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Dengue virus (DENV) causes several hundred million human infections
and more than 20,000 deaths annually. Neither an efficacious vaccine
conferring immunity against all four circulating serotypes nor spe-
cific drugs are currently available to treat this emerging global dis-
ease. Capping of the DENV RNA genome is an essential structural
modification that protects the RNA from degradation by 5’ exoribo-
nucleases, ensures efficient expression of viral proteins, and allows
escape from the host innate immune response. The large flavivirus
nonstructural protein 5 (NS5) (105 kDa) has RNA methyltransferase
activities at its N-terminal region, which is responsible for capping the
virus RNA genome. The methyl transfer reactions are thought to occur
sequentially using the strictly conserved flavivirus 5° RNA sequence as
substrate (GpppAG-RNA), leading to the formation of the 5 RNA cap:
GopppAG-RNA—"7Gg, AG-RNA (“cap-0")—""GopppAmz-0 G-RNA (“cap-1").
To elucidate how viral RNA is specifically recognized and meth-
ylated, we determined the crystal structure of a ternary complex
between the full-length NS5 protein from dengue virus, an octameric
cap-0 viral RNA substrate bearing the authentic DENV geno-
mic sequence (5'-’“7GopppA1G2U3U465U5U7-3’), and S-adenosyl-
L-homocysteine (SAH), the by-product of the methylation reac-
tion. The structure provides for the first time, to our knowledge, a
molecular basis for specific adenosine 2’-O-methylation, rationalizes
mutagenesis studies targeting the K61-D146-K180-E216 enzymatic
tetrad as well as residues lining the RNA binding groove, and offers
previously unidentified mechanistic and evolutionary insights into
cap-1 formation by NS5, which underlies innate immunity evasion
by flaviviruses.

dengue virus | nonstructural protein 5 methyltransferase-polymerase |
2'-O-ribose methyltransferase | cap-0 RNA | innate immunity evasion

everal members of the Flavivirus genus from the Flaviviridae

family are major human pathogens, such as the four serotypes of
dengue virus (DENV14), West Nile virus (WNV), Japanese en-
cephalitis virus (JEV), and yellow fever virus (YFV). Recent large-
scale DENV vaccine trials using a tetravalent formulation and three
dose injections have shown only limited protection against the four
DENV serotypes, and no specific antiviral drug has reached the market
so far (1-3). The flavivirus genome consists of a (+)-sense single-
stranded RNA of ~11 kb with a type 1 cap structure, followed by the
strictly conserved dinucleotide sequence “AG™: 5’-m7GpWAme_G-3’
(4, 5). Addition of the cap moiety to the 5" end of the viral genome
is crucial for viral replication, because this structure ensures efficient
production of viral polyproteins by the host translation machinery
and protection against degradation by 5’-3’ exoribonucleases,
and also because it conceals the triphosphorylated (or
diphosphorylated) end from recognition by host cell innate immune
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sensors (6-9). Following (+)-strand RNA synthesis by the C-terminal
RNA-dependent RNA polymerase (RdRp) domain of nonstructural
protein 5 (NS5), cap formation in flaviviruses results from several
sequential enzymatic reactions carried out by (i) the RNA triphos-
phatase activity of the NS3 protease-helicase that hydrolyzes the
y-phosphate group of the viral 5" untranslated region (UTR), yielding
a diphosphate RNA, (ii) a guanylyl-transferase activity proposed to
reside in the methyltransferase (MTase) domain of NS5, which
transfers a GMP molecule to the 5’-diphosphate RNA, and (i) NS5-
mediated sequential N-7- and 2’-O-methylations according to the
following scheme: GopppAG-RNA—""Gy,,,AG-RNA (“cap-0”)—
™ GppppAmz-0.G-RNA (“cap-17) (5, 10-12).

