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SUMMARY

The Zika virus (ZIKV) poses a major public health emergency. To aid in the development of
antivirals, we present two high-resolution crystal structures of the ZIKV NS5 methyltransferase:
one bound to S-adenosylmethionine (SAM) and the other bound to SAM and 7-methyl guanosine
diphosphate (7-MeGpp). We identify features of ZIKV NS5 methyltransferase that lend to
structure-based antiviral drug discovery. Specifically, SAM analogs with functionalities on the Cp
atom of the methionine portion of the molecules that occupy the RNA binding tunnel may provide
better specificity relative to human RNA methyltransferases.

In Brief

Zika virus (ZIKV) has emerged as a major health concern. To aid the development of antivirals,
Coloma et al. report high-resolution crystal structures of the ZIKV NS5 methyltransferase, one
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bound to S-adenosylmethionine and another bound to S-adenosylmethionine and 7-methyl
guanosine diphosphate. The structures provide a basis for antiviral drug discovery.

INTRODUCTION

The Zika virus (ZIKV) is a member of the Flavivirus genus that includes other mosquito-
borne human pathogens such as dengue virus (DENV1-4), Murray Valley encephalitis virus
(MVEV), West Nile virus (WNV), yellow fever virus (YFV), and Japanese encephalitis
virus (JEV), among others (Petersen et al., 2016). ZIKV has emerged as a major health
concern over the past year (Fauci and Morens, 2016; Lazear and Diamond, 2016). Its rapid
spread across the Americas and, in particular, its link to microcephaly in newborn infants
and the Guillain-Barré syndrome in adults has invigorated efforts to develop a vaccine
against ZIKV and to eradicate the Aedes mosquito vectors. An important strategy for halting
the spread of ZIKV in the event of more outbreaks would be designing antivirals to inhibit
viral protein enzymatic activities central to the lifecycle and survival of the virus.

The flavivirus genome consists of an ~11 kB positive-sense single-stranded RNA that
acquires a methylated 5" cap structure (N"MeGpppAy’ome; Me, methyl group) for stability,
efficient translation, and evasion of the host immune response (Dong et al., 2014). Both the
N7 and 2’0 methylation reactions are performed by the same methyltransferase (M Tase)
domain, located at the N terminus of the nonstructural protein NS5. The NS5-MTase
methylates first the N7 atom of guanosine and then the 2”0 of the initiating adenosine of the
nascent viral transcript (GpppA-RNA —N"MeGpppA-RNA—NMeGpppA,’ ome-RNA)
using S-adenosylmethionine (SAM) as the methyl donor and generating S-
adenosylhomocysteine (SAH) as the reaction byproduct (Dong et al., 2014). Crystal
structures of several flavivirus NS5-MTases have been reported bound to various ligands
(Bollati et al., 2009; Egloff et al., 2002, 2007; Yap et al., 2010; Zhao et al., 2015; Zhou et al.,
2007), including SAM/SAH, GTP, and RNA.
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Mutations in NS5-MTase that lead to defects in N7 methylation are lethal in flaviviruses
(Dong et al., 2010; Ray et al., 2006; Zhou et al., 2007), whereas defects in 2O methylation
attenuate the virus and is a basis for vaccine development (Li et al., 2013; Zst et al., 2013).
NS5-MTase has become an attractive target for the development of antivirals to block cap
formation, and several inhibitors have been reported bound to either the SAM/SAH binding
pocket or the GTP binding pocket (Benarroch et al., 2004; Chen et al., 2013; Coutard et al.,
2014; Lim et al., 2011; Stahla-Beek et al., 2012). To help guide the discovery of antivirals
against ZIKV, we present two high-resolution crystal structures of NS5-MTase from the
French Polynesia strain of the ZIKV virus. The first structure, determined at 1.33 A
resolution, has SAM bound to the enzyme (NS5-MTasesan). The second structure,
determined at 1.50 A resolution, has both SAM and N7-methyl guanosine diphosphate (7-
MeGpp) bound to the enzyme (NS5-MTasesam,7-meGpp)- The high resolution of both
structures makes them well suited for structure-based antiviral drug discovery.

