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association in Zika virus
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The Zika virus, which has been implicated in an increase in
neonatal microcephaly and Guillain-Barré syndrome, has
spread rapidly through tropical regions of the world. The
virulence protein NS1 functions in genome replication and
host immune-system modulation. Here, we report the crystal
structure of full-length Zika virus NS1, revealing an elongated
hydrophobic surface for membrane association and a polar
surface that varies substantially among flaviviruses.

Zika virus (ZIKV) is the cause of a current international public health
emergency, owing to its rapid spread in the Americas! and an antici-
pated increase in the habitats of the Aedes aegypti mosquito vector.
Although ZIKV has been in circulation in tropical regions of the world
for more than 60 years?, a causative association with severe congenital
microcephaly via placental transmission®* and an association with
Guillain-Barré syndrome in adults® had not been identified until the
2015 outbreak in Brazil. The lack of effective vaccines, antiviral treat-
ments and rapid detection methods makes detailed investigations of
ZIKV and distinct aspects of its life cycle an urgent priority.

ZIKV is a flavivirus related to dengue virus (DENV), West Nile virus
(WNV) and Japanese encephalitis virus®’. The flavivirus positive-
sense RNA genome encodes three structural proteins, which form
the virus particle, and seven nonstructural proteins, which perform
essential functions in genome replication, polyprotein processing
and manipulation of cellular processes to viral advantage. Flavivirus
nonstructural protein 1 (NS1), one of only ten viral proteins, is a
multifunctional virulence factor®°. Within infected cells, the glyco-
sylated 48-kDa NSI exists as a membrane-associated dimer after
translocation into the endoplasmic reticulum (ER) lumen, where it
is essential for viral genome replication. The replication complex at
the ER membrane includes NS1 on the lumenal side, viral transmem-
brane proteins (NS2a, NS2b, NS4a and NS4b) and viral enzymes (NS3
protease-helicase, NS5 capping enzyme and RNA-dependent RNA
polymerase) on the cytoplasmic side. Infected cells also secrete NS1 as
a hexameric lipoprotein particle!?, which is detected in the serum of
infected individuals at levels correlated with disease severity. NS1 also

associates with the surfaces of infected cells, where its role is unclear.
Crystal structures from our laboratory have established details of the
dimeric and hexameric architecture of NS1 from dengue virus sero-
type 2 (DENV2) and WNV!L Secreted NS1 (sNS1) interacts with
complement-system proteins and has several immune-modulatory
functions. In an animal model, DENV NS1, in the absence of virus,
can lead to vascular leakage, which is typical of severe dengue infec-
tion!2, possibly by activating macrophages via Toll-like receptor 4
(ref. 13). sNS1 is a component of some DENV candidate vaccines.
Structure-based mutagenesis has implied additional unexpected NS1
functions during virus maturation, including interaction with the
viral prM and envelope proteins!4.

Because molecular studies are lacking, the overall characteristics of
the ZIKV infection cycle have been inferred from results for several
flaviviruses, particularly the DENV, WNV and Japanese encephalitis
virus. Recent cryo-EM characterization of the structures of the mature
virus particle!>1® and a crystal structure of the C-terminal half of
NS1 (ref. 17) have provided details specific to ZIKV. Here, to gain
complete structural details for understanding ZIKV NS1 function, we
solved a 1.9-A-resolution structure of the full-length protein from the
original Uganda strain, providing insights into membrane interaction
and variability in the protein surfaces.

