined. Although
several amino acids have been identified as critical for N-7 methy-
lation (including Dq4¢ of the K-D-K-E motif, and others residues
described below), the N-7 methylation could use a different mech-
anism from that of the 2’-O methylation. The structure of the
Encephalitozoon cuniculi (Ecm1) N-7 MTase-substrate complex sug-
gests that catalysis of N-7 methylation is achieved via close
proximity of the methyl donor and acceptor, without the need for
direct contact between the enzyme and either the attacking nucle-
ophile N-7 atom of guanine, the methyl carbon of SAM, or the
leaving group sulfur of SAH (Fabrega et al., 2004). More biochemical

N7 methylation

2’-0 methylation

Fig. 3. Structure of the flavivirus MTase. (A) Ribbon representation of the crystal structure of the WNV MTase. Three domains of the MTase structure are colored: N-terminal
domain, red; MTase core, green; and C-terminal domain, cyan. The bound SAH molecule is shown in a ball-and-stick representation, with atom colors as follow: carbon,
yellow; oxygen, red; nitrogen, blue; and sulfur, green. (B) Three flavivirus-conserved binding sites for SAH/SAM, GTP, and RNA. The binding sites are shown on the surface
of WNV MTase, which in this panel is depicted as an electrostatic potential map: positively charged residues in blue, negatively charged in red, and neutral in white. The
SAH/SAM-binding pocket is identified based on the co-crystal structure of the WNV MTase with SAH. The GTP-binding site of the WNV MTase was modeled through structural
alignment with the DENV-2 GTP-SAH-MTase tertiary complex using the PyMOL program. The RNA-binding site is indicated by the positively charged residues. (C) Amino
acids important for N-7 methylation (left panel) and 2’-O methylation (right panel) of the WNV MTase. Residues whose mutations reduce activity to a level <20% of wild-type
are labeled in red; residues whose mutations reduce activity to a level 20-60% of wild-type are indicated in green. SAH is shown in a stick presentation, and colored in cyan.
(D) Crystal structure of DENV-2 MTase-SAH-GpppA tertiary complex. The guanine cap is sandwiched between the aromatic ring of F25 and the adenosine of GpppA in an S2
conformation, so that the ribose 3’ hydroxyl of the adenosine points toward the RNA-binding site. For details, see text and also (Egloff et al., 2007).
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and structural studies are required before we can fully understand
the mechanism of flavivirus N-7 cap methylation.

4. Structure and function of flavivirus MTase

Crystal structures of MTases from a number of flaviviruses have
been solved, including DENV-2 [PDB code 1L9K (Egloff et al., 2002);
PDB code 2P3L (Egloff et al., 2007)], WNV [PDB code 20YO (Zhou
et al., 2007)], Murray Valley encephalitis virus (MVEV) [PDB code
2PXC (Assenberg et al., 2007)], and Meaban virus [PDB code 20XT
(Mastrangelo et al., 2007)]. All known flavivirus MTases exhibit
a conserved structure consisting of three motifs (Fig. 3A): an N-
terminal domain (red), a core domain that shares a structural fold
with nearly all SAM-dependent MTases (green), and a C-terminal
domain (cyan). Three distinct binding sites have been identified on
the enzyme surface (Fig. 3B).

4.1. SAH/SAM-binding site

Each flavivirus MTase contains a single SAH molecule. Crys-
tals of most flavivirus MTases contained the SAH molecule that
co-purifies with the enzyme. The SAH-binding site is assumed to
serve as the SAM-binding pocket during methylation reactions.
If we are to reconcile the single SAM-binding site with the two
methylation activities that are observed in biochemical assays, we
must posit that the 5’ terminal cap becomes repositioned between
one methylation reaction and the next. Indeed, mutagenesis of
WNV MTase showed that mutations within the SAH-binding site
impair both the N-7 and the 2’-O methylations. Furthermore, sine-
fungin (Fig. 1D), a SAM analogue in which the methyl group of
SAM is replaced by an amino group and the sulphur atom was
substituted with a carbon atom, inhibits both N-7 and 2’-0O methy-
lations (IC5¢ = 14 wM) through a mechanism of competitive binding
to the SAM-binding site of the MTase (Dong et al., 2008). Consistent
with the biochemical results, viral titer reduction assays showed
that sinefungin could suppress WNV replication in cell culture
(ECs0 =27 uM; CCs9=4.5mM; TI=167) (Dong et al., 2008). How-
ever, selection of sinefungin-resistant virus is required to confirm
whether the reduction in viral titer is truly due to the sinefungin-
mediated suppression of cap methylation.

