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SUMMARY
Human antibody SIgN-3C neutralizes dengue virus (DENV) and Zika virus (ZIKV) differently. DENV:SIgN-3C
Fab and ZIKV:SIgN-3C Fab cryoelectron microscopy (cryo-EM) complex structures show Fabs crosslink E
protein dimers at extracellular pH 8.0 condition and also when further incubated at acidic endosomal condi-
tions (pH 8.0–6.5). We observe Fab binding to DENV (pH 8.0–5.0) prevents virus fusion, and the number of
bound Fabs increase (from 120 to 180). For ZIKV, although there are already 180 copies of Fab at pH 8.0, virus
structural changes at pH 5.0 are not inhibited. The immunoglobulin G (IgG):DENV structure at pH 8.0 shows
both Fab arms bind to epitopes around the 2-fold vertex. On ZIKV, an additional Fab around the 5-fold vertex
at pH 8.0 suggests one IgG arm would engage with an epitope, although the other may bind to other viruses,
causing aggregation. For DENV2 at pH 5.0, a similar scenario would occur, suggesting DENV2:IgG complex
would aggregate in the endosome. Hence, a single antibody employs different neutralization mechanisms
against different flaviviruses.
INTRODUCTION

Flaviviruses are positive-sense, single-stranded RNA viruses

that include dengue virus (DENV) and Zika virus (ZIKV) (Kuno

et al., 1998). Although ZIKV and DENV cause only mild febrile

illness for the majority of infections, severe disease can ensue.

DENV, which consists of four serotypes (DENV1–DENV4), can

cause dengue hemorrhagic fever and dengue shock syndrome

(Halstead, 2007). ZIKV infection during pregnancy has been

associated with microcephaly in newborns (Calvet et al., 2016).

A chimeric yellow fever-dengue virus tetravalent dengue vaccine

(CYD-TDV), the only licensed dengue vaccine to date, showed

only moderate protection (overall efficacy of 56%; Capeding

et al., 2014). The vaccine is not recommended for use in children

under 9 years old, as it may cause disease enhancement upon

subsequent natural DENV infections (Hadinegoro et al., 2015).

Currently, there are no other approved vaccines or therapeutics

against DENV or ZIKV.

The mature DENV and ZIKV are spherical enveloped parti-

cles (Kostyuchenko et al., 2016; Kuhn et al., 2002; Sirohi

et al., 2016; Zhang et al., 2013). The RNA genome complexed

with capsid proteins forms the core of the particle, and this is

surrounded by a lipid bilayer membrane. There are 180 pairs

of envelope (E) and membrane (M) proteins facing the outside

of the particles, and they are anchored to the virus lipid bilayer
This is an open access article under the CC BY-N
membrane via transmembrane regions. On the mature virus,

the E protein molecules are arranged with icosahedral sym-

metry and thus consist of 60 identical asymmetrical units

(asus). Each asu consists of three E protein molecules (mole-

cules A–C). E proteins form head-to-tail dimers, and three

dimers lie parallel to each other, forming a raft that consists

of two asus. There are in total 30 rafts organized in a herring-

bone pattern on the virus surface. There are three different

interacting interfaces between the E proteins on the virus

surface: intra-dimer; inter-dimer; and inter-raft interfaces

(Figure S1A).

The ectodomain of E protein consists of three domains: DI;

DII; and DIII (Modis et al., 2003). DI is a central b-barrel

domain that links DII and DIII. DII is an elongated domain con-

taining a fusion loop at its tip. DIII is thought to bind to cellular

receptors and is also important for virus:endosomal mem-

brane fusion (Modis et al., 2003). After binding to receptors,

flavivirus particles are endocytosed and the acidic environ-

ment induces virus:endosomal membrane fusion, thereby

releasing the viral genome into the cytosol (Rodenhuis-Zybert

et al., 2011). The fusion process has been proposed to first

involve the dissociation of the E protein dimers into mono-

mers, thus exposing their fusion loops for insertion into the en-

dosomal membrane. The E protein monomers are then rear-

ranged into trimers, followed by the twisting of DIIIs to bring
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Figure 1. Mechanism of Neutralization of SIgN-3C against DENV2 and ZIKV
(A) Neutralization profile of SIgN-3C IgG or Fab to DENV2 and ZIKV in the pre- and post-attachment neutralization assay. IgG SIgN-3C neutralizes DENV2 almost

equally well in both assays, whereas ZIKV was only neutralized in the pre-attachment assay. When Fab was used, the Fab remained highly neutralizing to DENV2

but completely lost its neutralization capability against ZIKV. Means and standard deviations from three individual experiments are shown.

(B) SIgN-3C inhibits fusion of DiD-labeled DENV2with liposome. At different concentrations of SIgN-3C IgG, DENV2 fusion to liposomewas inhibited at pH 5.0. An

isotype control IgG was included in the experiment and was used for normalization. Means and standard deviations from three individual experiments are shown.

(C–F) SIgN-3C antibody fusion inhibition of virus infection of human U937 cells stably transfected with DC-SIGN receptor.

(legend continued on next page)
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the viral and endosomal membrane close together for fusion.

At the end of this process, the E proteins form trimeric post-

fusion structures (Modis et al., 2004; Bressanelli et al.,

2004). Potent mouse monoclonal antibodies are mainly

directed to DIII of E protein. However, highly neutralizing hu-

man monoclonal antibodies (HMAbs) mostly bind across E

proteins, so-called virus-quaternary-dependent epitopes

(Lok, 2016).

SIgN-3C, a dengue human monoclonal antibody, has cross-

neutralizing activity against DENV1–4 serotypes, with the

highest potency against DENV2 (nanogram range), and pro-

tects mice from lethal DENV2 challenge (Xu et al., 2017). To

ZIKV, SIgN-3C immunoglobulin G (IgG) has a PRNT50 value

of 0.17 mg/mL (Figure 1A), but in mice, it can prevent ZIKV

infection and pathogenesis (Kam et al., 2017). Here, we

show that SIgN-3C inhibits DENV2:endosomal membrane

fusion, whereas it neutralizes ZIKV by aggregating the

virus. To further elucidate the neutralization mechanism, we

determined the cryoelectron microscopy (cryo-EM) structures

of SIgN-3C Fab complexed with DENV2 and ZIKV under pH

conditions mimicking extracellular (pH 8.0) and also when

these complexes were further incubated in endosomal acidic

pH conditions pH 6.5 and pH 5.0, from hereafter named as

pH 8.0/6.5 and pH 8.0/5.0, respectively. We mapped

epitope on DENV and ZIKV to conserved residues across E

proteins at the inter-dimer interface. The cryo-EM structures

of the DENV:Fab complex (pH 8.0/5.0) show additional

Fab binding from 120 to 180 copies compared to pH 8.0

only. We also solved the cryo-EM structure of DENV2 com-

plexed with SIgN-3C full-length IgG at pH 8.0, and the two

Fab arms of this IgG each engages an epitope around the

2-fold vertex. The ZIKV:Fab complex structure at pH 8.0

was similar to that of the DENV2:Fab structure at pH 8.0,

except that an additional Fab was observed to bind around

the 5-fold vertex. This suggested that, in the context of an

IgG, only one of its Fab arms could bind at this position

and the other arm would be free to bind to another virion,

leading to virus aggregation. The similar Fab occupancies

of the DENV2:Fab pH 8.0/5.0 structure and the ZIKV:Fab

pH 8.0 structure suggested that, in the endosome, the IgG

may also cause aggregation of DENV2, thus preventing

fusion. However, even Fab molecules alone have the potential

to prevent DENV2 structural changes necessary for fusion

at pH 5.0. Our study shows that one antibody can have

different neutralization mechanisms even for closely related

viruses.
(C) Quantification of DiD+ U937-DC-SIGN cells (antigen-presenting cell [APC] cha

or without SIgN-3C (100 mg/mL) at 37�C for 30 min followed by U937-DC SIGN

(D) Results of three independent experiments with one measurement each are s

(E) Quantification of the E protein levels in DENV2-DiD-treated cells 24 h post-i

Alexa488.

(F) Results of three independent experiments with one measurement each are sh

and (F).