During flavivirus RNA replication, 5'-guanosine N-7-methyl-
ation is shown to be essential for translation of the viral poly-
protein (13), whereas 2’-O-methylation on the penultimate A
nucleotide conceals the viral genome from host immune sensors,
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notably RIG-I (14), MDAS (15), and IFIT1 (16-18). Specifically,
WNV carrying the E218A mutation in NS5 (E216A in DENV3
NSS5) devoid of 2’-O (but not N-7) MTase activity was attenuated
in wild-type but not Ifit 7'~ cells (16). Furthermore, the translation
of JEV viral proteins was inhibited by IFIT1 through direct
binding to the 5’-capped 2’-O-unmethylated mRNA (17). More
recently, 2’-O-methylation at internal adenosines (but not at G, C,
or U positions) by the flavivirus NS5 protein was demonstrated.
The functional consequence of methylation at internal adenosines
was an attenuation of viral RNA translation and replication (12).
In vitro, the MTase domain of NS5 catalyzes these two enzymatic
reactions with distinct requirements of RNA substrates and buf-
fers: 5’-guanosine N-7 methyl transfer is optimal on a 211-nt
segment of the 5'UTR at pH 6 and is inhibited by MgCl,, whereas
adenosine ribose 2’-O-methylation only requires a short RNA with
“AG” as the first two RNA nucleotides and is maximal at pH 9-10
in the presence of Mg®" ions. Thus, NS5 plays a crucial role both
in virus replication and evasion of the host innate immune re-
sponse, and therefore constitutes an attractive therapeutic target
for antiviral drug and vaccine development (2, 19).

Several crystal structures of flavivirus MTases have been
reported either as free enzymes or bound to GTP (20), to the
broad antiviral nucleoside analog ribavirin (21), to short cap
analogs (22, 23), and to a capped-RNA octamer (24). Collec-
tively, these structures uncovered a GTP binding site, the
S-adenosyl-methionine (SAM) methyl-donor binding pocket,
and a basic cleft at the protein surface that was proposed to
accommodate the incoming RNA substrate. However, in the
absence of a viral RNA in a catalytically meaningful position, the
mechanism accounting for specific viral RNA methylation, in-
cluding the structural basis for specific adenosine 2'-O-methyl-
ation, remains elusive. Moreover, the size of the RNA substrate
that can be accommodated by the putative RNA binding cleft is
also unknown, as well as any requirement for a specific RNA
conformation. Determination of the structure of NS5 bound to a
viral RNA would give valuable information to guide the design
of specific NS5 inhibitors.

To elucidate how the flavivirus RNA is recognized and meth-
ylated, we determined the crystal structure of a ternary complex
between the full-length NS5 protein (DENV serotype 3), an au-
thentic cap-0 viral RNA substrate (5 /-m7GopppA1G2U3U4G5U6U7-
3’), and S-adenosyl-L-homocysteine (SAH), the by-product of the
methylation reaction. Together with mutagenesis data informed by
the present structure, this work reveals a unique and specific in-
teraction between the protein and viral RNA and provides the
molecular basis for the methyl transfer reaction. Furthermore,
despite a low sequence identity between the two proteins,
the RNA recognition mode is reminiscent of how the human
2’-O-ribose methyltransferase CMTrl binds mRNA for cap for-
mation, suggesting that the viral methyltransferase might derive
from its eukaryotic homolog.

