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Zika virus (ZIKV) belongs to the Flavivirus genus of the Flaviviridae family along with the four serotypes
of dengue virus (DENV1-4). The recent global outbreaks of contemporary ZIKV strains demonstrated
that infection can lead to neurological sequelae in adults and severe abnormalities in newborns that
were previously unreported with ancestral strains. As such, there remains an unmet need for
efficacious vaccines and antiviral agents against ZIKV. The non-structural protein 1 (NS1) is secreted
from the infected cell and is thought to be associated with disease severity besides its proven
usefulness for differential diagnoses. However, its physiologically relevant structure and pathogenesis
mechanisms remain unclear. Here, we present high-resolution cryoEM structures of ZIKV
recombinant secreted NS1 (rsNS1) and its complexes with three human monoclonal antibodies (AA12,
EB9, GB5), as well as evidence for ZIKV infection-derived secreted NS1 (isNS1) binding to High
Density Lipoprotein (HDL). We show that ZIKV rsNS1 forms tetramers and filamentous repeats of
tetramers. We also observed that antibody binding did not disrupt the ZIKV NS1 tetramers as they
bound to the wing and connector subdomain of the p-ladder. Our study reveals new insights into NS1
multimerization, highlights the need to distinguish the polymorphic nature of rsNS1 and isNS1, and

expands the mechanistic basis of the protection conferred by antibodies targeting NS1.

Zika virus (ZIKV) belongs to the Flavivirus genus, which includes other
anthropod-borne viruses which can cause severe human diseases, such as
the four serotypes of dengue virus (DENV1-4) and West Nile virus (WNV).
ZIKV is transmitted by Aedes mosquito and has re-emerged in recent ZIKV
epidemics, with previously unreported cases of congenital microcephaly
and Guillain-Barré syndrome in adults. ZIKV remains a public health
threat"” with no effective antivirals or vaccines available.

One therapeutic or vaccine target is the virus-encoded multifunctional
non-structural protein 1 (NS1). NS1 can be found intracellularly, where it is
essential for virus replication’”, docked on lipid rafts of the cell surface
membrane’, and abundantly secreted into the bloodstream of infected
individuals during the febrile phase’. Interestingly, studies have shown that

secreted NS1 (sNS1) has a pathophysiological influence on tissue tropism
because of its different surface charge profiles*’. Earlier efforts by our group
and others have shown that NS1-targeted monoclonal antibodies (mAbs)
are protective in vivo either through Fcy-dependent'®"" and/or Fcy-inde-
pendent pathway'*™", without the known antibody-dependent enhance-
ment effect of envelope protein-targeted mAbs. We also showed that an
NSl1-based ZIKV vaccine can inhibit pathogenicity in vivo'’. However,
autoimmunity concerns regarding NS1-targeted mAbs hinder vaccine
development strategies as reviewed'”™", underscoring the need for complete
structural details that underpin antibody-dependent protection.
Unraveling how antibodies recognize and bind to their epitopes is
crucial for delineating the mechanisms by which antibodies protect against
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disease. While a large body of work has focused on studying neutralizing
antibodies against the flavivirus envelope (E), there is still a gap in knowl-
edge concerning the role and mechanisms by which NS1 antibodies provide
protection. NSI is comprised of three distinct domains, an N-terminal
hydrophobic B-roll dimerization domain (residues 1-29) formed by the
intertwining of two protomers, an o/p-wing domain (residues 38-151) that
extends out from the central f-ladder domain (residues 181-352) giving the
dimer a distinct crossed shape®***". The connector segments between the
three domains, residues 30-37 and 152-180, form a 3-stranded p-sheet. The
NSI has a membrane-associated face that features a flexible loop (residues
108-129) and the “greasy finger” (residues 159-163) of the wing domain,
and the B-strand rungs of the B-ladder that forms the surface together with
the B-roll. The unstructured and hydrophilic outer face of NSI is char-
acterized by the “spaghetti loop” (residues 219-272) of the B-ladder domain
where most immunodominant and highly targeted regions have been
mapped'*>*. Notably, the first high-resolution cryoEM structures of
DENV2 recombinant secreted NS1 (rsNS1) and in complex with 5E3 by Shu
et al. showed that rsNS1 predominantly forms tetramers™. This challenged
the longstanding view that secreted NS1 (sNS1) was a barrel-shaped hex-
amer with lipid cargos”’. Furthermore, our preprint presented cryoEM
structures of DENV2 infection-derived secreted NSI (isNS1), which
showed NS1 dimers complexed with HDL* instead of the aforementioned
barrel-shaped hexamers. This notion supports earlier reports that rsNS1
associates with HDL to trigger pro-inflammatory responses™ and uses
scavenger receptor B1 (SRB1) as a cell receptor in cultured cells’. The
observation that recombinantly derived flavivirus rsNS1 is primarily a tet-
ramer, while its infection-derived physiologically relevant form, isNS1, is
docked on HDL needs to be explored further.