Virtual screening, using the DENV-2 MTase structure, recently
revealed a compound that inhibited DENV 2’-O cap methylation
(IC50 =60 wM) (Luzhkov et al., 2007). The study used SAM as a start-
ing structure, in a search for analogues that could specifically dock
into the SAM-binding pocket of the DENV-2 MTase. Since the SAM
molecule (bound in the same SAH-binding pocket) donates methyl
groups to both N-7 and 2’-O positions during cap methylations,
the compound identified in the search is predicted to inhibit N-7
methylation. Given that the flavivirus MTases are highly conserved
in structure and sequence, this compound is further expected to
inhibit other flaviviruses MTases. However, experiments are needed
to verify these speculations and to demonstrate the potency of the
compound in a viral infection assay.

Finally, it should be pointed out that, because the SAH can com-
pete with SAM in binding to enzymes, the co-purifying SAH serves
to lower the methylation activity of flavivirus MTases, making it
difficult to perform enzyme kinetics.

4.2. GTP-binding site

A GTP-binding pocket was first identified when crystals of the
DENV-2 MTase were soaked with GTP (Fig. 3B). The GTP-binding
site is conserved among flavivirus MTases. Functional analysis
of WNV MTase showed that, except for F24 (equivalent to F25
in DENV-2 MTase; the aromatic ring of Phe forms a stacking

interaction with the guanine moiety of GTP), residues within the
GTP-binding pocket are selectively important for 2’-O methyla-
tion, but not for N-7 methylation. The GTP molecule preferentially
inhibits 2’-0O methylation rather than N-7 methylation (Dong et al.,
2008). GTP was also shown to inhibit binding of small RNAs with
methylated caps, which function as substrates of 2’-0O methylation
(Egloff et al., 2007). Ribavirin 5'-triphosphate (a GTP analogue) was
found to inhibit 2’-O methylation of DENV-2 MTase; furthermore,
analysis of the co-crystal structure demonstrated that ribavirin
5'-triphosphate binds to the MTase through the GTP-binding site
(Benarroch et al., 2004). The latter results suggest that, besides act-
ing to deplete intracellular GTP pools (Leyssen et al., 2005) and as
a mutagen to induce error catastrophe of a viral population (Crotty
etal., 2000; Day et al., 2005), ribavirin also exerts its antiviral activ-
ity through suppression of cap formation. However, based on the
report by Leyssen et al. (2005), it seems unlikely that inhibition of
cap formation plays a significant role in suppression of viral repli-
cation by ribavirin. Collectively, the results support the hypothesis
that the GTP-binding site is critical in positioning the m’ Gppp moi-
ety of RNA in such a way that the 2’-OH of the ribose of the first
transcribed adenosine is presented to SAM during 2’-O methylation
(Egloff et al., 2007).

4.3. RNA-binding site

Electrostatic potential analysis of flavivirus MTase structures
identifies a putative RNA-binding site which is mainly formed by a
number of conserved, positively charged residues (Fig. 3B). Muta-
genesis of WNV MTase showed that distinct amino acids within
the putative RNA-binding site are required for N-7 and 2’-O methy-
lation (Fig. 3C). The mutational effects of individual residues on
the two methylation events can be categorized into four groups: (i)
amino acids that are critical for both methylation activities (i.e., R37
and R57); (ii) residues that are important only for N-7 methylation
activity (i.e., R84); and (iii) amino acids that are important only for
2’-0 methylation activity (i.e., E34 and Y254); and (iv) residues not
important for either methylation activity (Dong et al., 2008).