Results and Discussion

Overall Structure of the Ternary Complex of DENV3 NS5, Cap-0 Viral
RNA, and SAH. An overall view of bound RNA in the MTase
domain of NS5 is given in Fig. 14. The electrostatic surface
representation in Fig. 1B reveals that the RNA moiety occupies a
significant portion of a large basic patch of the NS5 protein. The
ordered part of the single-strand RNA substrate consists of the
5'—m7GgpppA1G2U3U4-3’ sequence (Fig. 1C, SI Appendix, Fig. S1,
and Movie S1). The crystal structure of the ternary complex
between NS5, cap-0 RNA, and SAH (Fig. 1) was refined to Ryork
0.1827, Rree 0.2436 at a resolution of 2.6 A with good stereo-
chemical parameters (Table 1). Bound RNA extends between
F25, which is stacked with ™Gy at the 5 end, and the methyl
donor pocket, spanning an overall distance of ~17 A across the
RNA binding groove. The ™G, ring makes hydrogen bonds
through its N2 atom with the carbonyl oxygen atom of L.20 and
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Fig. 1. Structure of the ternary complex between DENV3 NS5, capped RNA,
and SAH. (A) Crystal structure of NS56-896 (MTase domain, cyan; RdRp do-
main, green) bound to RNA (5’-m7GopppA1GZU3U4GUU—3’; magenta sticks)
and SAH (yellow sticks). The RNA/SAH binding site is boxed. (B) Electrostatic
surface representation of NS5 (positive charges are in blue, and negative
charges are in red). Capped RNA (magenta) and SAH (yellow) are shown as
sticks. (C) Close-up view of the RNA and SAH binding sites as boxed in
B. Protein residues binding RNA or SAH are represented as sticks (cyan) and
labeled. Capped RNA nucleotides are labeled. Dashed lines indicate polar
interactions. Mg2+ is displayed as a green sphere, and water molecules are
shown as red spheres. (D) Interactions established between adenine A1 from
the bound RNA and NS5, illustrating the tight shape complementarity with
adenine only. (E) Hydrogen bonds formed between E111, the capped RNA
second nucleotide G2, and the bound Mg2+ ion.

N18 as well as via its ribose 2’-OH with the N18 side chain (Fig.
1C) (13, 20). The N-7-methyl of the ™G, enhances stacking
interactions with F25. The negative charges of the triphosphate
group that links ™G, and A, are neutralized by a hexacoordi-
nated Mg®" ion (via three phosphate and three water molecule
oxygen atoms, respectively) and hydrogen-bond with residues
S213 and S150 that project from the protein surface (Fig. 1C and
SI Appendix, Table S14). The remainder of the RNA (G,U;Uy)
adopts an a-helical conformation along an axis that crisscrosses
with the ‘“7G0ppp moiety, giving an overall “L” shape to the
bound cap-0 RNA (Fig. 1C). The observation of four stacked
bases, A;G,U3Uy,, in addition to m7G0ppp (Fig. 1C) is consistent
with previous RNase footprinting assays showing that a total of
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Table 1. Data collection and refinement statistics

Parameters NS5: Cap-0 RNA: SAH

Data collection statistics
Resolution range, A
Space group
Unit cell parameters a, b, ¢, A
Measured reflections
Unique reflections

47.33-2.60 (2.72-2.60)*
P 2,2:2
94.66, 151.39, 69.43
183,254 (22,200)
31,327 (3,722)

Remerge" 0.175 (1.041)
CcC1/2 0.992 (0.641)
Multiplicity 5.8 (6.0)
Completeness, % 99.9 (99.1)
Mean I/sigma(l) 9.9 (1.8)

Refinement statistics

Resolution range, A 47.33-2.60 (2.69-2.60)*

Ruwork* 0.1827 (0.2857)
Réree® 0.2436 (0.3382)
No. of nonhydrogen atoms 7,228
Macromolecules 6,950
Ligands 148
Water 241
Protein residues 852
Rms, bonds, A 0.003
Rms, angles, ° 0.779
Ramachandran plot, %
Favored 95.04
Allowed 4.6
Outliers 0.35
Clash score 6.53
Average B factor 45.8
Macromolecules 46.0
Ligands 66.6
Solvent 36.1

*The numbers in parentheses refer to the last (highest) resolution shell.
*Rmerge = Y|l — < I >|/3_I, where Jj is the intensity of an individual reflection
and < / > is the average intensity of that reflection.

*Rwork = S2||Fo| — |F|I/32|F|, where F, denotes the observed structure factor
amplitude and F. denotes the structure factor amplitude calculated from the
model.

SRfree is as for Ruork but calculated with 5% (3,044) of randomly chosen
reflections omitted from the refinement.