To date there have been five published reports on antibody-NS1
complex structures. The Fab 22NS1 in complex with WNV C-terminal NS1
(NS1c; residues 172-352) bound to the loop face of the C-terminal B-ladder
domain™. On the other hand Fab/ScFv 2B7 complex with DENV1/2 NS1",
Fab 1G5.3 complex with DENV2 NSlc (residues 174-352) or ZIKV NS1c
(residues 272-339)", and Fab 5E3 complex with DENV2 NS1** showed a
similar pattern of binding, albeit at different orientations at the distal end of
the NS1 C-terminal B-ladder domain. The resolved structures of antibodies
2B7", 1G5.3", and 5E3** bound to the NS1 B-ladder domain suggested that
the protective effect through the Fcy-independent pathway may be attrib-
uted to steric hindrance of the sNSI interaction with lipid membranes.

To extend our understanding of how antibodies recognize and interact
with ZIKV NS1, we determined the cryoEM structures of ZIKV rsNS1 alone
and in complex with human monoclonal antibodies (AA12, EB9, and GB5),
at 294, 3.1A, 28 A, and 3.8 A, respectively. We observed tetramers of
ZIKV rsNS1 (dimer of dimer), similar to the “loose” tetramers reported at
83A by Shu et al.**. In addition, ZIKV rsNSI at a lower concentration forms
a filamentous chain driven largely by the complementary surface charge
interactions of the wing ladder. The three antibodies used in our study did
not disrupt ZIKV NSI tetramers into dimers. Compared to the available
structures, our study presents a new subset of antibody-NS1 complex
structures where the antibody binds between the wing and (-ladder
domains of the NS1 protein, highlighting the presence of novel B cell epi-
topes in ZIKV NSI. Finally we also show that ZIKV isNSl is found in
complex with apoAl as NS1 dimers docked onto HDL, similar to earlier
reports for DENV2*%*,

Results

Recombinant secreted ZIKV NS1 forms asymmetric tetramers
We expressed and purified full-length recombinant ZIKV NS1 (Uganda
strain MR766; Zv sNS1yr7eswt) With a carboxy (C)-terminus poly-histidine
(HIS)-tag from the supernatant of transfected Expi293 cells. Unexpectedly,
we observed that ZIKV rsNS1 forms filaments (Supplementary Fig. 1).
Subsequent helical reconstruction of ZIKV rsNSI filaments resulted in a
low-resolution map of 8 A, which could be fitted with ZIKV rsNS1 dimers.
These ZIKV rsNS1 filaments are flexible and composed of asymmetric
tetramers (dimer pairs) stacked along their exposed wing-ladder domain

surfaces which possess complementary electrostatic surfaces (Supplemen-
tary Fig. 1). To achieve a higher resolution cryoEM structure of ZIKV rsNS1,
we obtained a suitable dataset for single-particle analysis by increasing the
sample concentration on graphene grids”. We similarly observed asym-
metric tetramers and achieved an improved cryoEM map of 2.9 A, although
the distal ends of the -ladder and wing domains are poorly resolved and
there is significant smearing in one of the dimers (Fig. 1a and Supplementary
Fig. 2). While focus refinements on the individual dimers did not improve
the overall accuracy of the map, they showed obvious movement between
them (Supplementary Fig. 2). We proceeded using the overall tetramer map
to model all the residues, including uncertain regions such as the flexible
loop at the wing tip, for completeness and interpretation of the protein
movement. The range of motion hinges around the p-roll interface with
movements up to 15.02° rotation (Fig. 1b, Supplementary Fig. 2, and Movie
File 1). The dimer-dimer interface consists of the B-rolls oriented almost
perpendicularly to each other (Fig. 1b, ¢) with potential interactions between
Phel63 in the greasy finger of the wing domain and Asp274 of the B-ladder
within 3.5 A at the opposite protomer or other residues resulting in the
assymetric tetramers (Fig. 1d and Supplementary Fig. 2). Only the -roll
interface is well resolved and the interacting residues are mapped in Fig. le.