RESULTS

We expressed and purified ZIKV NS5-MTase (residues 1-266) of the H/PF/2013 strain as a
soluble protein from E. coli. Purified protein was crystallized at 20°C, and the structure was
determined by molecular replacement. Initial maps revealed difference density in the SAM
binding pocket (Figure 1A) despite no intentional addition of the ligand in the purification or
crystallization buffers. It is common for flavivirus MTases to copurify with SAM or SAH as,
for example, in structures of NS5-MTase from DENV2 (PDB: 1L9K) (Egloff et al., 2002)
and DENV3 (PDB: 3P97) (Lim et al., 2011). The structure of NS5-MTasegapn Was refined
to a resolution of 1.33 A, with Ry,ork and Ryree Values of 17.0% and 18.9%, respectively
(Table 1). To obtain crystals of NS5-MTasesam,7-MeGpp: SAM and 7-MeGpp were added to
purified ZIKV NS5-MTase in 6-fold molar excess prior to crystallization. The structure of
NS5-MTasesam,7-Mecpp Was determined to 1.50 A with Ryork and Ryyee Values of 15.9%
and 17.9%, respectively (Table 1).

The two structures are nearly identical and superimpose with an RMSD of 0.21 A for 219
Ca atoms, revealing an enzyme that is essentially preformed to bind 7-MeGpp (Figure 1).
The ZIKV NS5-MTase consists of a MTase core (residues 54-223) with a Rossmann fold,
composed of seven B strands (81-p7) and four a helices (aX, aA, aD, and o E) (Figures 1
and S1). The MTase core is flanked by a helices (A1-A4) and B strands (B1-B2) that form
the N- and C-terminal extensions and cradle one side of the core (Figure 1). SAM binds in a
cleft formed by B1, f2, and a A as well as a loop (amino acids 81-86) that carries the
consensus “motif 1”7 (GXGXxGXx; X, usually a small chain amino acid) characteristic of
Rossmann fold methylases (Figures 1A and 2A). The SAM adenine base is sandwiched
between the Lys105 (partially disordered) and 1le147 side chains, whereas the N1 and N6
atoms makes hydrogen bond with the backbone amide of Val132 and side chain of Asp131
(Figure 2A). The ribose sugar participates in solvent mediated interactions with the
backbone of Gly106 and Glul11 and side chain of Thr104. The methionine portion of SAM
is fixed by interactions with the side chains of Ser56 and Asp146 as well as the backbone
amides of Gly86 and Trp87. Asp146 is part of the Kg1-D146-K182-E215 tetrad motif that has
been shown to be important for both N7 and 2”0 methylation. 7-MeGpp binds in a cleft
between the helices Al, A2, and a loop between 6 and 7 (amino acids 208-218). The 7-
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MeGpp base packs against the aromatic ring of Phe24, whereas its exocyclic N6 amino
group makes hydrogen bonds with the main chain carbonyls of Leul6 and Met19 (Figures
1B and 2B). The diphosphate moiety is fixed by hydrogen bonds with Lys28, Ser150,
Arg213, and Ser215, whereas the sugar 2”0 is within hydrogen bonding distance of the side
chains of Lys13 and Asn17. All of these amino acids are conserved in flaviviruses and
underlie almost identical interactions with bound ligands (Figure S1).

The SAM and 7-MeGpp binding sites are separated by >15 A (Figure 3A). A positively
charged tunnel spans two sites where, based on the structure of DENV3 NS5 with RNA
(Zhao et al., 2015), the ZIKV viral RNA likely binds (Figure 3A) and interacts with residues
Lys28, Arg4l, Arg57, Arg84, Glul11, and Arg213 (Figure S1). Interestingly, there is
significant conformational variability in these residues in the various flavivirus structures,
reflecting the absence of RNA in most of these structures. The ZIKV NS5-MTase structures
superimpose very well on MTase structures from other flaviviruses (Figure S2). Most of the
main-chain variability is in three solvent exposed loops (residues 48-52, 173-178, and 244—
251) that diverge the most in sequence (Figures S1 and S2). Curiously, the ZIKV MTase
contains Ala21 and Leu22 near the 7-MeGpp binding site (Figure S1) instead of Arg/Lys
and Glu/Arg/Lys/Ser in other flaviviruses, which lends to a slightly more hydrophobic GTP
binding pocket. Ala21 and Leu22 are conserved in every strain of ZIKV that has been
examined thus far. The ZIKV MTase is also notable in containing Thr188 and Ser189
instead of Met and Pro in other flaviviruses, which manifests in a small shift in helix a.E
(Figure S2).