4 nt becomes protected by the flavivirus MTase during 2'-O-
methylation (13, 25). Only weak electron density is visible for
GsUgU5 that extends out of the MTase binding groove. In the
present conformation, no constraint on the length of the RNA
substrate that can be accommodated by the MTase domain
seems imposed by the NS5 RdRp domain (Fig. 1 and SI Appendix,
Fig. S1). To assess possible conformational changes upon substrate
binding, we superimposed the present NS5-capped RNA complex
with the free NS5 enzyme [Protein Data Bank (PDB) ID code
4V0Q]. This returned an rms value of 0.281 A for 758 C, atoms,
suggesting an essentially preformed RNA binding groove with no
domain reorientation between the MTase and RdRp domains
upon binding capped RNA (26). Remarkably, the RNA substrate
is positioned such that the 2'-O atom of residue A, lies next to the
sulfur atom of SAH and adjacent to the K180 side chain from the
“Ke1-D146-Kig0-E216” enzymatic motif, poised to accept a methyl
group from a SAM methyl donor (Figs. 1C and 24).

Specificity of Viral RNA Recognition by NS5 MTase. The crystal
structure explains the specific recognition of the flavivirus RNA
5’ cap by NS5 and in particular the strict requirement for an
adenosine at position 1 and the preference for a guanosine at
position 2 (Fig. 1 D and E and SI Appendix, Fig. S2). The first
nucleotide of the flavivirus genome, always an adenosine (A;),

14836 | www.pnas.org/cgi/doi/10.1073/pnas.1514978112
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Fig. 2. Proposed enzymatic mechanism for 2’-O-methylation by the flavivirus
NS5 MTase. (A) Close-up view of the MTase active site with the Kgq-D146-K1g0-
E,q6 catalytic tetrad shown as yellow sticks and SAH in magenta sticks. Color
code for the bound RNA: G, carbon atoms, green; Aq, cyan; G,UzU,, gray. The
close contacts between the 2’-oxygen atom of adenine A;, the amino group of
Kigo, and the sulfur group of SAH are indicated by dashed lines, and the
corresponding distances are given. (B) Schematic view of an active ternary
complex comprising cap-0 RNA and the methyl donor SAM, based on the
present structure. The stereochemistry of the reactants (distances and angles)
conforms to what is expected from an inline Sy2 reaction.

resides ~8 A away from and nearly perpendicular to ™ Gy, to
which it is connected via the triphosphate 5’5’ linkage (Fig. 1 C
and D). Remarkably, the A, base fits snugly in a pocket shaped
by residues 1147-G148-E149-S150 from NS5 and SAH (Fig. 1D).
To understand the origin of specific adenosine 2’-O-methylation
by flaviviruses, we modeled X; = G, U, or C (m7Goppr1-RNA)
in place of A, and found that the N2 amine group from G; would
sterically collide with SAH (nearest distance ~1 A) (SI Appendi,
Fig. S24). Conversely, pyrimidine bases would leave a large empty
space in the pocket, leading to energetically less favorable van der
Waals interactions with the protein (SI Appendix, Fig. S2A4).
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Consistently, specific 2’-O-methylations have been identified in
viral genomic RNA internal adenosines and polyA but not on
polyG, polyC, or polyU substrates (12).

Gy, the second nucleotide of the viral genome, stacks with A;
and makes a hydrogen bond with the carboxylic side chain of E111
via its N2 atom and with a water molecule coordinating the Mg**
ion (Fig. 1E and SI Appendix, Fig. S2B). We explore below the
importance of this polar contact in the context of DENV replica-
tion. Modeling X, = A, U, or C (7meG0pppAX2-RNA) in place of
G, showed that bases other than G disrupt favorable contacts and,
in the case of a pyrimidine base, introduces unfavorable charge—
charge repulsion between the carboxylic group of E111 and the O2
atom of X, = U or C (8] Appendix, Fig. S2B). Thus, specific rec-
ognition of the 5’ end of the flavivirus genome is seen as the
consequence of optimum shape complementarity and specific hy-
drogen bonding between the NS5 protein, the SAM methyl donor,
and the 5’ terminus of viral genomic RNA. This observation is
consistent with the strict conservation of the 5" GpppAiGy, se-
quence during flavivirus genome evolution (SI Appendix, Fig. S2C)
(27). Likewise, residues from the NS5 MTase domain that form the
tip of the RNA binding pocket and establish specific polar inter-
actions with the A;G, dinucleotide are also conserved.

