Science

REPORTS

Cite as: Sirohi et al., Science
10.1126/science.aaf5316 (2016).

The 3.8 A resolution cryo-EM structure of Zika virus

Devika Sirohi,'* Zhenguo Chen,* Lei Sun,! Thomas Klose,! Theodore C. Pierson,> Michael G. Rossmann,}
Richard J. Kuhn't

Markey Center for Structural Biology and Purdue Institute for Inflammation, Immunology and Infectious Disease, Purdue University, West Lafayette, IN 47907, USA. Viral
Pathogenesis Section, Laboratory of Viral Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD 20892, USA.

*These authors contributed equally to this work.
1Corresponding authors. E-mail: mr@purdue.edu (M.G.R); kuhnr@purdue (R.J.K)

The recent rapid spread of Zika virus and its unexpected linkage to birth defects and an autoimmune-
neurological syndrome has generated worldwide concern. Zika virus is a flavivirus like dengue, yellow
fever and West Nile viruses. We present the 3.8A resolution structure of mature Zika virus determined by
cryo-electron microscopy. The structure of Zika virus is similar to other known flavivirus structures
except for the ~10 amino acids that surround the Asnl54 glycosylation site found in each of the 180
envelope glycoproteins that make up the icosahedral shell. The carbohydrate moiety associated with this
residue, recognizable in the cryo-EM electron density, may function as an attachment site of the virus to
host cells. This region varies not only among Zika virus strains but also in other flaviviruses and suggests

that changes in this region influence virus transmission and disease.

The current Zika virus (ZIKV) epidemic in the Americas is

linked to a sudden increase in the reported cases of
congenital microcephaly and Guillain Barré syndrome. This
has led the World Health Organization (WHO) in February
2016 to declare ‘a public health emergency of international
concern’ (I). ZIKV was first discovered in a sentinel rhesus
monKkey in the Zika valley of Uganda in 1947 (2). It was
subsequently isolated from mosquitos in 1948 (2) and from
humans in 1952 (3). It is a re-emerging mosquito-
transmitted virus that was relatively unknown until 2007
when it caused a major epidemic on Yap Island in
Micronesia (4) followed by outbreaks in Oceania in 2013-14
(5). Following its introduction into Brazil in 2015 (6), the
virus has spread rapidly across the Americas (7).

ZIKV belongs to the Flaviviridae family of positive
strand RNA viruses that include human pathogens such as
the mosquito transmitted dengue virus (DENV), West Nile
virus (WNV), Japanese encephalitis virus (JEV), yellow fever
virus (YFV) and tick-borne encephalitic virus (TBEV) (8).
ZIKV causes a rash and a febrile flu-like illness in the major-
ity of symptomatic individuals, but increasing evidence sug-
gests a possibility of neurological abnormalities in the
developing fetus (9, 10) and paralysis in infected adults (I1).
In addition to transmission by mosquitoes, ZIKV may be
sexually (12, 13) and vertically transmitted (9, 10). The struc-
ture, tropism and pathogenesis are largely unknown and are
the focus of current investigations in an effort to address
the need for rapid development of vaccines and therapeu-
tics.

Flaviviruses are enveloped viruses containing an RNA
genome of about 11,000 bases complexed with multiple cop-
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ies of the capsid protein, surrounded by an icosahedral shell
consisting of 180 copies of both the envelope (E) glycopro-
tein (~500 amino acids) and the membrane (M) protein (~75
amino acids) or the precursor membrane (prM) protein
(~165 amino acids) anchored in a lipid membrane. The ge-
nome also codes for seven nonstructural proteins that are
involved in replication, assembly, and antagonizing the host
innate response to infection. In their life cycle, flavivirus
virions exist in three major states, namely immature, ma-
ture and fusogenic, which are noninfectious, infectious and
host membrane binding states, respectively (8). The virus is
initially assembled in the endoplasmic reticulum as a nonin-
fectious “spiky” immature particle consisting of 60 trimeric
E:prM heterodimer spikes (I4). Maturation into a mature,
“smooth” virus consisting of 90 dimeric E:M heterodimers
(15, 16) occurs in the low pH environment of the trans-Golgi
network through conformational changes of the surface gly-
coproteins and cleavage of prM into the pr peptide and M
protein by the host protease furin. In the immature virus,
the pr peptide protects the ~12 amino acid fusion loop on
the E protein. Removal of the pr peptide in the maturation
process exposes the fusion loop, priming the virus for low
pH-mediated endosomal fusion (I7). In addition to the
aforementioned states, the structure of flavivirus virions can
be influenced by temperature (I8) and efficiency of prM
cleavage resulting in a heterogeneous population of parti-
cles (19).