DISCUSSION

Here, we present two high-resolution crystal structures of ZIKV NS5-MTase: one with SAM
bound to the enzyme, and the other with both SAM and 7-MeGpp bound to the enzyme as a
mimic of the substrate complex (without RNA) for the N"MeGpppA-

RNA—N"MeGpppA, ove-RNA step of the reaction. Because of the necessity of N7
methylation, the ZIKV NS5-MTase presents an attractive target for the development of
inhibitors. One challenge is the design of inhibitors that are specific for a flavivirus MTase
without affecting the host RNA MTases, such as the human mRNA cap guanine-N7
methyltransferase (RNMT; PDB: 3EPP) and the MTase domain of human TAR (HIV-1)
RNA binding protein 1 (TARBP1; PDB: 2HA8) (Wu et al., 2008) (Figures 3B and 3C). A
step in that direction is a reported SAH analog with a N6 substituent (a benzyl ring) that fits
into a hydrophobic cavity adjacent to the SAM binding pocket (Lim et al., 2011) (Figure
3A). This hydrophobic cavity is conserved in flavivirus MTases (Lim et al., 2011) (including
ZIKV) but is not found in human N7/2°0 MTases (Figure 3). From the structures, another
approach is to develop SAM/SAH analogs with functionalities that access the positively
charged RNA binding tunnel (Figure 3A). The tunnel extends from the SAM binding pocket
and substituents on the Cp atom of the methionine portion of SAM/SAH would be well
positioned to enter the RNA binding tunnel and interact with flavivirus specific residues
(Figure 3A). The emerging role of histone methyltransferases in cancer has spurred the
development of new SAM competitors (Kaniskan and Jin, 2015; Luo, 2012), including some
SAM/SAH analogs (Daigle et al., 2011). Some of these compounds have entered clinical
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trials for various cancer malignancies; it will be interesting to see whether any of these
compounds can also inhibit the ZIKV MTase.

In conclusion, the high-resolution structures of ZIKV NS5-MTases presented here provide a
basis for structure-based antiviral drug discovery. The SAM and GTP binding pockets and
the RNA binding tunnel present hotspots for in silico and fragment based screening. From
the structures, SAM/SAH analogs with functionalities on the Cp atom of the methionine
portion of the molecules can potentially co-occupy the RNA binding tunnel and provide
better specificity against human RNA MTases.

EXPERIMENTAL PROCEDURES

ZIKV NS5-MTase (1-266) from the H/PF/2013 strain was expressed and purified from £.
colistrain LOBSTR (DE3) with an N-terminal Hisg-SUMO tag. Cell pellets containing the
recombinant protein were resuspended in buffer containing 50% B-PER (Thermo Scientific),
25 mM Tris pH 8.0, 500 mM NacCl, 5% glycerol, and 5 mM 2-mercaptoethanol (BME).
Cells were lysed by sonication and the filtered lysate was loaded on a 5 ml Ni-NTA column
(QIAGEN). Protein bound to the Ni-NTA column was eluted with buffer containing 50 mM
Tris-HCI, pH 8.0, 500 mM NaCl, 5% glycerol, 5 mM BME and 250 mM imidazole. Eluted
protein was dialyzed into buffer containing 50 mM HEPES (pH 7.5), 500 mM NacCl, 5%
glycerol, and 5 mM BME. The Hisg-SUMO tag was cleaved with Ulp protease and the
protein re-loaded on the Ni-NTA column to remove the cleaved Hisg-SUMO tag and any
uncleaved protein. The cleaved protein was further purified by ion exchange
chromatography on an anion exchange column and by size exclusion chromatography on a
SD75 column (GE Healthcare). Before crystallization, the protein was concentrated to 10
mg/mL in buffer containing 25 mM HEPES (pH 7.5), 400 mM NaCl, 5% glycerol, and 2
mM TCEP.