Enzymatic Mechanism for Viral RNA 2’-0-Methylation. RNA is bound
in the DENV MTase catalytic site, such that the 2'-O-ribose of
residue A; is placed next to the SAH moiety. This observation
suggests that the present complex represents a snapshot along
the 2’-O-methylation reaction pathway, possibly the reaction
product (Fig. 2 and SI Appendix, Fig. S34): (i) The side chain of
K180 activates the 2’-OH of the adenosine ribose of the RNA
methyl acceptor (28), and (ii) the activated ribose 2'-O makes a
nucleophilic attack on the methyl group of the positively charged
sulfur center via an inline SN2 reaction. At pH 8.5, a value close
to the pK, of the lysine e-amino-group side chain, where the
2’-O-MTase reaction is maximal (25, 29), the side chain of K180
can be easily deprotonated. Moreover, because K180 is sand-
wiched between the acidic side chains of D146 and E216, its side
chain could alternate between a charged and uncharged species
at various stages of the 2'-O-methylation cycle. This scheme is
consistent with the available mutagenesis data: The D146A sin-
gle mutant is completely devoid of 2’-O-methylation activity (S/
Appendix, Table S14), and its side-chain carboxylic group is at
the right distance to stabilize the electrophilic sulfur group of
SAM as well as K180, following activation of the 2’-OH aden-
osine ribose (Fig. 24 and SI Appendix, Fig. S3) (30). Mutagenesis
experiments also indicate that residues F25, R57, and K61 play a
major role in the reaction: Alanine mutations at these positions
essentially abolish the 2'-O-MTase activity (SI Appendix, Table
S14). Moreover, the pattern of RNA-enhanced thermostabi-
lization for the DENV MTase is consistent with the observation
that amino acids F25, R57, and R61 all make key contacts with
RNA in the present complex (29). One attractive hypothesis
suggested by the present structure is that the SAM cofactor
could act as a “sensor” by probing for the base identity and
for the presence of a methyl group(s) in the RNA substrate.
Depending on its methylation state, the RNA substrate could
either be in a favorable position in the binding groove conducive
to methyl transfer or sterically collide with the methyl donor,
favoring its dissociation from the MTase domain.

The catalytic mechanism proposed for NS5 is shared with the
human mRNA cap-specific 2'-O-ribose methyltransferase CMTr1
and the vaccinia virus VP39 proteins (whose structures with cap-
ped RNA are known) and other RNA 2’-O-MTases across all
animal kingdoms and viruses whose free enzyme structures have
been reported (SI Appendix, Fig. S4 and Table S2) (31, 32).
However, in contrast to the human CMTr1 or vaccinia virus VP39
that methylates cap-0 RNA substrates in a sequence-independent
manner, the flavivirus NS5 MTase has a demonstrated RNA
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substrate sequence specificity, which is evident in our structure
analysis and functional studies (Figs. 1, 3, and 4). A requirement
for Mg®* ions was reported for the COMT MTase as well as for
FtsJ 2-O-methylation activities (33, 34), and Mg>* has stimulatory
effects on DENV 2'-O-MTase activity (35). The structure of COMT
suggested that Mg?* ions play an important role for RNA stabili-
zation but not for catalysis. Given the close similarity between the
active sites of VP39 and FtsJ, Mg?* ions are thought to be dis-
pensable for 2’-O-methylation (34). Thus, activity enhancement in
the presence of Mg®* in DENV NS5 appears to be due to structural
and electrostatic stabilization of the protein-RNA complex.