(G) SIgN-3C IgG has similar binding affinities to ZIKV and DENV2 virus particles. T

Octet-Red (ForteBio) system. The dissociation constants (KD) of SIgN-3C IgG t

different concentrations of E proteins (estimated from virus run on SDS-PAGE g

(H) Dynamic light scattering experiments measuring the fold change of hydrodyna

DENV2, forms large aggregates when IgG:virion molar ratio is higher than 100:1.
RESULTS

Neutralization Mechanism of SIgN-3C against DENV2
and ZIKV
Antibodies can neutralize viruses by various mechanisms, such

as (1) aggregation of the virus, (2) inhibiting virus attachment to

cells, and (3) inhibiting virus:endosomal membrane fusion. To

determine the neutralization mechanisms of SIgN-3C against

DENV and ZIKV, we first compared the neutralization profile of

SIgN-3C IgG when it was added pre- or post-virus attachment

to the cells. If an antibody neutralized by inhibiting virus attach-

ment to cells, it will not be able to neutralize virus that has already

attached to its receptor (post-virus attachment). The PRNT50
values showed strong neutralization of SIgN-3C to DENV2,

even when it was added post-virus attachment (PRNT50 =

0.015 mg/mL), although there was a 2-fold reduction when

compared to pre-virus attachment (Figure 1A). This suggested

that SIgN-3C could inhibit DENV2 infection at a step post-virus

attachment, likely fusion, and it could also inhibit attachment,

as the pre-attachment condition showed even better neutraliza-

tion activity. In contrast, SIgN-3C IgG showed neutralizing activ-

ity against ZIKVwhen antibody was added pre-virus attachment,

but not post-virus attachment (Figure 1A), suggesting that the

antibody inhibits at the stage of virus attachment.

Because SIgN-3C antibody can inhibit DENV2 at a step post-

attachment, we tested the effect of SIgN-3C in inhibiting fusion

to both liposomes at pH 5.0 in vitro (Figure 1B) and to endo-

somes inside cells (Figures 1C–1F) by using 1,10-dioctadecyl-
3,3,30,30-tetramethylindodicarbocyanine, 4-chlorobenzenesul-

fonate salt (DiD)-labeled DENV2. Fusion of virus withmembranes

can be detected using DiD-labeled virus (Ayala-Nuñez et al.,

2011). The DiD molecule is quenched on the virus particle, but

upon fusion with membranes (endosome/liposome) and dilution

of the dye, DiD is dequenched and a brighter signal should be

observed. In the fusion assay with liposomes, we observed

that, when SIgN-3C antibody is added, the antibody can inhibit

fusion (Figure 1B) between DiD-labeled virus and liposome. We

then tested whether SIgN-3C antibody can inhibit virus fusion

using monocytic cell line U937 stably transfected with DC-

SIGN (Z€ust et al., 2013). DiD-labeled DENV2 was incubated

with or without antibody for 30 min before one aliquot was

used for the detection of DiD signal by flow cytometry (Figures

1C and 1D) to detect for the level of virus fusion to endosomes

in cells. We observed decreased DiD+ signal in the presence

of SIgN-3C antibody, consistent with our liposome fusion inhibi-

tion assay results (Figure 1B). To measure the level of DENV2
nnel) by flow cytometry. DiD-labeled DENV2 (DENV2-DiD) was incubated with

adsorption of DENV2-DiD at 37�C for 30 min.

hown.

nfection. Infected cells are detected by intracellular stain with antibody 4G2-

own. Color coding is used to indicate the matching experiment for readouts (D)

he binding characteristics weremeasured by biolayer interferometry (BLI) on an

o DENV2 and ZIKV were 56 and 60 nM, respectively. The legend shows the

el).

mic size of DENV2 and ZIKV when complexed with SIgN-3C IgG. ZIKV, but not
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Figure 2. Cryo-EM Micrographs of the DENV2

and ZIKV with and without Fab SIgN-3C at

Three Different pH Conditions

(A) Top panel: uncomplexed DENV2 particles at pH

8.0 and pH 8.0/6.5 are largely smooth surfaced. At

pH 8.0/5.0, the virus seems to have a smaller

diameter, E proteins look like they have flipped up,

and virus particles have aggregated with each other.

Bottompanel when complexed with SIgN-3C Fab,

the virus particles at all pH conditions become spiky,

indicating Fab binding. No aggregation was detected

at any pH. At pH 8.0/5.0, the virus:Fab complexed

particles did not fall apart like the uncomplexed

DENV2.

(B) The uncomplexed ZIKV at pH 8.0 is mostly round

particles with a smooth surface. At pH 8.0/6.5,

there are some particles that are deformed (red ar-

row). Like DENV2, ZIKV particles form aggregates at

pH 8.0/5.0. ZIKV, when complexed with SIgN-3C

Fab at pH 8.0 and pH 8.0/6.5, shows round spiky

particles due to Fab binding. Unlike DENV2, the Fab

is unable to block the aggregation of ZIKV particles at

pH 8.0/5.0.

Scale bars, 500 Å.
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infection in cells in the absence or presence of SIgN-3C anti-

bodies 24 h post-infection, we used an anti-E protein antibody

to quantify intracellular E proteins (Figures 1E and 1F). The

SIgN-3C antibody-treated cells showed no infection at all,

demonstrating that 3C had completely blocked release of viral

RNA into cells and subsequent viral protein production. The level

of inhibition of fusion by SIgN-3C at 30 min post-infection (Fig-

ure 1D) is not as dramatic as the low levels of infection detected

at 24 h post-infection (Figure 1F), suggesting that fusion is only

part of the inhibition mechanism employed by SIgN-3C, consis-

tent with our pre- and post-attachment neutralization results

(Figure 1A).

To test whether differences in affinity of the antibody to DENV

or ZIKV could contribute to the different neutralization profiles,

we conducted biolayer interferometry and showed SIgN-3C

IgG had similar binding affinities to both virus particles (Figures

1G and S2A) at pH 8.0.

Comparing the neutralization profile of IgG versus Fab to ZIKV

showed that, when Fab was used, neutralization was completely

abolished (Figure 1A), suggesting that preservation of the whole

immunoglobulin structure is important. This, however, is not the
4 Cell Reports 31, 107584, April 28, 2020
case for DENV2, because Fabwas still high-

ly neutralizing when compared to the IgG,

although the PRNT50 was reduced by

2-fold.

The two Fab arms of an IgG can poten-

tially bind to two different particles, result-

ing in aggregation. To test this, we con-

ducted dynamic light scattering to detect

for the presence of large aggregates. Re-

sults showed ~10-fold increase in hydro-

dynamic size compared to single virus par-

ticle when SIgN-3C IgG was incubated

with ZIKV at a high IgG:virion molar ratio
of 300:1 (Figures 1H and S2B). In contrast, with DENV2, mini-

mal aggregation was detected. This indicated that SIgN-3C

IgG can aggregate ZIKV but not DENV.

We then investigated whether aggregation of ZIKV particles

will lead to antibody-dependent enhancement (ADE) of infection.

We carried out ADE test at a similar concentration as that causes

ZIKV aggregation (IgG:virion molar ratio of 300:1). Results

showed, at this antibody concentration, no ADE was detected

(Figure S2D). At much lower antibody concentration (IgG:virion

molar ratio of 3:1), ADE was detected (Figure S2D).

Overall, our results suggested that neutralization of ZIKV by

SIgN-3C IgG mainly occurred through aggregation of virus par-

ticles although neutralization of DENV occurred partially by inhi-

bition of fusion.

Different Binding Modes of Fab SIgN-3C to DENV2 and
ZIKV at Different pHs
We next determined cryo-EM structures of SIgN-3C Fab com-

plexed with DENV2 at pH 8.0, pH 8.0/6.5, and pH 8.0/5.0,

mimicking the extracellular environment, and when the pre-

formed complex at pH 8.0 enters the early and the late



(legend on next page)
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endosomes, respectively. Clinical DENV2 strain PVP94/07 was

used for cryo-EM studies. Fab and virus were mixed at 4�C
before freezing on grids for cryo-EM studies. Cryo-EM micro-

graphs of the uncomplexed DENV2 at pH 8.0 (Figure 2A) showed

that most particles had a smooth surface, suggesting the virus

preparation contains largely mature virus (immature virus has a

spiky surface). At pH 6.5, the uncomplexed DENV2 particles

were similar to those observed at pH 8.0 (Figure 2A). At pH

5.0, the virus particles appeared smaller and spiky and had

aggregated (Figure 2A). This low-pH structural change is likely

important for fusion, as the E proteins have been previously

shown to rearrange from dimers to monomers and then to tri-

mers (Modis et al., 2004) for fusion to occur. When Fab SIgN-

3C was added, the virus particles did not aggregate at any pH

conditions and they formed a complex with the Fab as shown

by the spiky surface (Figure 2A). As for the DENV:Fab complex

pH 8.0/5.0 sample, the particles appeared spikier than those

at pH 8.0 and pH 8.0/6.5 (Figure 2A). This may indicate higher

Fab occupancy of the pH 8.0/5.0 DENV:Fab particles.

To understand, if SIgN-3C IgG could bind directly to the fuso-

genic form of the DENV that was pre-exposed to pH 5.0, we con-

ducted ELISA assay. The results showed the antibody could bind

to DENV pretreated at both pH 7.0 and 5.0 (Figure S2C), sug-

gesting that SIgN-3C can bind to the fusogenic form of the virus.