The NS5-MTasesapnm crystals grew out of drops containing 17%-20% PEG 400 and 0.1 M
Tris (pH 8.0). For data collection, crystals were cryoprotected by quick dipping in mother
liquor containing a mixture of 9% sucrose, 2% glucose, 8% glycerol, and 8% ethylene
glycol and flash-cooled in liquid nitrogen. Diffraction data were collected at the Advanced
Photon Source (beamline 24-1D-C). The data were indexed with HKL2000 (Otwinowski and
Minor, 1997), and the structure was solved by molecular replacement with Auto-Rickshaw
(http://webapps.embl-hamburg.de/cgi-bin/Auto-Rick/arinitAR1.cgi) (Panjikar et al., 2005).
The model obtained from the Auto-Rickshaw pipeline was improved by iterative manual
building and refinement with Coot (Emsley and Cowtan, 2004) and Phenix (Adams et al.,
2010), respectively. After the protein chain was built, significant difference electron density
(3o0) was visible in the SAH/SAM binding site (Figure 1A). The electron density was
consistent with the presence of SAH/SAM despite no intentional addition of the ligand in
the purification or crystallization buffers. This difference density was modeled as SAM, but
the slightly lower occupancy of the methyl group (~75% occupancy) is suggestive of
predominantly SAM with a small amount of SAH in the crystallized protein. The structure
of NS5-MTasesanm Was refined to 1.33 A (Rfree of 18.9% and Rwork of 17.0%) and
contains one protein chain, one SAM molecule, one phosphate ion, one chlorine atom, and
299 solvent molecules. The model has excellent stereochemistry, as shown by MolProbity
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(Davis et al., 2007), with 98.1% of all residues in allowed regions of the Ramachandran plot
and no residues in the disallowed regions.

To obtain crystals of The NS5-MTasesam,7-meGpp: PUrified protein at 0.5 mM concentration
was mixed with 3 mM SAM and 3 mM 7-MeGpp prior to crystallization. Crystals used for
data collection grew out of drops containing 6%-9% PEG 8K, 0.07 M sodium acetate (pH
5.0), and 30% glycerol. For data collection, crystals were flash-cooled in liquid nitrogen
directly from the drops. Diffraction data were collected at the Advanced Photon Source
(beamline 23-1D-D). The data were indexed with IMOSFLM (Battye et al., 2011), and the
structure was solved by molecular replacement using Auto-Rickshaw. The model obtained
from Auto-Rickshaw was improved by iterative manual building and refinement with Coot
and Phenix, respectively. Clear electron density was visible for both SAM and 7-MeGpp
(Figure 1B). Although the density for the base and sugar of 7-MeGpp was well defined, the
density for the B-phosphate was not as clear. Based on the shape of the density, we modeled
the B-phosphate in two conformations with 70% and 30% occupancies (Figure S3). The
structure of NS5-MTasesam 7-mec Was refined to 1.5 A (Rfree of 17.9% and Rwork of
15.9%) and contains one protein chain, one SAM molecule, one 7-MeGpp molecule, four
glycerol molecules, one phosphate ion, one acetate ion, and 244 solvent molecules. The
stereochemistry of the protein is excellent, with 98.1% of the residues in the most favored
regions of the Ramachandran plot and none in the disallowed regions.

PyMol (https://www.pymol.org/) was used to compute qualitative surface electrostatic
potential and prepare figures. The potential range was set the same for all the structures;
positive potential is shown in blue, and negative potential is shown in red.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Jian Jin for helpful discussions. This work is based upon research conducted at the Northeastern
Collaborative Access Team (NECAT) and GM/CA@APS beamlines at the Argonne National Laboratory. The
NECAT beamlines are funded by the National Institute of General Medical Sciences (NIGMS) from the NIH (P41
GM103403). The GM/CA@APS beamlines have been funded in whole or in part with funds from the National
Cancer Institute (ACB-12002) and NIGMS (AGM-12006). The Pilatus 6M detector on 24-1D-C beam line is funded
by an NIH-ORIP HEI grant (S10 RR029205). This research used resources of the Advanced Photon Source, a US
Department of Energy (DOE) Office of Science User Facility operated for the DOE Office of Science by Argonne
National Laboratory under contract no. DE-AC02-06CH11357. A.G.-S. is partly supported by NIH grant
U19A1118610.