Flavivirus NS5 MTase Is Closest to the Human mRNA Cap-Specific 2'-0-
Ribose CMTr1. To gain insights into the evolution leading to the
present NS5 MTase domain, we performed a homology search
against the various available MTase structures (36). The

A NS5: m7GpppAGUU - SAH B VP39: m7GpppGAAAAA - SAH

gy

MTR1: mTGpppGAU -

NS5  HAVSRGSAKLQWEVERNMVIPEGRVIDLG TYGWNIVKLMSGKDVEYLPP
CMTR1  FFLNRAAMKMANMDEVF-MFTNLYFADVCAGPGGFSEYVLWRK--AKGFGMTLKG-- PNDFKLEDYSASELFEPYYDGDITRISA
NSP16  ---MMNVAKYTQLCQYL----- MRVIEFGAGVAPGTAVLRQLPTGTLLVDSDLN- -~ ~DEVS--====~ DSTLI-GDCATVHT

VP39  ----KLLLGELFFLSKL----- ATVVYIGSAPGTHIRYLRDHFVIIKWMLIDGR- -~~~ HHDPI----LRDVTLVT-REVDELRS

YYCAGLKEVTEVRGY

146 180 216
NS5  ERCDTLLCDIGESSPSPTVEESRTIRVLKMVEPWLENNQFCIKVLNPYMPTVI WIS
CMTR1  FGVHFLMADGGFSVQENL-QETLSKQLLLCQFLMAL ICKTEDLFTPFSVGLVYLLYCCFRVCLFKPITSRPANSERYVVC
NSP16  NKWDLIISDMYDPTKHVT-----KEGFFTYLCGFILGGSTAVKITEH----WNADLYKLMGHFHWTAFVTNVNAS -SSEAFLIG
VP39  IK-IILISDVRS------ PSTADLLSNYALQNVMINPVASSLKWR-CPFP----~-! FYIP---HGNKMLQPFAPSYSAEMRLLS

Fig. 3. Comparison of NS5 MTase with other human and viral 2’-O-MTases.
(A) The DENV3 NS5 MTase (this work). (B) Vaccinia virus MTase VP39.
(C) Human CMTr1. (D) Severe acute respiratory syndrome (SARS) coronavirus
MTase nonstructural protein 16 (NSP16). The comparison highlights the va-
riety of shape complementarity and surface charge distributions between
the enzymes, cofactor, and RNA substrate. The VP39 G, pocket is deeper and
more distant from the RNA binding groove compared with NS5 and CMTr1.
As a result, Go is deeply buried, with a protruding ribose. In contrast, no
apparent Gy binding pocket is found in NSP16. Triphosphates display various
conformations: extended in VP39 and CMTr1, and bent in NS5. In all three
complexes, four RNA bases occupy the positively charged groove. The RNA
binding groove in nsp16 is shallow and less positively charged. The SAM
binding pocket is the most conserved feature, except at the adenine binding
site: In NS5, a positively charged pocket is located next to N-7, whereas in
CMTr1, the corresponding pocket is deeper and larger; in VP39, it is open
and negatively charged. In nsp16, no apparent pocket is visible. Positive
protein surfaces are shown in blue, and negative surfaces are in red; RNA
moieties (yellow carbons) and SAH/SAM (magenta carbons) are shown as
sticks. (E) Multiple sequence alignment. The K-D-K-E catalytic tetrad is
highlighted in yellow. E111 from DENV NS5 is also highlighted.
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Fig. 4. Specific recognition of the capped viral RNA is essential for virus
replication. (A) In vitro 2’-O-MTase activities of WT NS5 and E111 mutants
using WT and mutant RNA templates. Data are normalized to the activity of
the WT NS5 MTase on WT viral 5'UTR RNA, which is set to 100% (corresponding
to ~4 nM 3H-methyl incorporated into the RNA; signal-to-background count
ratios are approximately four- to fivefold). Each data point is the average for
three replicates, and error bars show the standard deviations. (B) Intracellular
viral RNA levels detected by quantitative (q)RT-PCR. (C) Extracellular viral RNA
levels in the supernatants detected by gRT-PCR. (D) Virus titers based on the
plaque assay shown in E. (E) Plaque assay for WT and mutants at 24, 72, and
120 h posttransfection (hpt). The limits of detection for DENV genomic RNA
by qRT-PCR and plaque assays are 100 copies and 1 infectious virus particle,
respectively.