We report here the cryo-EM structure of the mature
ZIKV at near atomic resolution (3.8A4) and compare it with
the structure of other flaviviruses to provide a foundation
for detailed analyses of the virology, antigenicity, and path-
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ogenesis of this emerging threat to public health. ZIKV
Strain H/PF/2013, isolated from an infected patient during
the French Polynesia epidemic in 2013-14 (20), was grown
and purified from mammalian cells at 37°C. It was shown
recently that the coding region of this strain has >99.9%
amino acid identity to the strain currently circulating in
Latin America (2I). Low passage Vero cells, derived from
African green monkey kidney cells, were chosen for propa-
gating the virus. To ensure a homogenous population of
virions suitable for single particle reconstruction, virus was
purified from Vero cells that overexpressed host protease
furin (Vero-Furin). Vero-Furin (10°) cells were infected with
ZIKV at a multiplicity of infection (MOI) of 0.1. The virus
was harvested under conditions of low cytopathic effect
(CPE) and purified using polyethylene glycol-8000, 24% su-
crose cushion ultracentrifugation, and a potassium tartrate
(10-35%) / glycerol (7.5-26%) gradient as previously pub-
lished (17). The identity of the virus was verified by RT-PCR
and qRT-PCR (22); the primer sequences are shown in table
S1.

The ZIKV preparation was frozen onto Lacey carbon EM
grids and examined with an FEI Titan Krios EM equipped
with a Gatan K2 Summit detector using a magnification of
14,000 in the “super-resolution” mode resulting in a pixel
size of 1.04A (Fig. 1A). The total exposure time for producing
one image composed of 70 frames was 14 s and required a
dose rate of 2 e/A2/sec. A total of 2,974 images were collect-
ed, and 64,518 particles were boxed using the automated
Appion method (23). Non-reference 2D classification was
performed with the Relion program (24) to select 20,151 par-
ticles. The data set was split into two subsets according to
the Gold Standard convention (25). The jspr program (26)
was used for initial model generation, refinement of the
orientation and centering of the selected particles. After two
rounds of 3D classification, 11,842 particles were used to
generate a cryo-EM map at an average resolution of 4.2A.
Application of soft masks improved the overall resolution to
3.84, calculated using the 0.143 Fourier shell correlation
(FSC) criterion (25) (Fig. 1D). The DENV2 structure (16) was
used as a starting point for model building. The atomic
model was built manually using the program Coot (27) and
refined with Phenix (28) and CNS (29). The final cryo-EM
density was Fourier analyzed. The resultant Fourier coeffi-
cients were used as targets for a “crystallographic” refine-
ment. The final Rwox and Rgee Were 38% and 39%,
respectively (table S2). The map showed continuous density
for the E and M polypeptide chains and large side chain
densities were also visible in many cases, which was useful
for sequence assignment. Except for the last three residues
of E at its C terminus, all residues in both the E (1-501 resi-
dues) and M (1-75 residues) proteins were fitted into the
density (Fig. 1E). A representative volume of density is
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shown in Fig. 1F. Similar to other flaviviruses, the E protein
of ZIKV consists of four domains: the stem/transmembrane
domain (E-S/ E-TM) that anchors the protein into the mem-
brane and domains I, IT and III that constitute the predom-
inantly B-strand surface portion of the protein (Fig. 2). The
M protein consists of a loop at the N terminus (M-Loop or
soluble M), stem (M-S) and transmembrane (M-TM) regions
consisting of 1 and 2 helices, respectively, which anchor the
M protein to the lipid bilayer (see also figs. S1 and S2).