Direct analysis of RNA-MTase binding has been challenging,
because the RNA is positioned on the enzyme through multiple
contact sites, including the cap structure and the downstream
nucleotides, as suggested by footprinting results (Dong et al., 2007).
Since cap analogues are not active substrates for methylation, it
remains to be determined whether the binding position of a cap
analogue alone would represent the cap conformation in the con-
text of viral RNA. In a gel-shift assay, MTase was found to bind
tightly to viral RNA; mutations within the RNA-binding site (which
abolished both methylation activities) did not produce detectable
differences in RNA-binding activity (Dong et al., 2008). However,
addition of viral sequence to a short RNA (GpppA followed by
2-4 nucleotides) was found to enhance the short RNA’s binding to
DENV-2 MTase (Egloff et al., 2007). The latter result again suggests
that viral RNA elements specifically contribute to the RNA-MTase
interaction.

5. A molecular repositioning model for flavivirus RNA cap
methylation

Fig. 3C summarizes the mutagenesis results for WNV MTase,
including the K-D-K-E motif and SAM-, GTP-, and RNA-binding
sites. Two distinct sets of amino acids on the enzyme’s surface
are required for N-7 and 2’-0O cap methylation. In general, residues
critical for 2’-O methylation are more dispersed across the MTase
surface than are those important for N-7 methylation. Furthermore,
the number of residues critically involved in 2’-O methylation is
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Fig. 4. Molecular repositioning between sequential flavivirus cap methylations. (A) Single-MTase model. The guanine N-7 is first positioned in proximity to the methyl group
of SAM, to generate m’GpppA-RNA. Once the guanine N-7 has been methylated, SAH is replaced by SAM, and the 5’ terminus of m’GpppA-RNA is repositioned into the
GTP-binding pocket. As a result, the ribose 2’-OH of the first transcribed adenosine is precisely registered with SAM, to generate m’ GpppAm-RNA. (B) Double-MTase model.
Once the guanine N-7 has been methylated, the m’ GpppA-RNA molecule is dissociated from the MTase and reassociates with a second MTase molecule, which positions the
m’Gppp to the GTP-binding pocket and generates m’ GpppAm-RNA. The SAM- and GTP-binding sites are represented by an oval and rectangle, respectively. The 5'-terminal

nucleotides of the WNV genome, GpppAGUA-RNA, are shown.

larger than those involved in the N-7 methylation. These results
suggest that the flavivirus MTase catalyzes two cap methylations
through a substrate-repositioning mechanism. In this mechanism,
guanine N-7 of substrate GpppA-RNA is first positioned to SAM to
generate m’GpppA-RNA, after which the m’G moiety is reposi-
tioned to the GTP-binding pocket, so as to register the 2’-OH of the
adenosine with SAM, generating m’ GpppAm-RNA (Fig. 4). It is cur-
rently not known how the 5’ cap of flavivirus RNA is translocated.
Experiments are needed to determine whether one or two MTase
molecules are involved in the two methylation reactions. If a single
MTase catalyzes both methylations, the SAH should be replenished
with a fresh SAM molecule after the N-7 methylation. It is possi-
ble that, upon N-7 methylation, repositioning of the m’G moiety of
the m’GpppA-RNA to the GTP-binding site is coordinated with the
SAM replenishment step (single-MTase model; Fig. 4A). Alterna-
tively, upon N-7 methylation, the m’ GpppA-RNA could dissociate
from the SAH-bound MTase and reassociate with a new SAM-bound
MTase for 2’-O methylation (double-MTase model; Fig. 4B). The
double-MTase model is similar to the process of reovirus RNA cap
formation, in which the N-7 and 2’-O methylations are carried out
sequentially by two separate MTase domains of the A2 protein
(Reinisch et al., 2000; Sutton et al., 2007).