Because most of the E protein dimers would have already been

disrupted into monomers and trimers at low pH conditions, the

ability of IgG SIgN-3C to bind suggests that the major part of

the epitope (fusion loop) is likely sufficient for antibody binding.

We imaged ZIKV complexed with Fab under the same pH con-

ditions as DENV2. The micrographs of the uncomplexed ZIKV at

pH 8.0 (Figure 2B) showed smooth surface particles, consistent

with a virus preparation that contained mostly mature virus. In

contrast to the smooth surface of DENV2, the ZIKV uncomplex

pH 8.0/6.5 control (Figure 2B) showed more particles with

deformed surfaces, suggesting that the ZIKV was more pH sen-

sitive. Similar to uncomplexed DENV2 pH 8.0/5.0, ZIKV parti-

cles had also deformed and aggregated (Figure 2B). The

ZIKV:Fab complex at pH 8.0 and pH 8.0/6.5 showed particles

had a spiky appearance, suggesting that Fabs had bound.

Similar to DENV2, ZIKV particles did not aggregate when

SIgN-3C Fab was added at these two pH conditions. ZIKV:Fab

pH 8.0/6.5 sample shows the bound Fab has prevented ZIKV

particles from deforming (Figure 2B). However, in the ZIKV:Fab

complex pH 8.0/5.0 sample, the Fabwas unable to prevent ag-

gregation of ZIKV particles, unlike the Fab-mediated prevention

of aggregation observed for DENV2 (Figure 2B).
Figure 3. Cryo-EM Maps of the DENV2 and ZIKV Complexed with SIgN

All pH 8.0 and pH 8.0/6.5 cryo-EM maps were determined to near-atomic resol

EMmaps. Densities corresponding to the E protein layer and Fabs are colored in y

5-, 3-, and 2-fold vertices are labeled. The pH 8.0/5.0 DENV2:Fab complex sho

circumscribing the 5-fold vertex are indicated by cyan arrows. Bottom panels in (A

high-resolution structures, e.g., the DENV2:Fab (4.2 Å) and ZIKV:Fab (3.8 Å) pH 8.

side chains were observed. The Ca backbone and the nitrogen and oxygen atoms

ZIKV:Fab structures at pH 8.0, which have resolutions of 4.5 Å and 4.7 Å, respect

strands. DII of E protein is shown as yellow ribbons. The 7.8 Å resolution DENV2:F

to the structures of Fab SIgN-3C and E protein dimeric structures. The variable reg

protein are shown as red, yellow, and blue ribbons, respectively.

6 Cell Reports 31, 107584, April 28, 2020
Cryo-EM Structures of Fab SIgN-3C Complexed with
DENV2 and ZIKV at Different pH Conditions
The cryo-EMmaps of the pH 8.0, pH 8.0/6.5, and pH 8.0/5.0

Fab:DENV2 complexes (Figure 3A) were determined to 4.5 Å,

4.2 Å, and 7.8 Å, respectively, by using the gold standard Fourier

shell correlation (FSC) cutoff at 0.143 (Figure S3). Local resolu-

tion of the maps is also calculated (Figure S4A). At pH 8.0 and

pH 8.0/6.5 conditions, there were 120 copies of Fab bound

to DENV2 (Figure 3A). The cryo-EM maps for pH 8.0 and pH

8.0/6.5 complexes were highly similar. However, in the pH

8.0/5.0 condition, 60 additional copies of Fab were observed

around the 5-fold vertices (near the inter-raft region; Figure 3A,

cyan arrows).

The cryo-EM structures of Fab:ZIKV pH 8.0 and pH 8.0/6.5

(Figure 3B) complexes were determined to 4.7 Å and 3.8 Å,

respectively (Figures S3 and S4A). We did not determine the

cryo-EM structure of this complex at pH 8.0/5.0 condition, as

the virus had aggregated. Unlike DENV, there were 180 copies

of Fab SIgN-3C on the ZIKV surface, even at pH 8.0 and pH

8.0/6.5 conditions (Figure 3B), although the density of the

Fab around the 5-fold vertices was slightly weaker than for the

other Fabs.

SIgN-3C Epitopes on the DENV and ZIKV Surface
To identify the SIgN-3C epitope on DENV, we fitted the struc-

tures of DENV2 E protein and SIgN-3C Fab homology model to

interpret all cryo-EM maps of DENV2:Fab complexes, and we

then refined the fitted coordinates and B factors against the elec-

tron density for the two higher resolution maps. The structures of

the pH 8.0 and pH 8.0/6.5 complexes were similar, with a root-

mean-square deviation (RMSD) of 0.4 for pairs of Ca atoms (Fig-

ure S4B). The pH 8.0/6.5 complex structure was used for

epitope mapping because it was determined at a higher (4.2 Å)

resolution. Epitope residues were identified by using a distance

cutoff of 8 Å between Ca atoms of Fab and E proteins. SIgN-

3C Fab around the 2-fold vertex bound to residues across two

E proteins at the inter-dimer interface (Figure 4A). The epitope

consisted of amino acid residue 52 on the DI-DII hinge (D0a)

and hi loop (residues 224–227) on one E protein (mol B0) and b

strand (residues 69–73), bc loop (residues 82–83), and cd loop

(residues 103–106; aka ‘‘fusion loop’’) of another E protein (mol

A) at the inter-dimer interface (Figure 4A; Table S1).

As for the SIgN-3C epitope on ZIKV, it was located at largely

similar regions of E protein as shown in DENV2:Fab complex

structure (Figure 4B) on mol A and B0 but with an additional

epitope on kl loop (residues 279–281) on DII of mol B0. Therefore,
-3C Fab at Different pHs

utions. Top panels of both DENV (A) and ZIKV (B) show the surface of the cryo-

ellow and red, respectively. Black triangles indicate an asymmetric unit, and the

ws an additional Fab that has bound in an asymmetric unit. Five nearby Fabs

) and (B) show zoom-in views of the fitted molecules into the density maps. For

0/6.5 complexes, well-resolved densities (gray mesh) corresponding to bulky

are shown as cyan, blue, and red stick, respectively. For both DENV2:Fab and

ively, we observed density (gray transparent surface) separation between the b

ab pH 8.0/5.0 complex map shows clear borders and shapes corresponding

ion of the Fabmolecule is shown as green ribbons, and DI, DII, and DIII of the E
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the Fab also binds across the E proteins at the inter-dimer inter-

face (A and B0mol). In addition, we also observed Fab binding

on C0 mol to two residues on the glycan EoFo loop (S149 and

V153) on DI and K316 on DIII at the E:E intra-dimer interface

(Figure 4B; Table S2). Sequence alignment of ZIKV and DENV

E proteins epitopes showed that most of the residues were

conserved between the viruses, especially at the fusion loop

(cd loop; Figure 4D). The conserved epitope explains the similar

antibody affinities for DENV2 and ZIKV, as observed by biolayer

interferometry (Figure 1G).

As for the paratope, the SIgN-3C heavy chain played a domi-

nant role in binding to both ZIKV and DENV involving CDR1–3

(Figure S5A; Tables S1 and S2). Display of the surface electro-

static potential of the SIgN-3C epitopes of DENV2 and ZIKV

and also the paratope of Fab showed largely complementary

charges between the epitopes and the paratopes (Figure 4C).

The Fab may also interact with the E protein main chain. How-

ever, identification of this type of interaction requires a higher

resolution map.

The Fab:DENV2 pH 8.0/5.0 structure shows 60 more

copies of Fab around 5-fold vertices (near the inter-raft region),

in addition to those that were also observed in the pH 8.0 and

pH 8.0/6.5 structures (Figure 3A). The radius of the E protein

layer also seemed to have moved outward (Figure 5A). We

observed the additional fab bound to the b-strand and the

fusion loop of mol C0 similar to the other epitopes within the

asu (Figure 5B). However, at this position, the Fab does not

bind to neighboring E protein across the inter-raft region and

thus binds differently than those that bind to the inter-dimer

interface. Because the majority of the epitope is located around

the b-strand and the fusion loop on a single E protein (Fig-

ure S5B), these interactions may be sufficient for antibody

binding. Previously, we showed (Xu et al., 2017) via ELISA

that the antibody binds more weakly to recombinant E

protein compared to E-protein arranged on the surface lattice

of the virus, suggesting that maintenance of virus quaternary

structure is important for antibody binding. Superposition of

the E protein rafts of the pH 8.0/5.0 with the pH 8.0/6.5

DENV:Fab complex structures (Figure 5C) shows very similar

structure, indicating that the rafts are not disrupted. However,
Figure 4. The SIgN-3C Epitopes on DENV2 and ZIKV

(A) Left panel: the SIgN-3C epitopes on the DENV2:Fab pH 8.0/6.5 complex st

lines. The additional epitopes on DENV2:Fab complex at pH 8.0/5.0 are circled

taneously bound by the two Fab arms of an IgG observed as in the cryo-EM map

residues (identical or similar in biochemical properties) between ZIKV and DEN

molecule binds to the inter-dimer interface of E proteins (cyan circle). The DI, D

respectively. The three individual E proteins in an asymmetric unit are labeled as A

as A0, B0, and C0. Right panel: zoom-in view of the SIgN-3C epitope on DENV2

(dark green fonts).