Comparison of recombinant secreted ZIKV NS1 asymmetric
tetramers with prior CryoEM and crystal structures

Next, we compared our ZIKV MR766 rsNS1 tetramer CryoEM map with
that of other structurally resolved DENV2 and ZIKV NS1 oligomers. We
first superimposed our ZIKV NS1 tetramer map with the “loose” tetrameric
rsNS1 of DENV2 PVP94/07 clinical strain (EMDB-32842)** and observed
that they largely overlapped (Fig. 2a). Next, we superimposed the corre-
sponding model of the “loose” tetrameric rsNS1 CryoEM map of DENV2
PVP94/07 clinical strain (PDB:7WUU), and a previously reported crystal
structure of ZIKV rsNS1 (strain: BeH819015 strain; PDB:5GS6), which
could be tetrameric based on crystal packing (Fig. 2b)***. Overall, our tet-
rameric ZIKV rsNS1 is highly similar to the other reported structures
(RMSD:1.93), although our model showed a different angle within the
trajectory of the dimer scaffold (Fig. 2b and Supplementary Fig. 2). The
representative 2D classes of ZIKV rsNS1 (Fig. 2c, top; and Supplementary
Fig. 2) and DENV?2 rsNS1 (Fig. 2c, bottom) reproduced from Shu et al.**
illustrate that only the “loose” tetramer form is observed in our study. Our
ZIKV rsNS1 filament structure corroborates the ZIKV rsNSI crystal contact
form (PDB:5GS6) solved by Xu et al®, as shown in Fig. 2d. Of note, further
examination of the intermolecular contacts of the only other available ZIKV
MR766 rsNS1 structure (PDB:5K6K)*, showed that ZIKV rsNS1 could also
form a microtubule-like structure with a central hydrophobic cavity
of ~165 A.

Characterization of human mAbs AA12, EB9, and GB5 against
ZIKV NS1

The cryoEM maps of ZIKV rsNS1 in complex with human monoclonal
antibodies (AA12, EB9, and GB5) were obtained at 3.1 A, 2.8 A, and 3.8 A
resolution, respectively (Supplementary Figs. 3-5). ZIKV rsNS1 was incu-
bated with Fab AA12, EB9, or GB5. In addition, anti-Fab nanobody (AfND),
which binds to and increases the rigidity of the elbow linker between the
variable and constant domains of the Fab LC, was added to aid in structure
determination’”. Both the heavy and light chains of Fabs AA12, EB9, and
GB5 bind similarly to the surface of the ZIKV rsNSI wing and B-ladder
connector subdomain region with an observable weak density for AfNb
(Fig. 3a). ZIKV rsNS1 remained tetrameric in all three cases, as seen in the
2D and 3D class averages, but the map density of one dimer was much
weaker (Supplementary Figs. 3-5). This is indicative of a greater motion
range of the dimer than ZIKV rsNS1 alone, as shown for the Fab EB9 data,
with up to 28.2° rotation observed (Supplementary Fig. 3). Fabs AA12 and
EB9 datasets showed distinct classes of up to the theoretical maximum of
four Fab molecules bound to the NSI tetramer (Supplementary Figs. 3 and
4). Fab GB5 dataset only had up to two fab molecules bound to the exposed
faces of the tetramer across all the class averages and with fewer particles
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Fig. 1 | ZIKV MR766 rsNS1 cryoEM structure. a
a cryoEM density map with density threshold set at
0.3, colored near atoms of b the best fitted model
with its three domains, being the p-roll (orange,
residues 1-30), wing (blue, residues 31-179), and
B-ladder (cyan, residues 180-352). The bottom
dimer of NS1 in (b) is colored in gray (side and top
views are as shown). Bi-directional arrows indicate
the observed rotational angles of the dimer move-
ment. Green and red dashed boxes in (b) outline the
tetramer interface with close-up views of ¢ the $-roll
region and d between the wing and B-ladder of the
dimers in the asymmetric tetramer. The key inter-
acting residues are labeled with their single-letter
codes and shown as sticks colored by heteroatom.
NS is colored according to its lipophilicity potential
(see key: a higher value corresponds to a higher level
of hydrophobicity). The secondary structures are
labeled as shown in gray. Measured distances are
shown for (d). e Schematic representation of the NS1
dimer-dimer interactions observed at the p-roll
interface. Hydrogen bonds are shown as dashed
lines. Hydrophobic residues and the distances
between them are colored in dark goldenrod as per
color key in (c). C
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picked (Supplementary Fig. 5). While the lower avidity observed for GB5
may be due to poorer sample quality or differences in data collection
(Supplementary Table 1), it also correlates to being the weakest binder
among the three'’. To increase the map quality and determine the binding
region, we first performed focused local refinements on the Fab domains
bound to a ZIKV rsNS1 dimer (Supplementary Figs. 3-5). Comparing
between masking strategies that either include or exclude the AfNb and Fab
constant region did not lead to an obvious improvement in the overall map
quality (Supplementary Fig. 3). Subtracting the poorly resolved dimer
region made a bigger improvement that led to the final reported maps for
AA12 and EB9 structures (Supplementary Figs. 3 and 4). For the Fab GB5
dataset, imposing a C2 symmetry during non-uniform refinement”
improved the map resolution from 4.25 to 3.76 A based on the gold standard
ESC curve cut-off at 0.143 and a corresponding improvement in the
EMRinger”’ score from 0.82 to 1.08 (Supplementary Fig. 5). The EMRinger
Score assesses the goodness of fit between the model and the cryo-EM map,
a value of 1.0 is typical for initial models of 3.2-3.5 A resolution maps with