Flavivirus NS1 encompasses three distinct domains: an N-terminal
B-roll, an epitope-rich wing domain and a C-terminal B-ladder!’-18.
Twelve invariant cysteines form six disulfide bonds per monomer.
The fundamental unit is a flat cross-shaped dimer, formed via the
intertwined B-roll and end-to-end B-ladders (Fig. 1). On the ‘inner’
face of the dimer, the B-roll domain and an adjacent ‘greasy finger’
loop form a hydrophobic surface that is the prime candidate for mem-
brane interaction, because it is adjacent to amino acids implicated in
contacts with the viral transmembrane proteins'®. The dimer ‘outer’
face is polar and contains the glycosylation sites. In the NS1 hex-
amer, three dimers assemble with the glycosylated polar faces pointed
outward and the hydrophobic faces pointed inward so that they can
interact with lipid molecules in the sNS1 lipoprotein particle.

In its protein fold and domain arrangement, ZIKV NS1 (Fig. 1a,b
and Supplementary Table 1) is virtually identical to DENV2 and
WNV NS1 (ref. 11). The wing-domain positions differ by less than 3°
rotation relative to the central B-ladder. Despite this overall similarity,
the ZIKV NSI crystal structure provides important new informa-
tion about a wing-domain flexible loop (residues 108-129) that is not
visible in previous structures.

The hydrophobic surface identified in WNV NSI, including the
B-roll and a greasy finger!l, is expanded in ZIKV NS1, owing to the
stabilization of two regions that are disordered (wing flexible loop) or
poorly ordered (residues 27-30) in the previous structures (Fig. 2).
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Figure 1 Zika virus NS1 dimer. (a) Ribbon
representation of the ZIKV NS1 dimer (Uganda
strain MR-766), viewed from the outer face.

One subunit is in gray, and the other subunit

is colored by domain: blue, B-roll (residues
1-29); yellow, wing domain (residues 30-180);
orange, connector subdomain with its greasy
finger (residues 159-163); red, B-ladder domain
(residues 181-352). The wing flexible loop (yellow
sticks on both subunits, circled in one subunit)
includes residues 108-129, which are not visible
in previous structures. Density was clear for all
amino acids in one of two subunits in the crystal
and for all but residues 113-119 in the second.
Glycosylation sites at Asn130 and Asn207 are
indicated with black sticks, and disulfides are
indicated with yellow double spheres. (b) NS1
dimer viewed along the B-ladder domain, with the
hydrophobic face pointed downward, rotated 90°
about the horizontal axis relative to the view in

a. (c) Electrostatic surface representation of the
ZIKV NS1 dimer outer polar face, viewed as in a.
A symmetric dimer was created from the complete
monomer. (d) Electrostatic representation viewed
as in b, with the inner hydrophobic face and
aromatic protrusions pointed downward.

Interestingly, these segments lie on the inner hydrophobic face of
NS1 and include three highly conserved tryptophan residues as well
as the dipeptide 123-124, which is hydrophobic in all NS1 sequences
and contains an aromatic residue in more than 90% of NS1 sequences
(Supplementary Fig. 1). The aromatic side chains in the flexible loop
provide a striking outward expansion of the hydrophobic surface to
include the ends of the wing domains (Fig. 2b,c). Together with Trp28
in the B-roll domain and Phel63 in the greasy finger, Trp115, Trp118
and Phel23 protrude from the dimer inner hydrophobic face and
form an array of conserved aromatic groups that supply additional
anchor points for membrane association, particularly with the
interfacial region of the membrane bilayer (Fig. 2¢,d).

The aromatic amino acids on the ZIKV NS1 wing flexible loop
appear in a membrane-interacting position, but evidence suggests
that this is not the only loop conformation. Linear epitopes mapped
to NSI occur with high frequency in the flexible loop (http://www.
iedb.org/), and a high degree of flexibility has been indicated by the
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lack of electron density for the loop in previous crystal structures,
which include a total of ten views of the WNV and DENV2 NS1
polypeptides. None of the flexible-loop aromatic side chains pack into
the interior of the wing domain in any crystal structure; therefore,
we conclude that these side chains are involved in interactions with
the membrane, with lipids and perhaps also with other proteins, in
agreement with the results of recent mutational studies showing an
interaction of DENV NSI1 Trp115 with the envelope proteins, presum-
ably in the context of virions!.