References

Adams PD, Afonine PV, Bunkéczi G, Chen VB, Davis IW, Echols N, Headd JJ, Hung LW, Kapral GJ,
Grosse-Kunstleve RW, et al. PHENIX: a comprehensive Python-based system for macromolecular
structure solution. Acta Crystallogr D Biol Crystallogr. 2010; 66:213-221. [PubMed: 20124702]

Battye TG, Kontogiannis L, Johnson O, Powell HR, Leslie AG. iMOSFLM: a new graphical interface
for diffraction-image processing with MOSFLM. Acta Crystallogr D Biol Crystallogr. 2011;
67:271-281. [PubMed: 21460445]

Cell Rep. Author manuscript; available in PMC 2016 October 21.


https://www.pymol.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Colomaet al.

Page 7

Benarroch D, Egloff MP, Mulard L, Guerreiro C, Romette JL, Canard B. A structural basis for the
inhibition of the NS5 dengue virus mRNA 2”-O-methyltransferase domain by ribavirin 5’-
triphosphate. J Biol Chem. 2004; 279:35638-35643. [PubMed: 15152003]

Bollati M, Milani M, Mastrangelo E, Ricagno S, Tedeschi G, Nonnis S, Decroly E, Selisko B, de
Lamballerie X, Coutard B, et al. Recognition of RNA cap in the Wesselsbron virus NS5
methyltransferase domain: implications for RNA-capping mechanisms in Flavivirus. J Mol Biol.
2009; 385:140-152. [PubMed: 18976670]

Chen H, Liu L, Jones SA, Banavali N, Kass J, Li Z, Zhang J, Kramer LD, Ghosh AK, Li H. Selective
inhibition of the West Nile virus methyltransferase by nucleoside analogs. Antiviral Res. 2013;
97:232-239. [PubMed: 23267828]

Coutard B, Decroly E, Li C, Sharff A, Lescar J, Bricogne G, Barral K. Assessment of Dengue virus
helicase and methyltransferase as targets for fragment-based drug discovery. Antiviral Res. 2014;
106:61-70. [PubMed: 24704437]

Daigle SR, Olhava EJ, Therkelsen CA, Majer CR, Sneeringer CJ, Song J, Johnston LD, Scott MP,
Smith JJ, Xiao Y, et al. Selective killing of mixed lineage leukemia cells by a potent small-molecule
DOTLL inhibitor. Cancer Cell. 2011; 20:53-65. [PubMed: 21741596]

Davis IW, Leaver-Fay A, Chen VB, Block JN, Kapral GJ, Wang X, Murray LW, Arendall WB 3rd,
Snoeyink J, Richardson JS, Richardson DC. MolProbity: all-atom contacts and structure validation
for proteins and nucleic acids. Nucleic Acids Res. 2007; 35:W375-83. [PubMed: 17452350]

Dong H, Chang DC, Xie X, Toh YX, Chung KY, Zou G, Lescar J, Lim SP, Shi PY. Biochemical and
genetic characterization of dengue virus methyltransferase. Virology. 2010; 405:568-578. [PubMed:
20655081]

Dong H, Fink K, Zist R, Lim SP, Qin CF, Shi PY. Flavivirus RNA methylation. J Gen Virol. 2014;

95:763-778. [PubMed: 24486628]

Egloff MP, Benarroch D, Selisko B, Romette JL, Canard B. An RNA cap (nucleoside-2"-O-)-
methyltransferase in the flavivirus RNA polymerase NS5: crystal structure and functional
characterization. EMBO J. 2002; 21:2757-2768. [PubMed: 12032088]

Egloff MP, Decroly E, Malet H, Selisko B, Benarroch D, Ferron F, Canard B. Structural and functional
analysis of methylation and 5”-RNA sequence requirements of short capped RNAs by the
methyltransferase domain of dengue virus NS5. J Mol Biol. 2007; 372:723-736. [PubMed:
17686489]

Emsley P, Cowtan K. Coot: model-building tools for molecular graphics. Acta Crystallogr D Biol
Crystallogr. 2004; 60:2126-2132. [PubMed: 15572765]