flavivirus NS5 protein belongs to a family of SAM-dependent
RNA MTases that methylate diverse RNA species including
mRNA, rRNA, tRNA, and siRNA, either at the bases or at
2’-hydroxyl groups of specific nucleosides. Within the Flavivirus
genus, both the primary sequence and the 3D structures of the
MTase domain are highly conserved, with sequence identities
ranging from 51% to 100% (Z scores of 32.2-43.8). Surprisingly,
despite a low sequence identity of 14% between the two proteins,
the closest NS5 structural homolog with an rmsd of 2.9 A for 222 of
the 406 CMTr1 a-carbon atoms and a Z score of 15.8 is the human
mRNA cap-specific 2'-O-ribose MTase CMTrl (PDB ID code
4N48). Moreover, the seven next-closest homologs are also of
nonviral origin (Fig. 3 and SI Appendix, Fig. S4 and Table S2).
These structures share the general apa-Rossmann-fold core do-
main that shapes the SAM binding pocket and the highly conserved
K-D-K-E catalysis tetrad, which is consistent with a common cat-
alytic mechanism for methyl transfer. Structural divergence beyond
the core domain likely reflects the present variety of RNA sub-
strate preferences (e.g., 2'-O-ribose of capped RNA vs. ribosomal
RNA methylation) (37, 38). Thus, the flavivirus NS5 MTase do-
main might derive from its eukaryotic homolog. Interestingly, the
Flavivirus genus is the only clade in the Flaviviridae family that
encodes an MTase at the N terminus of NS5. Considering that
the RdRp domain is highly conserved in all viruses from the

14838 | www.pnas.org/cgi/doi/10.1073/pnas.1514978112

Flaviviridae family but is absent from the host cells, the present
flavivirus NS5 protein might have originated from a domain fu-
sion event through the acquisition of an RNA 2’-O-MTase
domain from the host following the separation from the
Hepeatitis, Pestivirus, and Pegivirus of the Flaviviridae family (26).

Residue E111 Is Key for Virus Replication. To investigate the func-
tional implications of the present ternary complex for virus
replication, we performed a mutagenesis study targeting the
highly conserved residue E111 of NS5, which establishes the sole
direct specific polar contact with the second base (G;) of the
flavivirus RNA (Figs. 1C and 4 and SI Appendix, Fig. S2B). We
evaluated the effects of E111 mutants both in vitro, using an NS5
MTase enzymatic assay (Fig. 44 and SI Appendix, Table S1B),
and also in cell culture by examining the growth kinetics of the
corresponding virus mutants (Fig. 4 B-E). Reversing the charge
through the E111R mutation abolishes 2'-O-MTase activity (Fig.
44). In contrast, mutants E111A and E111Q retain >93%
activity, which is consistent with a limited impact of these mu-
tations on protein—RNA interaction (Fig. 44 and SI Appendix,
Table S1B). Modeling the E111A and E111Q mutations in the
NS5-cap-0 RNA suggests that these two mutations have a
smaller impact on the ability of the protein to bind cap-0 viral
RNA compared with the E111R mutation, which is likely to
introduce steric hindrance with the RNA moiety (SI Appendir,
Fig. S2D). These modeling results are in line with experimental
thermostability measurements of the corresponding NS5 wild-
type and mutant proteins in their free states and in the presence
of cap-0 RNA: The E111R mutant has the most decreased
thermostability both in the presence and absence of the RNA
ligand (SI Appendix, Table SlC)