The cryo-EM map showed that the mature ZIKV struc-
ture was similar to mature DENV (15, 16) and WNV struc-
tures (30) (Fig. 1). The radial distance of the core lipid
bilayer and envelope ectodomains was similar to those of
DENV2 (16) (Fig. 1C). A noticeable feature is the protruding
density on the surface of the virus (red in Fig. 1, B and C),
shown below to be the glycan on the E protein. The E pro-
teins exhibited the characteristic “herringbone” structure in
the virion, where there is one dimeric heterodimer (E-M),
located on each of thirty two-fold vertices and sixty dimeric
heterodimers (E-M), in general positions within the icosa-
hedral protein shell (Fig. 1E). The root mean square devia-
tion (r.m.s.d) between the equivalent Ca atoms of mature
ZIKV and DENV E and M proteins was 1.8A. However, by
far the biggest difference (up to 6A) between equivalent Co
atoms of these viruses is the region around the glycosylation
site (Asnl54 in ZIKV and Asnl153 in DENV) (Fig. 3). ZIKV
has a single glycosylation site in E protein (Asn154) whereas
DENV is glycosylated at two sites within the E protein
(Asn67 and Asn153) (fig. S2). Dendritic cell-specific intercel-
lular adhesion molecule 3-grabbing non-integrin (DC-SIGN)
and mannose receptor (MR) are putative DENV receptors
binding to the glycan(s) (31, 32). DC-SIGN was shown by
cryo-EM to bind to the glycans at Asn67 on two neighboring
E proteins of the mature virion (31).

The structures of various flaviviruses alone and their
complexes with neutralizing antibodies (33) or cellular re-
ceptor (31) have been reported previously. These structures
have demonstrated various mechanisms of antibody neu-
tralization and receptor interactions. Carbohydrate moieties
on the virus may be used for cell attachment and likely play
a role in disease severity. For DENV, glycosylation at Asn67
on the E protein is an attachment site for several cell types
shown to be relevant targets of infection in vivo (31, 32).
Similarly, glycosylation at Asn154 in WNV has been linked
to neurotropism (34). These observations demonstrate the
significance of glycosylation for attachment to cells in fla-
viviruses. The carbohydrate densities for ZIKV and DENV2
are not coincident and the conformation of their surround-
ing residues is different (Fig. 3). This region varies not only
among ZIKV strains (35) but also in other flaviviruses and
suggests that changes in this region influence local virus
structure and possibly dynamics (Fig. 3D). In part, this is
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because of an insertion of 5 residues in ZIKV relative to
DENV (Fig. 3A) reflecting a highly variable region of the E
protein. The glycan at E residue 154 is located on a loop that
is adjacent to the fusion peptide in the neighboring E pro-
tein and may control solvent access to the fusion loop. The
conserved fusion loop and the neighboring region is an
epitope for numerous, cross-reactive antibodies that vary
considerably in potency and sensitivity to the presence of
uncleaved prM on the virion (36). The differences shown
here may modulate the sensitivity of ZIKV to antibodies that
bind the fusion loop epitopes. Furthermore, this region is
perhaps also important for attachment to cellular lectin re-
ceptors. The differences in E protein structure shown here
between ZIKV and other flaviviruses may govern cellular
tropism and contribute to disease outcome.
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Fig. 1. The cryo-EM structure of Zika virus at 3.8A. (A) A representative cryo-EM image of frozen,
hydrated ZIKV showing the distribution of virion phenotypes. Smooth, mature virus particles are
identified by a surrounding black box. A partially mature virus particle is identified by the yellow arrow. (B)
A surface-shaded depth cued representation of ZIKV viewed down the icosahedral two-fold axis. The
asymmetric unit is identified by the black triangle. (C) A cross-section of ZIKV showing the radial density
distribution. Panels B and C are color-coded based on the following radii: up to 130A, blue; 131A to 150A,
cyan; 151A to 190A, green; 191A to 230A, yellow, from 231A, red. The region shown in blue fails to follow
icosahedral symmetry and therefore its density is uninterruptable as is the case with other flaviviruses.
(D) A plot of the Fourier shell coefficient (FSC). Based on the 0.143 criterion for the gold standard
comparison of two independent data sets, the resolution of the reconstruction is 3.8A. The x axis shows
1/resolution in A% the y axis shows the FSC value. (E) The Ca backbone of the E and M proteins in the
icosahedral ZIKV particle (same orientation as in Panel B above) showing the herringbone organization.
The color code fits the standard designation of E protein domains | (red), domain Il (yellow) and domain Il
(blue). (F) Representative cryo-EM electron densities of several amino acids of the E protein.
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Fig. 2. The structures of Zika virus E and
M proteins. (A) The E protein dimer is
shown in ribbon form viewed down the
two-fold axis. The color code fits the
standard designation of E protein domains
| (red), domain Il (yellow) and domain Il
(blue). The underlying stem and
transmembrane residues are shown
(pink). The fusion loop (green; fig. Sl),
Asnl54 glycan, and the variable loop
surrounding the Asnl54 glycan (residues
145-160, cyan) are highlighted. (B) Side
view of the E-M dimer showing the three E
ectodomains as well as the E
stem/transmembrane domains (pink) and
the M loop and stem/transmembrane
domains (light blue). The E and M
transmembrane domains are found within
the lipid bilayer (Fig. 1C). All residues of M
(1-75) and all but three residues of E (1-
501) were identified in the density. The
Asnlb4 glycan from one monomer is
labeled and can be seen projecting from
the surface.
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133 ENLEYRIMLSVH-GSQHSGMI - - - -GYETDEDRAKVEVTPNSPR
anda MR766k 133 ENLEYRIMLSVH-GSQHSGMIVNDTGYETDENRAKVEVTPNSPR
olynesia H/PF/2013 133 ENLEYRIMLSVH-GSQHSGMIVNDTGHETDENRAKVEITPNSPR
ZIKV Brazil SPH2 133 ENLEYRIMLSVH-GSQHSGMIVNDTGHETDENRAKVEITPNSPR
DENV1 SG/07K3640DK1/2008 133 ENLKYSVIVTVHTGDQH--QVGNESTEH- - - -GTTATITPQAPT