(B) The SIgN-3C epitope on ZIKV:Fab pH 8.0/6.5 complex structure. It is large

epitope on ZIKV.

(C) Open book representation showing the charge complementarity of the Fab pa

the epitopes and paratope are largely complementary. There is also the possibilit

and neutral charges are colored in blue, red, and white, respectively. Individual r

(D) Comparison of residue sequences within the epitope region of E proteins of fla

encephalitis virus (TBEV), Japanese encephalitis virus (JEV), and West Nile viru

between DENV2 and ZIKV are labeled with green and magenta stars, respective

arrows indicate b strands, whereas the blue lines indicate loops. The nomenclat

Boxed in red is the comparison of residues in position 52 across the flaviviruses
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we observed a change in distance between the rafts around

the 5-fold vertex on the DENV surface of about 5.8 Å between

the pH 8.0/6.5 and the pH 8.0/5.0 structures (Figure 5D).

To understand why there is an additional epitope on mol C0

on DENV2 in the pH 8.0/5.0 structure, but not that of the

pH 8.0 or pH 8.0/pH 6.5 structures (Figure 4A), we superim-

posed Fab-E protein complex structure identified on the mol B0

fusion loop in the pH 8.0/6.5 complex map to the ‘‘would-be’’

position of the additional epitope on mol C0 on the pH 8.0/6.5

structures (Figure 5E). We found severe clashes between the

Fab and the neighboring E protein at the inter-raft region

around the 5-fold vertex. This clash likely prevents the Fab

from binding to this epitope located on E proteins at pH 8.0

and pH 8.0/6.5 conditions (Figure 5E). The E protein move-

ments at pH 5.0 may have removed this steric hindrance

by loosening the E proteins, thus allowing the Fab to bind

(Figure 5F). This is also evident by the observed higher radius

of the E protein layer on the pH 8.0/5.0 DENV2:Fab complex

cryo-EM map (Figure 5A).

Whole Immunoglobulin (IgG) of SIgN-3C Complexedwith
DENV2 Cryo-EM Structure
Our dynamic light scattering results showed that, when

whole SIgN-3C IgG is complexed with ZIKV and DENV2, it

caused aggregation of ZIKV, but not DENV2 (Figure 1H).

Because the DENV2:IgG at pH 8.0 did not aggregate (Figures

1H and 6A), we were able to determine its cryo-EM structure to

6.1 Å resolution (Figures 6B, S3, and S4A). The IgG binds the

same way as the Fab molecules in the Fab:DENV2 complex

structure at pH 8.0 (Figure 3A); additionally from this map, we

could observe connecting densities between two Fabs (Fig-

ure 6B), suggesting that these two Fabs are derived from an

IgG. However, the Fc portion of the IgG could not be resolved

well, likely due to the variable hinge angle between Fc and Fab

region. We conducted localized refinement of subparticles

around 2-fold vertex (Ilca et al., 2015); this slightly improves

the density of the hinge region that links two Fab arms to the

Fc region (Figure 6C), but the Fc regions are still largely invisible.

Despite this limitation, the data showed that the two Fabs bind-

ing at the E inter-dimer interface (Figure 4A) belong to one IgG.
ructure are shown as spheres, and the boundaries are circled by cyan dotted

by red dotted lines. One black-dotted ellipse shows the two epitopes simul-

of DENV2:IgG complex (Figure 5). The green spheres indicate the conserved

V2, whereas the non-conserved residues are shown in magenta. Each Fab

II, and DIII of the E proteins in one raft are colored in red, yellow, and blue,

, B, and Cmolecules, and those in the neighboring asymmetric unit within a raft

. The epitope includes the D0a loop, b strand, bc loop, cd loop, and hi loop

ly similar to that observed in DENV2. Left panel: zoom-in view of the SIgN-3C

ratope and the SIgN-3C epitope on DENV2 and ZIKV surfaces. The charges of

y of the Fabs interacting with the backbone of the E protein. Positive, negative,

esidues within the epitope region have been labeled.

viviruses, including DENV serotypes, ZIKV, yellow fever virus (YFV), tick-borne

s (WNV). (Bottom-most two panels) Conserved and non-conserved residues

ly. The secondary structures are shown on top of the amino acid sequence—

ures of these secondary structures are shown above these arrows and lines.

. In DENV2, amino acid 52 is a histidine residue.



Figure 5. E Protein Shell in DENV2: SIgN-3C Fab pH 8.0/5.0 Complex Moves to a Higher Radius and Exposes an Additional Epitope on an E

Protein at the Inter-raft E:E Interface Compared to the Complex pH 8.0 and pH 8.0/6.5 Structures

(A) Comparison of a quarter of the cross-section of the pH 8.0/6.5 and pH 8.0/5.0 complex cryo-EMmaps. The lipid bilayer membrane (green) of both maps is

located at similar radii. The E protein layer (yellow) of the pH 8.0/5.0 complex map, however, is located at a higher radius.

(B) The heavy chain (dotted circle) of an additional Fab was observed to bind to the fusion loop of the C0 mol at the inter-raft region. E proteins in neighboring rafts

are in gray. The heavy chain and light chain are colored in cyan and dark cyan, respectively.

(C) Superposition of the E protein rafts in pH 8.0/6.5 (colored in yellow) and pH 8.0/5.0 (colored in cyan) complex showing the raft structure is largely the same.

The RMSD value between these two structures is 1.4 Å.

(D) Compared to the pH 8.0/6.5 complex structure, the E protein rafts in the pH 8.0/5.0 complex (right) have moved slightly apart from each other. We

measured the distances at two positions between rafts indicated by dotted black and red arrows (right panel). In the pH 8.0/5.0 complex structure, the distance

(legend continued on next page)
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DISCUSSION

In this study, we report the neutralization mechanisms of a hu-

man monoclonal antibody SIgN-3C to DENV2 and ZIKV. SIgN-

3C neutralizes ZIKV mainly by causing aggregation of virus

particles, although for DENV2, it inhibits fusion of virus with the

endosomal membrane (Figure 1). Biolayer interferometry (BLI)

assay, in which we coat the sensor with IgG and flow through

with virus, showed similar affinity of the IgG to both DENV2

and ZIKV. Therefore, it was not the antibody affinity difference

that causes the different neutralization mechanisms against

these flaviviruses. To derive the affinity from the BLI results, we

used the 1:1 binding model to fit the experimental curve, and

they seemed to match well. However, we could not rule out the

possibility that there are multiple antibodies on the sensor bind-

ing tomultiple E proteins on the virus particles.We have obtained

the whole immunoglobulin complexed with DENV2 structure,

showing one IgG could bind to two epitopes around the inter-

dimer interface (Figure 4A). Because SIgN-3C IgG aggregated

ZIKV (Figure 1H), even at pH 8.0, the ZIKV:IgG complex structure

cannot be determined by cryo-EM. However, from the Fab:ZIKV

complex structures at pH 8.0 and pH 8.0/6.5 (Figure 3B), and

combining the information we obtained from the IgG:DENV2

complex structure (Figure 6B), we could infer how the whole

IgG could bind to ZIKV. Because Fab binds to ZIKV at pH 8.0

in a similar way to DENV2, except it has an additional epitope

on the fusion loop of mol C0 around the 5-fold vertex, there could

be two whole IgGs binding to ZIKV around the inter-dimer inter-

face (between E proteins mols AB0 and, A0B), similar to what was

observed in DENV2 (Figure 4A, left). Because there is an extra

Fab binding on mol C0 around the 5-fold vertex, there would be

five copies of Fabs in this region. The question is can any two

Fabs around this vertex be derived from an IgG? We analyzed

the distance between the constant regions of two neighboring

Fabs. Although this distance was about 68 Å (Figure 6D), the

orientation of their heavy and light chains makes it impossible

that they could be derived from one IgG molecule (Figure 6D).