increasing values expected for models of higher-resolution maps. We
modeled all the residues, including uncertain regions such as the AfNb and
the Fab constant regions, similar to what was done for ZIKV rsNS1 alone for
structure completeness. The binding epitopes of Fab AA12, EB9, and GB5
were mapped to the wing (residues R99-R103, E146) and connector sub-
domains (residues D174-L177), which are generally poorly conserved
sites (Fig. 3b, ¢, Supplementary Table 2, and Supplementary Fig. 6).
Compared with the other antibody-NS1 complex structures obtained by
superimposing the NS1 p-ladder domains, our structures represent a
new subset of epitope regions compared to 22NS1%, 1G5.2"%, 2B7", 5E3*,
and 56.2° (Fig. 3e).

ZIKV infection-derived NS1 from Vero cells is predominantly a
dimer docked on high-density lipoproteins

Lastly, we also determined whether ZIKV sNS1 are predominantly found as
dimers docked with HDL, similar to what was observed with DENV2
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PDB: 7WUU
RMSD 1.93

This study EMDB-32842
cc0.33

Fig. 2 | ZIKV MR766 rsNS1 cryoEM structure in comparison with Zv rsNS1
crystal and DENV2 rsNS1 CryoEM structures. a cryoEM map fitting of rsNS1
tetramer between ZIKV (2.9 A, this study, in cyan) and DENV2 (8.3 A, EMDB-
32842, in gray), with densities thresholded at 0.3 and 4.66, respectively, have a
calculated correlation of 0.33 determined using fitmap in ChimeraX, as labeled.

b rsNS1 tetramer models from this study (in cyan) suposimposed to the DENV2
(PDB:7WUU, in gray) and ZIKV rsNS1 based on its crystal packing (PDB:5GS6, in
pink). The tetramer interface at the B-roll is highlighted by the dashed gray box and
the close-up view is shown on the right. The RMSD values are reported across all
matched pairs as calculated using the matchmaker to a single chain for the overall
model (left) and to the B-roll only (residues 1-30, right). ¢ Representative 2D class
averages of the ZIKV MR766 rsNS1 cryoEM dataset are shown in the cyan box,
grouped by the side and top views. Black scale bar, 100 A, as indicated. 2D class

Zv rsNS1g.510015

RMSD 2.02
RMSD 1.89

PDB: 5GS6
RMSD 1.93

PDB:5GS6  ZV rSNS1yps66ut PDB: 5K6K

averages of the DENV rsNS1 cryoEM study from Fig. 1d of Bo et al. is reproduced
herein (bottom) and boxed in gray for comparison. d The two reported crystal
packing forms of the ZIKV rsNS1, from strains BeH819015 (PDB:5GS6, left) and
MR?766 (PDB:5K6K, right) are shown with their symmetry contacts displayed
within 30 A. These NS1 dimers form a single distinct filament-like (PDB:5GS6, left)
or tubule-like (PDB:5K6K, right) complex as highlighted in shades of pink and blue,
deduced based on their B-roll orientations. The other symmetry models are colored
in gray. The length and internal diameter of a single structure were measured and
labeled in the orientations presented (PDB:5K6K, right). We recapitulated ZIKV
rsNS1 filament-like form as observed in our representative 2D class averages
(bottom left, white scale bar, 100 A) and cryoEM model (Supplementary Fig. 1).

sNS1?*%. Using the same strategy as before’, we pulled down isNS1 with
mADb EB9 and demonstrated that apoAl, a major component of HDL co-
eluted with isNS1 (Fig. 4a—c). Negative-stain electron microscopy images of
the eluted samples revealed distinctive wing-shaped protrusions of ZIKV
NSI dimers docked onto a spherical density that represents HDL in the 2D
class averages (Fig. 4d). These representative 2D class averages are similar to
those found for DENV2 sNS1***, providing more support for the notion
that infection-derived flavivirus sNS1 incorporate HDL.