Another aspect of NSI is its secreted lipoprotein hexameric
form. Crystal structures of lipid-free WNV and DENV2 NS1 proteins
reveal a hexameric association of three dimers with the hydrophobic
surfaces pointed inward!l, as expected for a lipid complex. We puri-
fied lipid-free recombinant ZIKV NSI and observed two distinct
species: one consistent in size with an NS1 hexamer and the other
consistent with a dimer, which yielded the crystal structure reported
here. To examine whether ZIKV NS1 forms a hexamer similarly to
previously studied flavivirus NS1 proteins, we visualized the hexamer
fraction by negative-stain EM (Fig. 3a and Supplementary Fig. 2).
Two-dimensional class averages of ZIKV NS1 showed hexameric par-
ticles consistent in both size and shape with hexamers of WNV and
DENV2 NS1 (refs. 10,11,20). The superposition of the ZIKV NS1
dimer on the DENV2 NS1 hexamer structure provided a model for the
lipoprotein hexamer of ZIKV NS1 (Fig. 3b,c). In this model, the wing
flexible loop is directed inward, toward the lipid cargo. The ordered

Figure 2 Wing flexible loop. (a) Ordered ‘wing tip’ (residues 108-129),
shown as green sticks with conserved Trp115, Trp118 and Phel23 in
yellow. (b) Surface representation of WNV NS1 (end view, as in Fig. 1b).
The structure lacks the wing flexible loop, which was disordered in the
crystals. The B-roll (blue) and protruding aromatic ‘anchors’ (residues 28
and 160-163 in yellow) define a limited hydrophobic surface. The
B-ladder domain points toward the reader in the center of the image.

(c) Surface representation of ZIKV NS1, showing the outward expansion of
the hydrophobic surface with the wing flexible loop (green) and protruding
aromatic anchors (residues 28, 115, 118, 123 and 160-163, yellow) in
the same orientation and with coloring as in b. (d) Surface representation
of the hydrophobic face of the NS1 dimer, colored as in b.
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Figure 3 NS1 hexamer.

(a) Representative EM class averages

of ZIKV NS1 hexamers embedded in
negative stain. All 88 class averages are Y
shown in Supplementary Figure 2. (b) Top ('o
view of the ZIKV NS1 hexamer, modeled

by superposition of three copies of the

ZIKV NS1 dimer on dimers within the

DENV2 NS1 hexamer. Individual dimers ‘0
are colored gray, orange and salmon.

In the gray NS1 dimer, the wing flexible

loop is green (residues 108-129); protruding
conserved aromatic side chains (residues
28,115,118, 123 and 160-163) are
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yellow; and the B-roll is blue. (c) Side view of the ZIKV NS1 hexamer model, colored as in b and rotated 90° about the horizontal axis. The
salmon-colored dimer is removed to show how the aromatic side chains and hydrophobic B-roll line the interior of the hexamer.

loop spans a gap between dimers and may potentially stabilize the
hexamer. Because the loop residues are not visible in previous crystal
structures, it is likely that these segments have different conforma-
tions in the context of lipid or protein association of sNS1.