This suggests that only one Fab arm from an IgG could bind to

this position, while the other Fab arm is free to interact with

another virus particle. This could lead to cross-linking of ZIKV

particles, consistent with our dynamic light scattering (DLS)

observation that the IgG is capable of aggregating ZIKV particles

even at pH 8.0 (Figure 1H). This is different from the aggregation

observed when Fab SIgN-3C is incubated with ZIKV at pH 8.0/

5.0 condition (Figure 2B), as this is caused by the inability of the

Fab to block fusion between ZIKV particles. Conversely, the lack

of Fab binding onmol C0 in DENV2 at pH 8.0 would indicate that it

could not promote virus aggregation by antibodies, consistent

with our results obtained fromDLS (Figure 1H) and cryo-EM (Fig-

ure 6A). In summary, this suggested that different copies of avail-
(black arrow) between DIIIs around the 5-fold is 10.3 Å, whereas the distance in co

the pH 8.0/5.0 complex structure measured 10 Å, whereas that of the pH 8.0/

other inter-raft regions.

(E) Superposition of the Fab:E protein complex to the C’ mol on the DENV2:Fab co

parts that experience clashes colored red) with neighboring E proteins (transpare

may explain why, at pH 6.5, this epitope disallowed Fab binding.

(F) On the pH 8.0/5.0 DENV2:Fab structure, the E protein shell has loosened, t
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able epitopes on the virus surface may influence the ability of

antibody to cause virus aggregation.

We showed that SIgN-3C inhibits fusion of DENV2 and lipo-

some in vitro (Figure 1B), suggesting SIgN-3C inhibits virus-en-

dosomal membrane fusion. We solved the cryo-EM structures

of DENV2 complexed with SIgN-3C Fab at different pH condi-

tions. The pH 8.0/6.5 and the pH 8.0/5.0 complexes cryo-

EM structures showed that there are 60 more copies of Fab

binding to virus particle at pH 8.0/5.0 compared to neutral

pHs (Figure 3A). However, because the lowering of pH only oc-

curs inside the endosomes, even though there is increased

epitope availability on DENV2 for binding, theremay not be a suf-

ficient concentration of antibodies inside the endosome to drive

binding. Previous studies have shown that uncomplexed IgGs

can be recycled back and forth via endosomes where the IgG

Fc part is engaged with the neonatal Fc receptor (FcRn) (Roope-

nian and Akilesh, 2007). This prolongs the half-life of IgGs in the

serum. Therefore, we speculate that DENV2 particles in the en-

dosome could encounter some of the SIgN-3C IgG bound to

FcRn. These excess antibodies could then bind to the additional

exposed epitope on the DENV2 surface induced by the low pH

environment of the endosome. The extra epitope on DENV2

that is exposed at pH 5.0 is on fusion loop of molecule C0 (Fig-
ure 4A) and is similar to that observed in the ZIKV:Fab complex

structure at pH 8.0 (Figure 4B). This would suggest that, with

whole IgGs, it may also cause aggregation of DENV2 particles in-

side the endosome, as observed with ZIKV:IgG complexes at pH

8.0 (Figure 1H). This may thereby reduce fusion between DENV2

and the endosomal membrane. However, we also observed by

cryo-EM that the Fab SIgN-3C alone can also prevent the struc-

tural changes necessary for DENV2 fusion (Figure 2A) in the pH

8.0/5.0 condition, but not ZIKV fusion (Figure 2B). This sug-

gests Fab alone could lock the E proteins at the E:E inter-dimer

interface on DENV2 surface, but not on ZIKV in the pH 8.0/5.0

condition. Interestingly, there is a histidine residue at position 52

(H52) of DENV2, but not ZIKV. Histidine charge changes in the

pH range of 5.0–8.0; a fraction of histidines will be charged at

physiological conditions (pH 7.4), and this fraction becomes

larger at lower pH. This H52 in our pH 8.0/pH 6.5 Fab:DENV2

cryo-EM map is located in close proximity (their side chains

within 5 Å distance) to three aspartic acid (D) residues on two

different antibody complementarity determining regions (CDRs)

(D28 onCDR1 andD92 andD93 onCDR3; Table S1; Figure S6A).

At pH 5.0, H52 will be positively charged and may thus have a

stronger interaction (salt bridge/hydrogen bond) with these

negatively charged aspartic residues on the Fab paratope. The

DENV2 H52 is on the DI-DII hinge of an E protein protomer

(mol B0) at the inter-dimer interface; the other part (major part)

of the same epitope is the fusion loop ofmol A on the neighboring

E protomer. At pH 5.0, the protonation of H52 may strengthen
rresponding sites on pH 8.0/6.5 complex structure is 4.5 Å. For the red arrow,

6.5 complex structure is 7.3 Å. This suggests the 5-fold is less stable than the

mplex structure at pH 8.0/6.5 showed clashes of the Fab (cyan ribbons, with

nt gray surface, surface experiencing clashes with Fab is colored orange). This

hereby allowing Fab to bind with little clashes.
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interaction with Fab, allowing the Fab to lock the E:E inter-dimer

region and thus preventing the structural changes of E protein

necessary for fusion. In contrast, the amino acid at correspond-

ing position in ZIKV contains an asparagine residue, consistent

with the inability of the Fab to prevent deformation of virus parti-

cles at pH 5.0 (Figure 2B). Because SIgN 3C antibody also neu-

tralizes the other DENV serotypes (DENV1, 3, and 4), albeit with

~10- to 470-fold poorer neutralization activity (Xu et al., 2017), we

examined all serotypes for the presence of histidine residue at

position 52. None of the other serotypes have a histidine at this

position (Figure 4D) but instead have ASN, GLN, and GLU for

DENV1, DENV3, and DENV4, respectively. Therefore, SIgN-3C

antibody may not be able to lock the E proteins at the inter-dimer

interface at pH 5.0. However, because the antibody is able to

neutralize theses virus serotypes, they could employ other

mechanisms, such as causing aggregation of the virus inside

the endosomes.

The electrostatic potential of the epitope and paratope calcu-

lated at pH 8.0 is largely, but not completely, complementary,

likely because some of the interactions may involve main chain

interaction; this has been previously observed with other anti-

bodies in previous studies (Rouvinski et al., 2015). The amino

acids on the E proteins become more and more positively

charged as pH drops from 8.0 to 5.0. However, the electrostatic

potential profile of overall Fab also becomes more positively

charged, but its paratope remains largely the same when pH is

lowered to pH 6.5 and 5.0. The complementarity between the

E proteins and the Fab paratope seems to improve slightly at

pH 6.5 (Figure S6B).

Another ZIKV-specific antibody, ZIKV-117, has also been

shown to cross-link neighboring E protein dimers at the inter-

dimer interface (Figure S1B; Hasan et al., 2017; Sapparapu

et al., 2016), and its epitope partially overlaps with that of

SIgN-3C. ZIKV-117, however, does not bind to the fusion loop,

and its neutralization mechanism has not been characterized.

Dejnirattisai et al. (2015) have isolated a family of antibodies

that show potent neutralizing capacity against all four serotypes

of DENV. These antibodies bind across E proteins at the intra-

dimer interface (Figure S1A) and are therefore called E dimer

epitope (EDE) antibodies (Barba-Spaeth et al., 2016; Dejnirattisai

et al., 2015; Zhang et al., 2016). It was found that EDE antibodies
Figure 6. Cryo-EM Structure of DENV2:IgG Complex

(A) Micrographs showing the DENV2:IgG complex particles at pH 8.0.

(B) Top and bottom left panels: the 6.1 Å resolution cryo-EM map of DENV2:S

neighboring two Fabs near the 2-fold vertices are linked (black arrow), suggesting

and IgG molecules are colored in yellow and red, respectively. Top right panel:

different layers of proteins. The cryo-EM map is colored by radii: pink-to-cyan gr

which corresponds to nucleo-capsid layer, E protein transmembrane region (E

respectively. The transmembrane helix is clearly visible in the map.

(C) Localized reconstruction of subparticle region around the 2-fold vertices show

arms belonging to each of the two IgGs are circled by a black dotted line.