Discussion

Prior biochemical and low resolution structural studies on DENV-1
sNS1 from infected Vero cells* and recombinant DENV-2 sNS1 from
baculovirus-infected Sf9 cells”” have shaped the longstanding view that
sNS1 is a hexameric complex that can dissociate and bind to cellular
membranes and contribute to cytopathic effects and disease'’. How-
ever, recent works reported by Shu et al.**, Coelho et al.”’, Benfrid
et al.”’, Alcala et al.”' and us™ tell a more nuanced and complicated
story concerning the multimeric organization of sNS1. While a recent
review”® acknowledged that recombinantly derived secreted DENV2
NS1 (rsNS1) are mostly tetramers* that are able to bind to HDL”, it is

still unclear how to reconcile the role of the different multimeric forms
of secreted NS1, such as the hexameric NS1, in viral replication and
disease pathogenesis. Here, we provide further evidence that the
recombinant, secreted ZIKV NSI forms tetramers with a distinct
ability to oligomerize into filamentous structures (Figs. 1 and 2 and
Supplementary Figs. 1 and 2). The direct relationship between the
crystal contacts (PDB:5GS6)* and the native multimeric ZIKV rsNS1
as have been observed under cryoEM (Fig. 2d, left) indicates the
possibility that rsNS1 forms a microtubule-like structure observed in
the crystal contacts of the other available ZIKV rsNSI structures
(PDB:5K6K; Fig. 2d, right)”. A bundle of two such ZIKV rsNS1
microtubles (~220 A overall diameter) may explain the long and thin
tubular protrusions extending out of liposomes observed by Ci et al.
(2020) when ZIKV rsNS1 (strain: 1919) was added’. While the
potential pathophysiological implications of rsNS1 filaments or
microtubules are unclear and could simply be induced by the in vitro
environment, such structures, as previously observed by us™ and
others™”, highlight discrepancies regarding the true soluble form of
oligomeric NS1. There are clear structural differences among various
sNS1 from different flaviviruses; recombinant NS1 from DENV2 and
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Fig. 3 | ZIKV MR766 rsNS1 in complex with
human antibody fragments (Fab) EB9/AA12/GB5
and the antifab nanobody (AfNb). a Cartoon
model of the complexes superimposed using
matchmaker with respect to the EB9 complex. The
RMSD value across all 352 paired atoms are as
indicated, 0.89 and 1.25 for AA12 and GBS5,
respectively. AfNb is colored in pink, the Fab light
and heavy chains are colored in dark and dim gray
respectively, and the individual chains of the NS1
dimer is colored in cornflower blue and orange.
Antibody-antigen binding interface is highlighted in
an orange dashed box with details of the key inter-
acting residue side chains shown for b EB9, ¢ AA12,
and d GB5, respectively, as sticks colored by het-
eroatom. The backbone is rendered as tubes, and
only NS1 is colored according to residue conserva-
tion across flaviviruses (see key). The alignment is
shown in Supplementary Fig. 6. Hydrogen bonds are
shown as dashed lines and the complementarity-
determining regions (CDRs) are labeled in (b).

e EB9-NS1 model (red) superimposed with the
solved antibody-NS1 structures at the NS1 B-ladder
domain of 22NS1 (PDB:4OlII, green), 56.2 (EMDB:
36483, light green), 1G5.2 (PDB:7BSC, in pink), 5E3
(PDB:7WUR, magenta), and 2B7 (PDB:6WER, light
purple). The B-roll (orange), wing (blue) and
B-ladder (cyan) domains of one of NS1 protomer are
shown while the other one is depicted in gray for
clarity of epitope regions. Only one copy of the Fab
molecules and its variable light and heavy chains
are shown.

@ Fab-EB9/AA12/GB5 (RMSD -/ 0.89/1.25) b

Conserved

Variable

ZIKV (this study) are predominantly tetramers™ and infection-
derived sNS1 of DENV2 form dimers bound to HDL*.