Using distinct mutant MTases of WNV, Dong et al. recently
showed that the two methylation events are independent, and
can complement each other (Dong et al., in press). For N-7
methylation, the conversion of GpppA-RNA — m’GpppA-RNA and
the conversion of GpppAm-RNA — m’GpppAm-RNA are equally

efficient. In contrast, for 2’-O methylation, the conversion of
GpppA-RNA — GpppAm-RNA is much less efficient than the con-
version of m’GpppA-RNA — m’GpppAm-RNA. The latter results
indicate that 2’-O methylation prefers the substrate m’ GpppA-RNA
to GpppA-RNA, thereby determining the dominant methylation
pathway as GpppA-RNA — m’GpppA-RNA — m’GpppAm-RNA. In
addition, the authors showed that mutant enzymes with dif-
ferent methylation defects can trans complement one another
in vitro. Furthermore, sequential treatment of GpppA-RNA with
distinct methyltransferase mutants generates fully methylated
m’GpppAm-RNA, demonstrating that separate molecules of the
enzyme can independently catalyze the two cap methylations in
vitro.

6. Co-crystal structures of flavivirus MTases in complex
with cap analogues

Besides structures of DENV-2 MTase-SAH-GTP (Egloff et al.,
2002) and MTase-SAH-ribavirin 5'-triphosphate (Benarroch et
al., 2004), structures of DENV-2 MTase-SAH-cap analogues have
recently been reported (Egloff et al., 2007). Interestingly, the guano-
sine moiety of the cap analogues, including GpppA, m’GpppA,
GpppG, m’GpppG, and m’GpppGm, is always bound at the
GTP-binding site. However, the triphosphates and the following
nucleotide can adopt one of three distinct conformations. The
first conformation (termed the S1 conformation) was found in
complexes with N-7 methylated cap analogues (i.e., m’GpppA,
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m’GpppG, and m’GpppGm). In these complexes, the m’G is sand-
wiched between aromatic residue F25 and the second base moiety
of the cap analogue, and the triphosphate linker adopts a U shape.
The 3’-hydroxyl group of the second nucleotide in S1 conforma-
tion points toward the protein and, therefore, may not represent a
biologically functional conformation.

The second conformation of the cap analogue (termed the S2
conformation) is adopted by GpppA (Fig. 3D). The S1 and S2 con-
formations of cap analogues are similar except that the second
base of the cap analogue is flipped, so that the 3’-hydroxyl of the
adenosine ribose in S2 conformation points down to the RNA-
binding site. It was hypothesized that the S2 conformation of GpppA
mimics the reaction product of a putative flavivirus guanylyltrans-
ferase activity, i.e., pppG + ppA-RNA — GpppA-RNA (Egloff et al.,
2007). Experiments are needed to demonstrate such activity. The
third conformation is found for the GpppG analogue. The GpppG
molecule is an extended conformation, in which the triphosphates
point toward the SAH-binding pocket (similar to the GTP confor-
mation observed in the MTase-GTP-SAH complex).

Besides the tertiary structures of DENV-2 MTase-SAH-cap
analogues discussed above, crystal structures of MTase-SAH-cap
analogues of MVEV were also reported (Assenberg et al., 2007).
However, the GpppA dimer does not seem to be a biologically func-
tional conformation in the MVEV MTase-SAH-cap complex.

7. Functions of MTase in flavivirus replication

The function of cap methylation in viral replication was analyzed
using both replicon RNA and genome-length RNA of WNV. In both
systems, RNAs containing mutations that abolished N-7 methyla-
tion were non-replicative. In contrast, RNAs with mutations that
knocked out 2’-0O methylation were replicative, but at a lower level
than wild-type RNA (Ray et al., 2006; Zhou et al., 2007). Fig. 5 sum-
marizes the effects of a panel of mutations on cap methylations
and viral replication; the data clearly suggest that viral replication
correlates with the competence of N-7 methylation, not with 2’-O
methylation. The mutant MTase-mediated replication defect could
not be complemented in trans by a wild-type replicase complex
(Khromykh et al., 1999; Ray et al., 2006). Interestingly, WNVs defec-
tive in 2’-0O methylation were attenuated both in vitro and in vivo,
and could protect mice from later wild-type WNV challenge (Zhou
etal., 2007). These results demonstrate that the N-7 methylation is
essential for viral replication. Therefore, the N-7 MTase represents
a valid target for WNV therapy.