DENV2 16681 133 ENLEYTIVITPHSGEEH--AVGNDTGKH- - - -GKEIKITPQSSI
DENV3 SG/05K863DK1/2005 133 ENLKYTVIITVHTGDQH--QVGNETQ------ GVTAEITPQAST
DENV4 SG/06K2770DK1/2005 133 ENLEYTVAVTVHNGDTH--AVGNDTSSH- - --GVTATITPRSPS
WNV Linl Kunjin MRM61C 133 ENIKYEVAIFVH-GPTTVESHGNYFTQTGAAQAGRFSITPAAPS
WNV Lin2 NY99 133 ENIKYEVAIFVH-GPTTVESHGNYSTQVGATQAGRLSITPAAPS
JEV SAl4 133 ENIKYEVGIFVH-GTTTSENHGNYSAQVGASQAAKFTVTPNAPS

133 TKIQYVIRAQLH-VGAKQENWNT-------- DIKTLKFDALSGS

D

Fig. 3. Comparison of E protein of Zika virus and other flaviviruses. (A) The region of the E protein of ZIKV
(H/PF/2013) along with other ZIKV strains is aligned to representative mosquito-transmitted flaviviruses.
Approximately 40 residues of Domain 1 centered on the Asnl54 glycosylation site are compared. The
conserved glycosylation site at Asn153/154 is highlighted in blue. Red arrows represent secondary
structures of ZIKV (sheets). The glycosylation motif N-X-S/T is underlined. The sequences for various
flaviviruses were obtained from the Virus Pathogen Database and Analysis Resource (ViPR). Virus strains for
which structural information was available were chosen where possible. GenBank Genome Accession codes
for these viruses are as follows- ZIKV_Uganda_MR766(a): AY632535, ZIKV_Uganda_MR766(b): KU720415;
ZIKV_FPolynesia_H/PF/2013: KJ776791, ZIKV_ Brazil_SPH2015: KU321639; DENV
1_SG/07K3640DK1/2008: GQ398255; DENV 2_16681: NC_001474; DENV 3_SG/05K863DK1/2005:
EUO81190; DENV4_SG/06K2270DK1/2005: GQ398256; WNV_Lineagel_Kunjin_MRM61C: D00246;
WNV_Lineage2_NY99: DQ211652; JEV_SA14: D90194 and YFV_Asibi: AY640589. Sequence of the original
isolate (ZIKV_MR766) varies based on the information source; it remains unclear whether this strain was
glycosylated at N154 at the time of isolation or whether the glycosylation was acquired during passage
through mouse brain. The sequences were manually aligned based on the structures of ZIKV and DENV2. (B)
Superposition of the Ca backbone of the ZIKV and DENV 2 E and M proteins. The DENV 2 proteins are shown
in magenta while the ZIKV E protein is shown in cyan and the M protein in yellow. (C) Electron density
representing the glycan at Asnl54. (D) Superposition of the loop region surrounding the glycosylation site
(ZIKV: 144 -166; DENV2: 144 -161) flanking the Asn154 glycan for ZIKV (cyan) and DENV2 (magenta).
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