The three human mAb AA12, EB9, and GB5 studied were earlier
shown by Bailey et al. to bind to Vero cells infected with either ZIKV MR766
or PRVABCS59 strains but not to those cells when infected with DENV3'".
Among them, GB5 was the weakest binder to MR766 by an order of
magnitutde lower when compared to AA12 and EB9 (1077 vs 10 °nM
range). AA12 and EB9 were then shown to have in vivo and Fcy-dependent
protection against lethal challenges of ZIKV MR766 and PRVABC59 strains
in Stat2—/— mice. Similarly, the team later demonstrated that the ZIKV
NS1-based vaccine is highly immunogenic and can elicit protective anti-
bodies through Fc-dependent cell-mediated immunity'. Our antibody-NS1
complexes provide the structural basis by which monoclonal antibodies
AA12,EB9, and GB5" recognize epitopes on the surface of NS1 and provide
in vivo protection in an Fcy-dependent manner'’. We found that unlike
other antibodies such as 1G5.3"%, 2B7", 5E3* and 56.2, the antibodies
AA12, EB9, and GB5'’ do not interfere with the membrane interaction of
NSI. Conservation analysis of antibody binding epitopes to the exposed
charged surface of the wing and connector subdomain f-ladder helps to
explain why such antibodies generally do not show cross-reactivity'*'"** and
are useful for flavivirus-specific rapid antigen assays”. Among the NSI
immunodominant regionszz, it remains a keen interest to solve the struc-
tures of antibodies bound to the p-roll and connector subdomain of the wing
region such as mAbs 3G2 and 4B8'*. The membrane-associated face of NS1
may be exposed and unprotected when bound to antibodies such as 1G5.3",
2B7", 5E3™, or 56.2*° to allow antibodies to target the p-roll region.

In conclusion, our study highlights the polymorphic nature of rsNS1 as
compared to the more physiologically relevant isNS1 and unravels the
structural mechanistic basis for human mAb (AA12, EB9, and GB5)-

mediated protection. The potential contribution of rsNS1 to biotherapeutic
and vaccine development hinges on a structurally defined sample and key
findings of our study provide important structural insights into NS1 alone
and when bound to antibodies. Meanwhile, another preprint released by
Pan et al.”’ is showing cryoEM structures of ZIKV NSI in complex with
antibodies that are congruent with our conclusions.

Methods

Cells

Vero cells (Green African monkey kidney epithelial cells, ATCC) were
cultured in DMEM containing 4.5 g/L glucose (Gibco) supplemented with
10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (P/
S),at 37 °Cin 5% CO,. Expi293F and ExpiCHO cells (Thermo Fisher, USA)
were cultured in serum-free Expi293 Expression Medium and FectoCHO
CD medium (Polyplus-transfection S.A., France), respectively, at 37 °C in
8% CO,.

Cloning, expression, and purification

Recombinant secreted NS1 ZIKV MR766 (Rhesus/1947/Uganda, GenBank
accession no. MW143022.1) was cloned into mammalian secretion vector,
pHL-Sec, with a hexahistidine tag at the C-terminus (NTU Protein Pro-
duction Platform, Singapore). The plasmid was transfected into Expi293F
cells using PEI Max (Polysciences, USA) following the manufacturer’s
instruction and protein expression enhanced by sodium butyrate. The
supernatant containing recombinant secreted NSI (rsNS1) was harvested
on day 5, clarified by centrifuging at 4000 x g at 4 °C for 10 min and sterile
filtered. The rsNS1 protein was purified by metal affinity chromatography
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Fig. 4 | ZIKV MR766 sNS1 from the supernatant
of infected Vero cells. a Silver-stained gel image of
100 ng of Crude and Elute immunoaffinity fractions
that were separated on a 10% reducing SDS-PAGE
gel. The maximum well volume (30uL; 0.06% of total
volume) of the Wash immunoaffinity fraction was
loaded, as the total protein concentration is below
the Bradford assay detection limit. b Western blot
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using 1 mL of Ni-SMART Beads 6FF (Biobasic Asia Pacific, Singapore) in a
gravity flow column pre-equlibrated in Buffer A1 (25mM Tris, pH 8,
150 mM NaCl, 5% glycerol). rsNS1 was eluted with Buffer E (Buffer
Al supplemented with 400 mM NaCl, 500 mM imidazole) and further
purified through gel-filtration chromatography (Superdex 200 10/300 GL
column, Cytiva) in buffer A2 (25 mM Tris 8.0 and 150 mM NaCl). Collected
protein fractions were concentrated up to 5 mg/mL using a 30 kDa mole-
cular weight cutoff membrane concentrator. Protein purity was assessed by
SDS-PAGE.