Of the two faces of NS1, the outer polar face exhibits the greater
degree of sequence diversity!!. This characteristic has implications for
immune-system recognition and vaccine development, because the
outer face is more likely to elicit an immune response, whether on the
cell surface or as a secreted lipoprotein. Even within only the central
B-ladder domain, ZIKV NS1, as compared with DENV NS1 and WNV
NS1 (ref. 17), exhibits differences in electrostatic surface potential.
With the structure of full-length ZIKV NS1, we were able to visualize
the surface differences in the context of the complete NS1 proteins,
and we further modeled NS1 from an isolate in the Brazil outbreak.
ZIKV ozt NS1 and ZIKVygang, NS1 differ by two nonconservative
changes: Glul46yganda versus Lys146p a1, and Tyr286 yganda versus
His286 p.q,i1, as well as seven conservative changes (Supplementary
Fig. 1). We also used the ZIKV NSI structure to model complete
DENV2 NS1 and WNV NSI structures. The complete NS1 proteins
have only minor differences in the electrostatic surface potentials of
the dimer inner hydrophobic faces, because the protruding B-roll,
greasy finger and aromatic expansion (residues 115-123) are hydro-
phobic (Fig. 1d and Supplementary Fig. 3). In contrast, the surface
potentials of the NS1 outer faces vary dramatically among flaviviruses.
NS1 proteins from both ZIKV strains display a negatively charged
region on the outer face of the wing domain and the central portion
of the B-ladder domain, whereas DENV2 NS1 and WNV NS1 are
positively charged or neutral in these regions (Supplementary Fig. 3).
The sequence changes from ZIKVyganda t0 ZIKV gy, illustrate how
genetic drift has altered the appearance of the NS1 virulence factor,
as viewed by the innate immune system.

The structure of full-length ZIKV NS1 provides a solid molecular
framework to allow the multiple functions of this virulence protein
to begin to be understood. The structure of the wing flexible loop
reveals an expanded surface permitting NS1 to associate with mem-
branes during replication, to associate with immature virions during
particle morphogenesis and to facilitate the interactions necessary for
formation of the hexameric lipoprotein complex.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Coordinates and structure factors for the ZIKV
NSI structure have been deposited in the Protein Data Bank under
accession code PDB 5K6K.

Note: Any Supplementary Information and Source Data files are available in the online
version of the paper.
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ONLINE METHODS

Construction, cloning and expression evaluation. The amino acid sequence for
Zika strain MR766, the original 1947 Ugandan strain, was used to design a gene
sequence codon-optimized for insect cell expression. A linear synthetic DNA
was purchased from IDT. Cloning, production of baculovirus and small-scale
expression evaluation were carried out as described previously?!.

Large-scale production and purification of NS1 protein. Infections at 11 were
carried out in Sf9 cells seeded at 2 x 10° cells/ml and infected with a multiplicity
of infection of two. Cells were harvested 72 h after infection. The purification was
carried out as previously described for WNV and DENV2 NS1 proteins!!.

Crystallization and structure determination. ZIKV NS1 crystals were grown
at 4 °C by vapor-diffusion equilibration of a 1:1 or 1:2 mixture of protein stock
(~5 mg/ml NS1, 50 mM Tris, pH 7.5, 50 mM NH;3SO,4 and 10% glycerol) and
reservoir solution (20-25% PEG 3350, 150 mM NH3SO,4 and 100 mM Tris,
pH 8.5). Crystals formed within one week, were harvested without additional
cryoprotection and were flash cooled in liquid nitrogen. Data were collected at
GM/CA beamline 23-ID-D at the Advanced Photon Source at an X-ray energy
of 12.0 keV (A = 1.033 A) with a Pilatus3 6M detector. A total of 360° of data
were collected from a single crystal at 100 K with a 0.2° image width. Data were
integrated and scaled with XDS?? (Supplementary Table 1). The crystal struc-
ture was solved by molecular replacement, using the WNV NS1 (PDB 406D'!)

as a search model, with Phaser?3. The asymmetric unit contained one dimer.
Model building was carried out with Coot?4, and refinement was carried out
with PHENIX??, Electrostatic surface potentials were calculated with APBS?°.
The model was validated with MolProbity?” and has excellent Ramachandran
statistics (97% favored, 3% allowed and 0 outliers).

Negative-stain electron microscopy. Samples were prepared through the con-
ventional negative-staining protocol?®, and imaged at room temperature with a
Tecnai T12 electron microscope (FEI Company) operated at 120 kV. 4,122 particle
projections were subjected to iterative stable alignment and classification with
ISAC?’, thus producing 88 classes.
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