Fauci AS, Morens DM. Zika Virus in the Americas—Yet Another Arbovirus Threat. N Engl J Med.
2016; 374:601-604. [PubMed: 26761185]

Kaniskan HU, Jin J. Chemical probes of histone lysine methyl-transferases. ACS Chem Biol. 2015;
10:40-50. [PubMed: 25423077]

Lazear HM, Diamond MS. Zika Virus: New Clinical Syndromes and Its Emergence in the Western
Hemisphere. J Virol. 2016; 90:4864-4875. [PubMed: 26962217]

Li SH, Dong H, Li XF, Xie X, Zhao H, Deng YQ, Wang XY, Ye Q, Zhu SY, Wang HJ, et al. Rational
design of a flavivirus vaccine by abolishing viral RNA 2”-O methylation. J Virol. 2013; 87:5812—
5819. [PubMed: 23487465]

Lim SP, Sonntag LS, Noble C, Nilar SH, Ng RH, Zou G, Monaghan P, Chung KY, Dong H, Liu B, et
al. Small molecule inhibitors that selectively block dengue virus methyltransferase. J Biol Chem.
2011; 286:6233-6240. [PubMed: 21147775]

Luo M. Current chemical biology approaches to interrogate protein methyltransferases. ACS Chem
Biol. 2012; 7:443-463. [PubMed: 22220966]

Otwinowski Z, Minor W. Processing of X-ray diffraction data collected in oscillation mode. Methods
Enzymol. 1997; 276:307-326. [PubMed: 27754618]

Panjikar S, Parthasarathy V, Lamzin VS, Weiss MS, Tucker PA. Autorickshaw: an automated crystal
structure determination platform as an efficient tool for the validation of an X-ray diffraction
experiment. Acta Crystallogr D Biol Crystallogr. 2005; 61:449-457. [PubMed: 15805600]

Petersen LR, Jamieson DJ, Powers AM, Honein MA. Zika Virus. N Engl J Med. 2016; 374:1552—
1563. [PubMed: 27028561]

Cell Rep. Author manuscript; available in PMC 2016 October 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Colomaet al.

Page 8

Ray D, Shah A, Tilgner M, Guo Y, Zhao Y, Dong H, Deas TS, Zhou Y, Li H, Shi PY. West Nile virus
5’-cap structure is formed by sequential guanine N-7 and ribose 2”-O methylations by
nonstructural protein 5. J Virol. 2006; 80:8362-8370. [PubMed: 16912287]

Stahla-Beek HJ, April DG, Saeedi BJ, Hannah AM, Keenan SM, Geiss BJ. Identification of a novel
antiviral inhibitor of the flavivirus guanylyltransferase enzyme. J Virol. 2012; 86:8730-8739.
[PubMed: 22674988]

Wu H, Min J, Zeng H, Plotnikov AN. Crystal structure of the methyltransferase domain of human
TARBP1. Proteins. 2008; 72:519-525. [PubMed: 18412263]

Yap LJ, Luo D, Chung KY, Lim SP, Bodenreider C, Noble C, Shi PY, Lescar J. Crystal structure of the
dengue virus methyltransferase bound to a 5”-capped octameric RNA. PLoS ONE. 2010;
5:212836. [PubMed: 20862256]

Zhao Y, Soh TS, Lim SP, Chung KY, Swaminathan K, Vasudevan SG, Shi PY, Lescar J, Luo D.
Molecular basis for specific viral RNA recognition and 2-O-ribose methylation by the dengue
virus nonstructural protein 5 (NS5). Proc Natl Acad Sci USA. 2015; 112:14834-14839. [PubMed:
26578813]

Zhou Y, Ray D, Zhao Y, Dong H, Ren S, Li Z, Guo Y, Bernard KA, Shi PY, Li H. Structure and
function of flavivirus NS5 methyltransferase. J Virol. 2007; 81:3891-3903. [PubMed: 17267492]

Zist R, Dong H, Li XF, Chang DC, Zhang B, Balakrishnan T, Toh YX, Jiang T, Li SH, Deng YQ, et
al. Rational design of a live attenuated dengue vaccine: 2"-o-methyltransferase mutants are highly
attenuated and immunogenic in mice and macaques. PLoS Pathog. 2013; 9:e1003521. [PubMed:
23935499]

Cell Rep. Author manuscript; available in PMC 2016 October 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Coloma et al.