Antibodies

Anti-Fab Nanobody (AfNb) coding sequence™ was synthesized and cloned
into pET-28a between Ncol and Xhol sites with a hexahistidine tag at the
C-terminus (Twist Bioscience, USA). The AfNb plasmid was expressed in
the periplasm of competent BL23(DE3) Competent Cells (Thermo Fisher
Scientific, USA) grown in Terrific Broth (HiMedia Laboratories, India)
supplemented with 0.5% glycerol, 0.1% glucose, 0.2% lactose, and 1.25 mM
MgSO, for autoinduction®. AfNb was purified as described” with addi-
tional dialysis step with Buffer W (50 mM Tris pH 7.5, 150 mM NaCl,
10 mM imidazole) prior to metal affinity chromatography using Ni-NTA
Beads 6FF (Biobasic Asia Pacific, Singapore).

Recombinant full-length antibodies AA12/EB9/GB5 plasmids were
obtained as described'’ and site-directed mutagenesis at Cysteine residues
225,229, and 226 to a stop codon at the respective heavy chain plasmids was
performed to produce the Fab constructs. The plasmids were transfected
into ExpiCHO cells (Thermo Fisher, USA) using FectoCHO® Expression
system (Polyplus-transfection S.A., France) as per the manufacturer’s
instructions. Secreted full-length antibodies in the supernatant were purified
using Protein A beads (Genscript Biotech, Singapore) in a gravity flow
column while Fab antibodies were purified using Protein L column on a
AKTA purification system (Cytiva, USA). Both columns were pre-
equilibrated in PBS, eluted using 0.1 M glycine pH 3.0, immediate neu-
tralization with 1 M Tris-HCL pH 8.5, and buffer exchange to PBS using a
molecular weight cutoff membrane concentrator.

Analytical size exclusion chromatography

ZIKV rsNS1 was incubated with the AA12/EB9/GB5 antibody or its frag-
ment and AfNb at a molar ratio of 1:2.1:2.2 for atleast 1 h on ice. 50 pL of the
respective complex was injected onto a Superdex 200 increase 3.2/300 GL
column (GE Healthcare) connected to the pAKTA purification system
(Cytiva, USA) buffer A2 (25 mM Tris 8.0 and 150 mM NaCl) at a constant
flow rate of 0.06 mL/min. Chromatograms were analyzed on Unicorn 7. The
purity and characterization of eluted fractions were determined using
SDS-PAGE.

Negative stain microscopy and data processing

Three pL of protein sample at concentration of 0.01 mg/mL were spotted on
glow-discharged carbon grids, contrasted with 2% uranyl acetate, and
imaged with a FEI Tecnai T12 microscope equipped with an Eagle
4-megapixel CCD camera (Thermo Fisher, USA). 26 micrographs were
manually collected and processed using Scipion3*!. CTF Estimation, manual
and auto-picking were done using xmipp3* resulting in a total of 5431
particles. This is followed by particle extraction and 2D classification using
Relion*.

Cryo-EM grid preparation and microscopy

QuantiFoil or UltrAuFoil R1.2/1.3 gold 300 mesh grid was used as is or
covered with a graphene layer (Graphenea) following an adapted
protocol™. The grids were glow-discharged for 10s at low energy
(Harrick Basic Plasma Cleaner) before use. 2.5 uL of protein sample at
concentration of 0.35 mg/mL was applied to the grids, blotted for 3 s
with blot force 1, and plunge-frozen in liquid ethane using Vitrobot
(Thermo Fisher Scientific). Cryo-EM data collection parameters are
summarized in Supplementary Table 1.

Cryo-EM image single-particle processing

Collected movies were imported to Cryosparc v3.3 or later”. After Patch-
Based Motion Correction and CTF Estimation, CTF-estimated maximum
resolution better than 4.5 A were selected. Particles were picked using a mix
of Template Picker, Topaz*® and crYOLO v1.7.6” and extracted at box sizes
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of 400, 256, 540, 600, 416 pixels for rsNS1 filament, rsNSI,
rsNS1:AA12:AfNb, rsNS1:EB9:AfNb, and rsNS1:GB5:AfNb datasets,
respectively. After two rounds of 2D classification with particles fourier
cropped by four times and another two rounds of cleaning without
downsampling, the particles were subjected to Ab initio Reconstruction. All
resulting classes were refined respectively with no symmetry (C1) using
Heterogeneous Refinement for further cleaning followed by rounds of Non-
Uniform Refinement™, Local Refinement, and postprocessing using
DeepEMhancer™. Rigid body motion of the protein is modeled using
3DFlex™. The details of the data collection and processing are summarized
in the Supplementary Figs. 2-5 and Supplementary Table 1. The map for
rsNS1:GB5:AfNb was further improved during Non-Uniform Refinement
with C2 symmetry imposed.