Substituting X, = U, or C, in place of G, ( meGopppAXZ -RNA)
introduces unfavorable electrostatic contacts between their O2
atom and the carboxylic group of E111 and, for X, = A,, be-
tween N3 and E111 (SI Appendix, Fig. S2B). This is consistent
with the observation that the consensus sequence GopppA1G2X
found in flaviviruses (SI Appendix, Fig. S2C) binds more tightly
than GopppAiCX to the DENV MTase (23). Moreover, muta-
tions of G, to U, C, or A reduce the 2’-O-methylation activity of
NS5 down to 33%, 19%, and 100%, respectively, in WNV (31)
and to 55%, 24%, and 84% in DENV4 (SI Appendix, Table
S1B). The corresponding DENV mutants G2A, G2U, and G2C
completely fail to grow (Fig. 4 B-E), showing that the virus does not
tolerate changes at position G,. Because these substitutions pre-
serve 2'-O-MTase activity appreciably, their impact on virus growth
is likely to derive at least in part from a different process, possibly
the de novo initiation of polymerization by NS5, where a strict
requirement for pppA,G, was demonstrated (39).

We also found that E111 plays a crucial role in viral replication
(Fig. 4 B-E). The E111Q and E111A mutations attenuated virus
replication and produced three to four times less infectious virus,
whereas the E111R mutation severely impaired viral replication
and yielded no virus (Fig. 4E). Mutants such as WNV-E218A
abolishing 2'-O-MTase activity yet growing to relatively wild-type
levels in BHK or Vero cells have been described (16). Therefore,
the origin of the strong attenuation observed for the E111R mu-
tant virus might be multifactorial: E111R is less thermostable than
WT protein (SI Appendix, Table S1B) and has lower elongation
polymerase activity, probably due to its poorer ability to bind RNA
(SI Appendix, Table S1C). Together, these effects are likely to
cause the mutant virus to be highly attenuated.

Concluding Remarks

The structure presented here suggests possible routes for the
design of inhibitors targeting the NS5 MTase catalytic site. One
possible strategy would consist of extending SAM analogs toward
the RNA binding groove, for instance by linking the A; moiety to
nucleoside analogs (e.g., ribavirin) that bind at the GTP binding
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site, next to residue F25. This strategy may lead to larger but
more specific and potent flavivirus MTase inhibitors (40). Also,
the effect of MTase mutant on polymerase activities suggests the
interdependence of two domains in viral replication (41). Our
study also indicates that attenuated viruses could be designed by
targeting the E111 residue of NSS5.

Materials and Methods

Methods used in this study are briefly summarized below. Full descriptions
are given in SI Appendix, Materials and Methods.

Protein Expression and Purification. The protocol for NS5 protein expression
and purification was as previously described (26).

Crystallization and Data Collection. Crystallization was set up at 20 °C using
the hanging-drop vapor-diffusion method and published conditions (26).
Native crystals obtained over 2-5 d by mixing a volume of 1 puL NS5 (residues
6-895) at 4-6 mg/mL with 1 pL precipitation solution [0.2 M magnesium
acetate, 0.1 M sodium cacodylate, pH 6.4, 10-20% (wt/vol) PEG 8000] were
soaked with 1 mM 5'-"™Gg,,A1G,U3UGsUgU7-3" overnight.

Structure Solution and Refinement. The crystal had a Matthews coefficient (V)
of 2.47 (42). Refinement was initiated with the structure PDB ID code 4V0Q
using REFMACS5 (43) and PHENIX (44) and interspersed with manual model-
rebuilding sessions using Coot (45). The refined coordinates were deposited in
the PDB under ID code 5DTO.
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Construction of Mutant ™ Gppp-DENV4 5'UTR Nt-110 RNAs for 2'-0-MTase
Assay. DENV4 5'UTR nt-110 DNA with substitutions at the position of the
5 nucleotide G, was engineered by PCR using Phusion DNA Polymerase with
standard procedures.

DENV4 2'-0-MTase Assay. DENV4 2'-O-MTase assay was performed as de-
scribed previously (11, 35).

Construction of Mutant DENV2 Full-Length Infectious Clone. DENV2 full-length
cDNA clones with NS5 E111A, E111Q, and E111R mutations were con-
structed with a pACYC-NGC FL and a TA-NGC (shuttle E) vector as previously
described (46).
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