Using a luciferase-reporting replicon of WNV, Ray et al. (2006)
showed that, compared with a replicon without a 5’ cap (i.e., pppA-
RNA),RNAwith a5’ GpppA, m’ GpppA, or m’ GpppAm cap increased
the level of translation by approximately by 16-, 25-, and 25-fold.
These results suggest that (i) the guanine cap is essential for transla-
tion, (ii) N-7 cap methylation enhances translation efficiency, and
(iii) 2’-O methylation does not contribute to viral translation. To
exclude the possibility that the difference in viral RNA translation
was due to the effect of cap structures on RNA stability, the authors
used real-time RT-PCR to quantify viral RNAs in cells at various
time points post-transfection. The RNA stability results showed that
neither N-7 nor 2’-O methylation significantly contributed to RNA
stability inside host cells. Therefore, the biological function of 2’-O
cap methylation remains to be determined.

Taking a genetic selection approach, we recently showed
that replication of WNV genome-length RNA containing an
MTase-lethal mutation (D146S) can be restored by two types of
compensatory mutations (Zhang et al., in press). Type one muta-
tions were located in the 5’-terminal stem-loop of the genomic RNA
(G35U substitution or U38-insertion). Type two mutations resided

in NS5 (K61Q in MTase and W751R in RdRp). Mutagenesis analysis,
using a genome-length RNA and a replicon of WNV, demonstrated
that the compensatory mutations can rescue viral replication. Bio-
chemical analysis showed that the MTase K61Q mutation facilitates
viral replication through an improved N-7 methylation activity,
while the RdARp W751R mutation improves viral replication through
an enhanced polymerase activity. These results may have implica-
tions for development of flavivirus MTase inhibitors. Escape viruses
that are resistant to MTase inhibitors may emerge through muta-
tions within the MTase and RdRp domains.

8. Methods for screening inhibitors of flavivirus MTase

Both enzyme-based and cell-based assays can potentially
be developed for high-throughput screening (HTS) to identify
inhibitors of flavivirus MTase. Each has its advantages and disadvan-
tages. For enzyme-based assays, the advantage is that the identified
compounds possess known targets. The major disadvantage is that
cellular uptake and nonspecific binding of the compounds, two
potential problems for many inhibitors, are not evaluated within
the assay. For cell-based assays, the advantage is that the uptake of
compounds into cells is assessed during screening; the identified
inhibitors would have a higher success rate in subsequent animal
experiments. However, since the cell-based assay usually employs
viral genetic systems (i.e., replicon and complete virus), inhibitors
of any of the targets involved in viral replication could be identified;
therefore, the exact targets of the inhibitors need to be determined
in subsequent studies.

8.1. MTase-based HTS assay

A scintillation proximity assay (SPA) could be developed for HTS,
to search for MTase inhibitors. SPA is a radioactive homogeneous
technology that relies upon the fact that the energy emitted from
a radioisotope will only travel a limited distance in an aqueous
environment. When a radioisotope-labeled molecule binds to the
microsphere beads, the radioisotope is brought into close proximity
to the scintillant, and effective energy transfer from the [3-particle
occurs, resulting in light emission. When the radioisotope remains
free in solution, it is too distant from the scintillant; the 3-particle
dissipates its energy into the aqueous medium and remains unde-
tected. Because the flavivirus MTase specifically requires viral RNA
for cap methylation (Fig. 2B), the RNA substrate should contain the
5’-terminal stem-loop of genomic RNA. The 5’ viral RNA should be
biotin-labeled. Upon transfer of the 3H-labeled methyl group from
SAM to RNA cap, the biotin-labeled RNA can be captured on the
streptavidin SPA beads and measured with a scintillation counter.