Model building and refinement

Initial map fitting was performed using predicted models generated using
AlphaFold*>”, followed by manual corrections in Coot v0.9.8.x™ followed
by cycles of real-space refinement in Phenix™ and ISOLDE™. Map fitting
and figures representing the map and model features were done using UCSF
ChimeraX”". As the map densities for AfNb and the constant domains of the
fab are poor, this region was modeled based on one of the available CryoEM
structures of AfNb-Fab (PDB:7PHP)”. The refinement statistics of the
model are summarized in Supplementary Table 1.

Cryo-EM image filament processing

The following data processing was performed in Relion v3.0.51*". A total of
3476 motion-corrected micrographs of NS1 were CTF-corrected using the
CTFFIND program™. Filaments were manually picked using the manual
picking job in Relion, resulting in a total of 343,520 helical segments. The
box size used for extraction was 400, corresponding to a pixel size of 0.85 A
per pixel. After multiple rounds of 2D and 3D classifications, 167,332
particles were selected for further rounds of 3D classification. One of the two
3D classes was chosen, yielding in a total of 84,879 particles. Using these
particles, 3D refinement was performed, resulting in a reconstruction at 8 A
resolution. The final reconstruction was imported into cisTEM™ for
visualization purposes.

Generation and purification of isNS1 from virus infection

Vero cells in 20 T175 flasks were infected at a multiplicity of 0.01 with ZIKV
MR766 virus (GenBank accession: MW143022) for 1h in serum-free
DMEM and subsequently replaced with 25 mL of DMEM supplemented
with 2% FBS per flask. The flasks were then incubated for 72 h at 37 °Cin 5%
CO,. The crude supernatant (500 mL) was then harvested, clarified, and
filtered through a 0.2 pum filter membrane (Nalgene, Thermo Fisher, USA),
followed by supplementation with 0.05% sodium azide and cOmplete
EDTA-free protease inhibitor cocktail (Roche, Sigma-Aldrich). The crude
supernatant was then concentrated 10-fold volume-wise using a Vivaflow
200 cassette with a 100 kDa MWCO (Sartorius, Germany) attached to a
peristaltic pump (Cole-Parmer, USA). Five mL of Aminolink™ resin
(Thermo Fisher, USA) with immobilized antibody EB9 was then added to
the crude supernatant and allowed end-over-end rotation overnight at 4°C
for batch immunoaffinity purification. The slurry was then poured into a
Econo-Pac® Chromatography Column (Bio-rad, USA), washed with fil-
tered PBS (pH 7.4) for at least 10 column volumes and eluted with 3 column
volumes of 0.1 M glycine (pH 2.7), immediately neutralized with 1 M Tris-
HCI (pH 9.0). The eluted protein was dialyzed against PBS (pH 7.4) over-
night at 4°C and subsequently concentrated using a 100 kDa MWCO
Amicon ultracentrifugal unit (Millipore, Merck, Germany). The total pro-
tein concentration was determined using Bradford assay (Bio-rad, USA).
Protein quality was assessed on a 4-20% polyacrylamide SDS gel and a 10%
Native polyacrylamide gel and transferred to PVDF membranes for western
blot analysis against NS1 (gift from Yap Thai Leong, Experimental Drug
Development Centre, A*STAR) and ApoAl (Biorbyt, orb10643). Protein
purity was assessed on a 4-20% polyacrylamide SDS gel and stained using
Coomassie blue (0.2% Coomassie blue, 7.5% acetic acid, 50% methanol).

The Precision Plus Protein Dual Color Standard (Bio-rad, USA) was used as
the ladder for all protein gels in this work. Western blots and coomassie
blue-stained gels were visualized with a Chemidoc Imager (Bio-rad, USA).
The purified protein was stored at —80 °C until use.

Data availability

The data that support this study are available from the corresponding
authors upon reasonable request. The cryoEM maps and corresponding
models have been deposited in the Electron Microscopy Data Bank (EMDB)
and Protein Data Bank (PDB) under accession codes EMD-37676/
PDB:8WOO (ZIKV rsNS1 filament), EMD-37663/PDB:8WN8 (ZIKV
rsNS1 tetramer), EMD-37670/PDB:8WNP (ZIKV rsNS1:FabAA12:AfND),
EMD-37678/PDB:8WO4 (ZIKV rsNS1:FabEB9:AfNb), and EMD-37673/
PDB:8WNU (ZIKV rsNS1:FabGB5:AfNb).
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