(D) We speculate that IgG molecules binding to ZIKV near the 5-fold vertices

structures of ZIKV: SIgN-3C Fab pH 8.0 and pH 8.0/6.5 complexes show a

DENV2:Fab complex at pH 8.0 and pH 8.0/6.5. E protein represented as gray

vertices are colored in shades of cyan and purple, respectively. Although the struct

DENV2: SIgN-3C IgG and the ZIKV:Fab complex structures, the ZIKV:IgG comple

linked by dotted red line). Although the distance between constant domains of the

the Fabs near the 2-fold vertex (shades of cyan), the orientations of these two Fab

when a Fab is bound to this epitope, the other arm from the same IgG (purple anti
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also have therapeutic activity against ZIKV infection (Fernandez

et al., 2017). SIgN-3C neutralizes all four serotypes of DENV as

well as ZIKV in vitro and in vivo (Kam et al., 2017; Xu et al.,

2017). Although SIgN-3C is also flavivirus cross neutralizing, it

is not an EDE antibody. It binds across E proteins at the inter-

dimer interface and therefore recognizes a virus quaternary

structure-dependent epitope. Interestingly, this antibody em-

ploys different neutralization mechanisms toward different flavi-

viruses. It likely inhibits fusion of DENV2 by a combination of the

IgG aggregating the virus in the endosome and also locking E

proteins at the inter-dimer interface by a Fab arm of IgG. To

ZIKV, due to the higher copies of epitopes available for Fab bind-

ing compared to DENV2 at pH 8.0, it can aggregate virus before

the virus can even bind to the cell. Regardless of the different

neutralization mechanism it employs, SIgN-3C is a potent anti-

body in mousemodel and thus is potentially a therapeutic candi-

date against both ZIKV and DENV infections.
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Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Shee-Mei

Lok (sheemei.lok@duke-nus.edu.sg).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The cryoEMmaps and the atomic models of the DENV2: SIgN-3C Fab complex at pH 8.0, pH8.0/6.5 and pH8.0/5.0, ZIKV: SIgN-

3C Fab complex at pH8.0 and pH8.0/6.5, DENV2: SIgN-3C IgG are available through the accession codes EMDB: EMD-30195,

EMDB: EMD-30194, EMDB: EMD-30196, EMDB: EMD-30193, EMDB: EMD-30192, EMDB: EMD-30197 in the Electron Microscopy

Data Bank (EMDB, https://www.ebi.ac.uk/pdbe/emdb/) and PDB: 7BUD, PDB: 7BUB, PDB: 7BUE, PDB: 7BUA, PDB: 7BU8, PDB:

7BUF in the Protein Data Bank (PDB, https://www.rcsb.org) respectively.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and culturing conditions
Aedes albopictusC6/36 cells (ATCC) were cultured in RPMI 1640media supplementedwith 2% fetal bovine serum at 29�C. U937-DC
SIGN cells were grown in RPMI supplemented with 10% FBS and pre-treated with 10nM of cytochalasin D (Sigma) for 30 minutes at

37�C. BHK-21 cells (ATCC) were cultured in RPMI 1640media supplemented with 2% fetal bovine serum at 37�C. HEK-6E cells were

adapted to low-calcium-hybridoma serum-free medium as described previously (Xu et al., 2017).

ZIKV and DENV culturing conditions
ZIKV H/PF/2013 strain was obtained from European Virus Archive (001v-EVA1545). DENV2 PVP94/07 strain was obtained from the

laboratory of Eng Eong Ooi (Duke-NUS Medical School). Both ZIKV and DENV were produced in C6/36 cells (ATCC).

METHOD DETAILS

Neutralization test of HMAb SIgN-3C to Dengue and Zika virus
The neutralization activity of the HMAb SIgN-3C on ZIKV H/PF/2013 and DENV2 PVP94/07 strains were determined by a plaque

reduction neutralization test (PRNT). In the pre-attachment neutralization assay, two-fold serially diluted HMAb SIgN-3C starting
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from a concentration of 2.4 mg/mL and 0.075 mg/mL for ZIKV H/PF/2013 (610 pfu/ml) and PVP94/07 (450 pfu/ml) respectively were

incubated with equal volumes of virus at 37�C for 0.5 h. 100 mL of each mixture were then layered on BHK-21 cells in a 24-well plate

and incubated at 37�C for 1.5 h. In the post-attachment neutralization assay, BHK-21 cells were pre-chilled and the same amount of

virus used for the pre-attachment assay was added to cells. After incubation for 1 h at 4 �C, cells were washed three times with me-

dium and serially diluted antibody was added. The infected cells were washed with PBS, overlaid with carboxymethyl cellulose and

incubated at 37�C for 5 days. Cells were fixed and stained, and the plaques were counted. Percentage neutralization was determined

from the comparison of the number of plaques in specific antibody dilutions to the control (without antibody). PRNT50 is the concen-

tration of the antibody that causes 50% reduction in plaque numbers.

Virus sample preparation
Aedes albopictus C6/36 cells (ATCC) were grown in RPMI 1640 media supplemented with 2% fetal bovine serum at 29�C. At 80%
confluency, the cells were inoculated with ZIKVH/PF/2013 strain at amultiplicity of infection (MOI) of 0.5 or DENV2 PVP94/07 strain at

aMOI of 0.1 and incubated at 29�C for 4 days. The virus-containingmediawas clarified by centrifugation at 14,000 g for 1 h. Virus was

precipitated overnight from the supernatant using 8% (w/v) polyethylene glycol 8000 in NTE buffer (10 mM Tris-HCl pH 8.0, 120 mM

NaCl and 1 mM EDTA) and the suspension was centrifuged at 14,000 g for 1 h. The resulting pellet containing the virus was resus-

pended in NTE buffer and then purified through a 24% (w/v) sucrose cushion followed by a linear 10%–30% w/v potassium tartrate

gradient. The virus band, visualized by its light scattering ability, was extracted, buffer exchanged into NTE buffer and concentrated

using a concentrator with 100-kDa molecular weight cut-off filter. All steps of the purification procedure were done at 4�C. The con-

centration and purity of the ZIKV E protein was estimated with Coomassie blue-stained SDS-PAGE using different known concen-

trations of bovine serum albumin solution (similar MW as E protein) as standards. Direct estimation of the E protein concentrations of

DENV2 PVP was not possible from SDS-PAGE gel as the denaturing condition in the sample loading buffer was unable to disrupt

E-to-E interactions, therefore the E proteins exist as higher oligomers. We therefore derive the E protein concentration by comparing

the fold intensity difference of its M protein band to that of a reference ZIKV with known E protein concentration.

Production of monoclonal antibody SIgN-3C
Antibody SIgN-3C was expressed as IgG1 or IgG1 with LALAmutation in suspension HEK-6E cells as described previously (Xu et al.,

2017). The antibody was purified using Protein G beads and was stored in PBS.

Preparation of the SIgN-3C Fab fragments
The Fab fragment of SIgN-3C IgG was produced by papain digestion. Briefly, the whole IgG (8 mg/ml) was incubated overnight with

immobilized papain (Thermo scientific) at 37�C. After digestion, the Fab fragment was purified with anion exchange chromatography

(resource Q, GE Healthcare) and gel filtration (Superdex 200 increase 10/300 GL, GE Healthcare) on an AKTA purifier system.

Biolayer interferometry binding assay
Affinity determination between purified SIgN-3C IgG and DENV2 (PVP94/07) or ZIKV (H/PF/2013) was performed using biolayer inter-

ferometry with an Octet RED96e system (Pall Fortebio). SIgN-3C IgG was coupled to anti-human IgG Fc capture (AHC) biosensors

(Pall Fortebio). Unbound SIgN-3C IgG was removed from the surfaces of the sensors by incubation in kinetics buffer (NTE buffer,

10 mM Tris-HCl pH 8.0, 120 mM NaCl and 1 mM EDTA). Sensors loaded with IgG were allowed to bind to different concentrations

of DENV2 (PVP94/07) or ZIKV (H/PF/2013). Association and dissociation profiles were fitted with Octet data analysis software pack-

age assuming 1:1 binding model.

Size measurement of virus: SIgN-3C IgG complexes by dynamic light scattering
We load 15 mL of DENV2: SIgN-3C IgG or ZIKV: SIgN-3C IgG mixture into a quartz cuvette and measurements were done at 25�C
using the Zetasizer Nano S machine (Malvern). Zetasizer Nano software version 6.01 was used to analyze the data. The size of

each sample in one measurement was an average of more than 10 readings and the measurement was repeated twice. The decon-

volution of the measured correlation curve was done using a non-negative least-squares algorithm. Size of the virus-IgG complex

was shown as intensity weighted mean hydrodynamic size of particles in diameter.

Liposome preparation
Lipids PC (1,2-dioleoyl-sn-glycero-3-phosphocholine), PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) and PS (1,2-dioleoyl-

sn-glycero-3-phospho-L-serine) dissolved in chloroform were mixed with a molar ratio of 5:2:3. Lipid mixtures were then dried by

a flow of nitrogen, followed by desiccation under vacuum for 4 hours. The dry lipid powder was then resuspended in NTE buffer

and subjected to 5 freeze-thaw cycles by alternating immersion into liquid nitrogen and warm water (37�C). The suspension was

extruded 40 times through a 1000 nm polycarbonate membrane (Avanti Polar Lipids) using a mini extruder (Avanti Polar Lipids).