8.2. Cell-based HTS assays

Three types of genetics-launched, cell-based HTS assays have
been developed for flavivirus antiviral discovery. These assays have
been optimized in 96- and 384-well formats and validated with
known flavivirus inhibitors; they have proven useful in identify-
ing new inhibitors through library screening (Puig-Basagoiti et al.,
2005). Typelassays involve cell lines expressing flavivirus replicons
(with a deletion of viral structural genes). Many of these cell lines
harbor replicons contain a luciferase and a neomycin phospho-
transferase gene (for selection and maintenance of cells harboring
the replicon) (Khromykh and Westaway, 1997; Lo et al., 2003). The
reporting cell lines enable screening for inhibitors at any step of
viral translation and RNA replication, but they do not allow screen-
ing for inhibitors of assembly and entry.

Type Il assays employ packaged virus-like particles (VLPs)
containing a reporting-replicon RNA. The reporting-replicon can
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Mutation Mutation site N-7 methylation | 2’-O methylation | RNA replication Reference
K61A K-D-K-E motif 70% 0 + Zhou et al, 2007
DI146A 0 0 -
K182A 42% 0 +
E218A 76% 0 +
KI13A GTP-binding site 77% 7% + Dong el al, 2008
F24A 15% 33% +
S56A SAM-binding site 25% 5% +
E34A RNA-binding site 72% 10% +
R37A 5% 18% £
R84A 4% 100% -
WS87A 12% 7% -
E149A 2% 69% -
WT 100% 100% + Zhou et al, 2007
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Fig. 5. Correlation between N-7 methylation and WNV replication. (A) Effects of a panel of mutations of WNV MTase on cap methylations and viral replication. Muta-
tions of representative amino acids within the K-D-K-E motif, GTP-binding site, SAM-binding site, and RNA-binding site were assayed for their effects on cap methylation
and viral replication. N-7 methylation was determined by conversion of GpppA-RNA — m’GpppA-RNA. 2’-0O methylation was determined by conversion of m’GpppA-
RNA — m’GpppAm-RNA. WT methylation activity was set as 100%. Viral RNA replication was indicated by plaque formation upon transfection of genome-length RNA
containing the indicated mutation. Symbols “+” and “-~” indicate that genome-length RNA containing the MTase mutations are replicative or non-replicative, respectively.
Note that the K-D-K-E motif forms the active site for 2’-O methylation; the D146 residue of the K-D-K-E motif is essential for N-7 methylation (Ray et al., 2006). (B) Crystal
structure of WNV MTase displaying the mutated amino acids. Mutated residues (blue) from (A) are shown on the surface presentation of the WNV MTase [PDB code 20Y0
(Zhou et al., 2007)]. GTP and SAH molecules are colored in yellow and red, respectively. (C) Sequence alignment of flavivirus MTases. The MTase sequences of WNV, DENV-1,
DENV-2, and YFV are derived from GenBank accession number AF404756, DVU88535, U87411, and YFU17-66, respectively. The alignment was performed using GCG software
(Genetics Computer Group). Identical amino acids among all MTases are shaded.
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be packaged into VLPs by supplying structural proteins in trans
(Khromykh et al., 1998). The structural proteins can be supplied by
three different means: (i) transiently expressed by an alphavirus
expression vector (Khromykh et al., 1998), (ii) conditionally pro-
vided in an inducible expression cell line (Harvey et al., 2004), or
(iii) constitutively expressed in a cell line harboring a noncytopathic
Venezuelan equine encephalitis virus (VEEV) replicon (Fayzulin et
al., 2006). The VLP-infection system allows screening for inhibitors
of viral entry, as well as for inhibitors of translation and RNA syn-
thesis.

Type III assays employ a full-length reporting virus. A reporter
gene (luciferase or green fluorescent protein) is engineered into
the full-length viral genome to monitor viral replication (Deas et
al,, 2005; Shustov et al., 2007). The reporting virus-infection assay
allows the screening for inhibitors of all steps of viral life cycle. Since
N-7 methylation is essential for WNV replication, screening efforts
using any of the assay types can identify potential MTase inhibitors.