Page 9

Highlights
Structure of the ZIKV NS5 methyltransferase bound to SAM at 1.33 A

Structure of the ZIKV NS5 methyltransferase bound to SAM and 7-
MeGpp at 1.5 A

Identification of features that lend to structure-based drug discovery
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Figure 1. Structures of ZIKV NS5-MTase
(A) Structure of ZIKV NS5-MTase bound to SAM. Fo-Fc difference electron density

(contoured at 30) for SAM is shown as gray mesh. Secondary structure elements are labeled.
Ter, terminus.

(B) Structure of ZIKV NS5-MTase bound to SAM and 7-MeGpp. Fo-Fc difference electron
density (contoured at 3o) for SAM and 7MeGpp is shown as gray mesh.
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Figure 2. Interactions of ZIKV NS5-MTase with Bound Ligands
(A) Interactions between ZIKV NS5-MTase and SAM. Hydrogen bonds are depicted as

dashed lines. Select solvent molecules are shown as red spheres.
(B) Interactions between ZIKV NS5-MTase and 7-MeGpp.

Cell Rep. Author manuscript; available in PMC 2016 October 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Coloma et al.

Page 12

Hydrophobic

Human TARBP1 (PDB id 2HA8)

Figure 3. Comparison between ZIKV NS5-MTase and Human RNA MTases
(A) ZIKV NS5-MTase shown with secondary structure (left) and electrostatic surface

(right). The secondary structure elements corresponding to the MTase core is colored cyan,
whereas the secondary structure elements from N- and C-termini are colored yellow. Blue
and red colors on the electrostatic surface indicate positive and negative electrostatic
potential, respectively. SAM and 7-MeGpp are shown in magenta. The hydrophobic cavity
adjacent to the N6 atom on adenine of SAM is labeled (Lim et al., 2011). The RNA binding
tunnel adjacent to the methionine portion (and atom Cp) of SAM is also labeled.

(B) Human mRNA cap guanine-N7 methyltransferase (RNMT; PDB: 3EPP) shown with
secondary structure (left) and electrostatic surface (right). The protein is aligned to the
central B sheet of the ZIKV NS5-MTase core. Sinefungin (SFG) is shown in magenta.

(C) The MTase domain of human TAR (HIV-1) RNA binding protein 1 (TARBP1; PDB:
2HAS8) (Wu et al., 2008). The protein is aligned to the central B sheet of the ZIKV NS5-
MTase core. S-adenosylhomocysteine (SAH) is shown in magenta.
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Data Collection and Refinement Statistics

Table 1

ZIKV NS5-MTasesay (PDB: 5KQR)

ZIKV NS5-MTasesam 7-mecpp (PDB: 5KQS)

Data Collection

Space group

ci21

c121

Cell Dimensions

a,b,c(A) 72.65, 78.14, 45.38 129.34, 77.48, 37.03
a, B,y (°) 90.00, 106.99, 90.00 90.00, 104.40, 90.00
Resolution (A) 50.00-1.33 (1.35-1.33)4 65.90-1.50 (1.53-1.50)4
Reym 0.063 (0.280) 0.053 (0.478)

Io(l) 17.7 (4.1) 7.7 (1.9)
Completeness (%) 91.9 (55.5) 99.0 (99.0)
Redundancy 4.7 (3.5) 1.8(1.7)
Refinement

Resolution (A) 43.40-1.33 36.80-1.50

No. reflections 50670 56046

Ruwork/Réree 0.170/0.189 0.159/0.179

No. atoms

Protein 2055 2043

Ligand/ion (SAM/7-MeGpp/others)  27/-/6 27/29/33

Water 299 244

B factors (A2)

Protein 18.6 28.5

Ligand/ion (SAM/7-MeGpplothers)  17.8/-/29.3 21.9/27.5/58.4
Water 30.6 44.1

RMSDs

Bond lengths (A) 0.008 0.005

Bond angles (°) 1.031 0.86

a\/alues in parentheses are for the highest-resolution shell.
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