Virus-liposome fusion assay
Purified DENV2 (PVP94/07) was labeled with the lipophilic fluorescent probe 1,10-dioctadecyl-3,3,30,30-tetramethylindodicarbocya-

nine, 4-chlorobenzenesulfonate salt (DiD) (Invitrogen), as described previously (Ayala-Nuñez et al., 2011). Briefly, 50 mL of 1 mM DiD
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dye reconstituted in DMSO was added to 1400 mL virus (3.6 mg/ml) and incubated at room temperature for 30 min. The DiD-labeled

virus was filtered through a PD-10 desalting column (GE Healthcare) to remove unbound dye.

Fusion between DiD labeled virus and liposome was determined as described previously (Zaitseva et al., 2010). Briefly, 80 mL of

labeled virus was mixed with an equal volume of serially diluted SIgN-3C IgG or isotype control antibody. 25 ul of MES/acetic acid

buffer (pH 5.0) was added to the virus-antibody-liposomemixture to lower the pH to 5.4. The fluorescence was recorded at excitation

and emission wavelengths of 633 and 665 nm, respectively, using a Tecan Infinite M200 microplate reader. To fully dequench DiD,

Triton X-100 was added to each well to reach a final concentration of 0.2% at the end of each recording. The normalized signal for

each well was derived by division of emission before adding Triton X-100 by emission after adding Triton X-100. The extent of fusion

was normalized against virus mixed with control antibody.

Fusion inhibition assay in human cells
To label the virus with DiD, first the mixture of 10ul of 1% Pluronic F-127 (Sigma-Aldrich, P2443) and 2.5ul of 100nM DiD (Thermo-

Fisher, #D7757) was sonicated for 5minutes at room temperature. 500ul of 1.25E8 per ml DENV2 (Strain PVP94/07) was added to the

Pluronic acid-DiD mixture and the labeling reaction was incubated for 30 minutes at room temperature. The DENV2-DiD mixture was

then transferred onto ice for 2 hours before purification of DiD-labeled dengue virus using Pierce dye removal columns

(ThermoFisher, 22858). Removal resin of 500ul was added to the columns provided in the kit. The resin was spun for 30 s at

1,000 g to remove the resin storage solution. Columns containing removal resin were transferred to a new holding tube. Dengue

virus-DiDmixture was supplemented with Sodium chloride at a final concentration of 150mMbefore transferring to the columns con-

taining removal resin. Samples were then spun for 30 s at 1,000 g and flow through collected. 500ul of serum-free RPMI (Hyclone,

SH30255.01) supplemented with Sodium chloride at a final concentration of 150mMwere added to spun columns for second elution

at 1,000 g for 30 s. Flow throughs from both elution were combined. Presence of DiD was checked using Typhoon FLA 9500 (GE

Healthcare Life Sciences). Presence of DENV2 was checked using ChemiDoc (Bio-Rad) with anti-Envelope antibody, 3H5 and

Goat anti-mouse secondary antibody conjugated with horse radish peroxidase (Dako, P0447).

U937-DC SIGN cells were plated at 1 million per ml of RPMI supplemented with 10% FBS (GIBCO, 16140-071). U937-DC SIGN

cells were pre-treated with 10nM of cytochalasin D (Sigma, C2618) for 30 minutes at 37�C. Meanwhile, 90ul of DiD-labeled dengue

virus was mixed with 10ul of serum free RPMI or 10ul of 100ug/ml anti-envelope antibodies with LALA mutation (Inhouse). The virus-

antibody mixture was incubated for 30mins at 37�C. U937 DC-SIGN cells were washed once with serum-free RPMI at 500 g for 5 mi-

nutes before infecting U937-DC SIGN with DiD-labeled DENV2. U937-DC SIGN cells were infected at cell density of 1 million per

100ul for 30 minutes at 37�C. After infection, U937-DC SIGN cells were washed once with serum-free RPMI at 500 g for 5 minutes

to remove unbound virus. U937-DC SIGN cells were then resuspended using 1ml of RPMI supplemented with 10% FBSwhere 500ul

of U937-DC SIGN cells were plated and incubated for 24 hours before staining of intracellular E proteins. The remaining 500ul of

U937-DC SIGN cells were spun down at 500 g for 5 minutes and resuspended with 150ul of FACS buffer containing 1% formalin

before analyzing samples using FACSVERSE (BD).

ELISA assay
DENV-2 stored in cell culture medium supplemented with HEPESwas concentrated using 30kDa cutoff concentrators. The virus was

UV-inactivated before diluting in coating buffer (bicarbonate buffer pH9.6) for coating on half-area ELISA plates overnight at 4�C. Af-
ter blocking with PBS+ 0.05% Tween-20 + 3% Skim Milk powder for two hours, wells were washed, and antibody 3C was added in

PBS at 1ug/ml. Anti-human IgG-HRP was used to detect binding 3C. TMB (Sigma) was used as substrate. Color reaction was

stopped with HCl before reading the signal at 450nm.

ADE assay
SIgN-3C IgGwas diluted in 2%RPMI andmixedwith ZIKV at different antibody:virus ratio (3:1, 33:1, 300:1, no antibody control).Virus

antibody complexes were allowed to form by incubating at 37�C for 1hr. THP-1 cells were infected atmultiplicity of viral genome copy

number (MOG) of 68500, for 3 days. Plaque assay was performed 3 dpi to determine the number of infectious virus particles in the

culture supernatant.

CryoEM sample preparation
SIgN-3C IgG or its Fab fragment was mixed with the ZIKV H/PF/2013 strain or the DENV2 PVP94/07 strain at a molar ratio of 1.5 Fab

to every E protein and then incubated at 4�C for 1.5 hr. The mixture was applied to a cryoEM grid (pre-cooled to 4�C) for 10 s prior to

adjusting the pH. The final pH of the virus was reached by addition of a volume ratio of 1.5 mL of 50mMMES buffer at the respective

pH (pH 5.0 or pH 6.5) to every 1 mL of the virus-Fab mixture. The pH-adjusted samples were left on the grid for another 15 s. The grid

was then blotted with filter paper and flash frozen in liquid ethane by using the Vitrobot Mark IV plunger (FEI, Netherland). The cor-

responding controls (ZIKV without Fab) for each pH were prepared similarly.

Cryoelectron microscopy and image processing
The images of the frozen DENV or ZIKV complexed with SIgN-3C were taken on an FEI Titan Krios electron microscope, equipped

with a 300 kV field emission gun, at nominal amagnification of 47,000 (pixel size 1.71 Å) for DENV2: SIgN-3C Fab complexes at pH 6.5
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and pH 5.0, DENV2: SIgN-3C IgG complex. The images of DENV2: SIgN-3C Fab complex at pH 8.0, ZIKV: SIgN-3C Fab complexes at

pH 8.0 and pH 6.5 were collected at a nominal magnification of 59,000 (pixel size 1.34 Å). A 40963 4096 FEI Falcon II direct electron

detector was used to record the images.

Leginon (Carragher et al., 2000) was used to carry out the data collection. Images for DENV2: SIgN-3C Fab complex at pH 8.0, pH

6.5 and pH 5.0, DENV2: SIgN-3C IgG and ZIKV: SIgN-3C Fab complex at pH 8.0 were collected in single image mode, with the dose

of 20 e-/Å2. ZIKV: SIgN-3C Fab complex at pH 6.5 was collected in movie mode, with total dose of 30 e-/Å2 (~1.36 e-/Å2 per frame).

The frames from each ‘‘movie’’ were aligned using MotionCor2 with dose weighting (Zheng et al., 2017). The astigmatic defocus pa-

rameters were estimated with ctffind4 (Rohou and Grigorieff, 2015). In total, 1592, 1067, 1093, 799, 2995 and 846 micrographs were

collected for DENV2: SIgN-3C Fab complex at pH 8.0, pH 6.5, and pH 5.0, ZIKV: SIgN-3C Fab complex at pH 8.0 and pH 6.5

and DENV2: SIgN-3C IgG respectively. The virus-Fab particles were picked with the automatic selection tool Gautomatch (from

Dr. K. Zhang, author of Gctf), run through 2D classification in Relion (Scheres, 2012) to produce 2D class averages. Classes contain-

ing broken or nonviral particles were removed. 9607, 16300, 8181, 6510, 22554 and 7857 individual particles in DENV2: SIgN-3C Fab

complex at pH 8.0, pH 6.5, and pH 5.0, ZIKV: SIgN-3C Fab complex at pH 8.0 and pH 6.5 and DENV2: SIgN-3C IgG complex respec-

tively, were selected for further processing. All the 3D reconstructions were done with Relion (Scheres, 2012). Uncomplexed ZIKV

(EMDB ID EMD-8139) was used as the starting model. The gold standard protocol for structure refinement (two halves of the dataset

were processed independently) was used for all complexes. With unbinned images, the image reconstruction process produced the

complex structures with resolutions of 4.5 Å, 4.2 Å, and 7.8 Å, for DENV2: SIgN-3C Fab complex at pH 8.0, pH 6.5, and pH 5.0, 4.7 Å

and 3.8 Å for ZIKV: SIgN-3C Fab complex at pH 8.0 and pH 6.5, and 6.1 Å for DENV2: SIgN-3C IgG complex, respectively - using the

Fourier shell correlation cutoff of 0.143 (Figure S2).