Besides the above cell-based assays, a raw viral infection assay
can also be used to screen compound libraries. Cytopathic effect
(CPE), induced by viral infection, could be monitored to measure
the antiviral effect of potential inhibitors. A number of methods
have been developed to quantify the CPE. For example, the CPE can
be quantified by ATP levels in infected cells, because the amounts
of intracellular ATP correlate with cell viability. The CellTiter-Glo
Luminescent assay (Progema) is a homogeneous method, based on
ATP-dependent luciferase activity to determine cell viability. This
assay can be readily adapted to HTS of compound libraries. How-
ever, as mentioned before, inhibitors identified in cell-based assays
may not necessarily target the viral MTase. Target deconvolution is
needed to pinpoint the mechanism of the inhibitors. In general, tar-
get deconvolution could be accomplished by testing compounds in
individual enzyme assays (protease, helicase, NTPase, MTase, and
RdRp) or through selection of compound-resistant viruses.

9. Concluding remarks

Although significant progress has been made in our understand-
ing of flavivirus cap formation, many important questions remain.
It is not known how cap formation is modulated during viral RNA
synthesis. During cap formation, the 5" end of flavivirus RNA must
interact with various components of the replication complex in a
highly orchestrated manner. After synthesis from RdRp domain of
NS5, nascent 5’ pppA-RNA first interacts with NS3, to remove the
v-phosphate. The resulting ppA-RNA is capped via an unidentified
guanylyltransferase. Next, the GpppA-RNA interacts with MTase
domain for N-7 and 2’-O methylations. Capping of cellular mRNA
is coupled to RNA synthesis through direct binding of the capping
apparatus to the RNA polymerase II elongation complex (Cho et
al,, 1997, McCracken et al., 1997; Yue et al., 1997). It is likely that
flavivirus RNA capping and methylation are coupled to RNA synthe-
sis. Based on genetic selection results, a putative interface between
the MTase and RdRP domains was recently proposed for WNV NS5
(Malet et al., 2007). Further experiments are needed to examine the
interactions between the flavivirus capping and RNA replication.

Identification of features unique to viral targets will direct
antiviral drug development. The flavivirus NS5 protein shares sev-
eral characteristics with the L protein from VSV. Both possess MTase
and RdRp activities. Recent studies showed that mutations of the
predicted SAM-binding site of the VSV L protein are defective in
both N-7 and 2’-0 cap methylation, indicating that the two reac-
tions share a SAM-binding site (Li et al., 2006). A recombinant L
protein of Sendai virus catalyzes N-7 cap methylation in a viral
sequence-dependent manner (Ogino et al., 2005). Cap formation
of VSV mRNA was recently shown to require specific cis-acting sig-

nals in the RNA (Wang et al., 2007). However, major differences in
cap formation exist between the two taxonomically distant virus
groups. As noted earlier, the type 1 cap of VSV mRNA is formed
through transfer of a GDP moiety from GTP to the 5 monophos-
phate of the acceptor RNA (Abraham et al., 1975), with subsequent
methylations at 2’-0 and guanine N-7 positions of the cap (Moyer et
al., 1975; Testa and Banerjee, 1977). The mechanism of the L protein-
mediated guanylyltransferase is also distinct from that of cellular
and other known viral counterparts (Ogino and Banerjee, 2007).

The critical function of N-7 methylation in viral replication
needs to be generalized in flaviviruses other than WNV. We must
emphasize that the essential function of N-7 methylation in viral
replication has only been demonstrated in WNV. It is critical that
the WNV results be validated in other flaviviruses. Another impor-
tant question pertinent to the use of MTase as an antiviral target is
viral specificity. If the geometry of the MTases from virus and host is
similar, an inhibitor is likely to suppress both host and viral MTases,
resulting in toxicity. In the case of WNV, this concern is argued
against by the fact that sinefungin inhibited WNV cap methyla-
tion and viral replication with a TI value of greater than 167 (Dong
et al,, 2008). Furthermore, flavivirus cap methylation is viral RNA
sequence-specific (Dong et al., 2007), raising the possibility that
inhibitors can be developed to specifically block viral RNA-MTase
interaction, without affecting host mRNA cap methylation. If so, the
crystal structures of flavivirus MTases and the residues identified
for N-7 methylation should aid in the rational design of antiviral
agents.
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