Protein structure building
The structures were interpreted by fitting in the uncomplexed ZIKV (PDB: 5IZ7) or DENV (PDB: 3J27) and SIgN-3C Fab homology

model first as rigid bodies in Chimera (Pettersen et al., 2004) and then refined with the program ‘‘phenix.real_space_refine’’(Afonine

et al., 2018), followed by manual adjustment using the program Coot (Emsley and Cowtan, 2004). The structural figures were gener-

ated using Chimera (Pettersen et al., 2004) or Pymol (https://github.com/schrodinger/pymol-open-source)

Electrostatic potential calculations
Electrostatic potentials of protein surfaces were calculated using Adaptive Poisson-Boltzmann Solver (APBS) (Baker et al., 2001) and

PDB2PQR packages (Dolinsky et al., 2007). The structures of ZIKV (PDB: 5IZ7), DENV2 (PDB: 3J27), DENV2: SIgN-3C Fab complex

and ZIKV: SIgN-3C Fab complexes were processed with the PDB2PQR web server (http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/) to

prepare the PDB files for APBS. A PARSE force field was applied and PROPKA (v3.0) was used to assign pKa values. APBS was

then used to calculate the electrostatic properties of the protein surface.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data for neutralization assay, fusion assay and ADE assay are presented as the means ± SD and were analyzed with GraphPad

Prism 6. The paired t test was used for analysis, and p values less than 0.01 were considered significant. Statistical differences are

indicated as (*p < 0.01). Replicates and other statistical details were indicated in the figure legends.
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Figure S1. Schematic diagrams showing the E protein raft structure (A) and comparison of 

previously published antibody epitopes on the raft (B).  (A) The intra-dimer (purple dotted 

lines), inter-dimer (blue dotted lines) and inter-raft (black dotted lines) E:E interfaces. The three E 

protein dimers in a raft are colored in green, red and yellow. Neighboring E proteins in other rafts 

are colored in grey. (B) Comparison of SIgN-3C, ZIKV-117 and C10 epitopes on the E protein raft. 

The epitopes of SIgN-3C, ZIKV-117 and C10 are shown as pink, green and black shaded ellipses 

respectively. Related to Figure 4. 

	  



 

Figure S2. Binding characteristics of SIgN-3C IgG to DENV2 and ZIKV. (A) SDS-PAGE gel to 

estimate the DENV2 PVP (left panel) and ZIKV (right panel) concentration for BLI assay. For 

DENV2 PVP strain, the E-to-E interactions are very strong and therefore the E proteins could not be 

fully denatured in the SDS-loading buffer (there are higher oligomers) and therefore we could not 

directly estimate the concentrations of E protein of the virus preparation. Instead, we estimated the 



DENV2 PVP E protein concentration by comparing the integrated intensity of its M proteins to that 

of a reference ZIKV standard. For the reference ZIKV, its E protein concentration was determined to 

be about 0.1 mg/ml by comparing its E protein band to the BSA standard protein lanes. The integrated 

intensity of the DENV2 PVP M protein band was about four fold that of the ZIKV. Therefore, we 

estimated the DENV2 PVP concentration to be 0.4 mg/ml. The fold difference in the integrated 

intensity of the M protein bands was also consistent with the difference in 280nm absorbance of these 

two viruses. We used M proteins and not the C proteins for this estimation, as we are not sure if there 

are similar copies of C protein being packaged into virus particles. According to standard BSA protein 

lanes, the concentrations of ZIKV was estimated to be 0.5 mg/ml. (B) Dynamic light scattering results 

showing size distribution of the DENV2: SIgN-3C and ZIKV : SIgN-3C immune complex at different 

molar ratios.  ZIKV form aggregates with size larger than 300 nm when incubated with antibody at 

molar ratios higher than 100:1 (antibody : virus) whereas SIgN-3C IgG did not induce severe 

aggregation of DENV2. (C) Binding of SIgN-3C IgG to DENV2 pretreated at pH 7.0 and pH 5.0. 

DENV2 which were coated to the ELISA plates were exposed to pH 7.0 and pH 5.0 and binding of 

SIgN-3C IgG was detected. SIgN-3C showed slightly stronger binding with DENV2 at pH 5.0 than 

at pH 7.0. (D) Aggregation of ZIKV by SIgN-3C IgG did not cause antibody dependent enhancement 

(ADE) of infection.  SIgN-3C IgG was incubated with ZIKV at different molar ratios and the virus 

antibody mixture was used to infect THP-1 cells. ZIKV titres in the culture supernatant was 

determined by plaque assay. Compared to the control group with no antibody, SIgN-3C IgG did not 

induce ADE at high antibody to virus ratio (300:1) that causes aggregation of ZIKV particles as 



shown in (B). At much lower antibody concentration (molar ratio 3:1), ADE was detected.  

Significance was determined using paired t Test (* P<0.01). Related to Figure 1. 

 

	  



 

Figure S3.  Estimation of resolutions for all cryoEM maps using the Fab:E protein shell 

densities. We used a gold standard FSC cutoff of 0.143 to estimate the resolutions of DENV2 : 

SIgN-3C Fab complex at pH8.0 (A), pH8.0®6.5 (B) and pH8.0®5.0 (C),  ZIKV : SIgN-3C Fab 

complex at pH8.0 (D) and pH8.0®6.5 (E), and DENV2 : SIgN-3C IgG (F) complex to be 4.5Å, 4.2 

Å, 7.8 Å, 4.7Å, 3.8 Å  and 6.1Å, respectively. Related to Figure 3 and Figure 6. 

  



 

Figure S4. CryoEM maps and structures of DENV2 and ZIKV complexed with antibody SIgN-

3C. 

(A) Local resolution estimation of the cryoEM structures of DENV2 : SIgN-3C Fab at pH 8.0, pH 

8.0à6.5 and pH 8.0à5.0; ZIKV : SIgN-3C Fab complexes at pH 8.0 and pH 8.0à6.5; DENV2 : 

SIgN-3C IgG complex calculated by Resmap. A quarter section of each map is shown and colored 

according to their local resolutions. (B) Superposition of the DENV2 : SIgN-3C Fab complex 

structures at pH 8.0 and pH8.0®6.5 showed they are highly similar. Left and right panels correspond 

to the top and side views of the ribbon representations of the two structures. The RMSD value 

between these two structures is 0.4Å. Related to Figure 3 and Figure 6. 



 

 
 

Figure S5.  Interface between SIgN-3C Fab and DENV2 E protein. (A) SIgN-3C : DENV2 

pH8.0®6.5 structural interface around the 2f vertex. SIgN-3C Fab across E proteins at the inter-

dimer interface mainly through the CDR loops of the heavy chain (lighter cyan). The heavy (light 

cyan) and light (darker cyan) chains of SIgN-3C Fab are shown as ribbons. (Right panel), the CDR 

(complementarity determining region) loops (CDR1, 2 and 3) and FRH (framework region) on the 

heavy chain of Fab interacted with DII of E protein (fusion loop, b strand, hi loop and bc loop). (B) 

SIgN-3C : DENV2 pH8.0®5.0 structural interface around the 5f vertex. E proteins was represented 



as gray surface, with areas binding to SIgN-3C Fab colored in yellow, while Fab was shown as ribbon 

(left panel).  Zoom-in view of the binding interface (right panel). Residues on the interfaces of Fab 

and E proteins were shown as sticks. Potential hydrogen bond / salt bridges were depicted with dotted 

lines. Related to Figure 4. 

 

 

 

 

  



 



Figure S6. Zoom-in view of SIgN-3C Fab : DENV2 interaction on the E protein inter-dimer 

interface (A) and electrical potential of E protein epitope and SIgN-3C Fab paratope calculated 

at different pHs (B,C)  

(A) Zoom-in view of the potential interaction between Histidine 52 (H52) of E protein  mol B’ at the 

inter-dimer interface, with SIgN-3C Fab light chain (darker cyan). Based on the 4.2 Å resolution 

DENV2:Fab complex structure at pH 6.5, we observed there were three aspartic acids on the Fab is 

near the H52 of the E protein (the DI-DII hinge region). We could not observe atomic details in the 

DENV2:Fab complex at pH 5.0, however, by inferring from the pH 6.5 complex structure, we 

proposed that H52 would be protonated at pH 5.0 and thus likely forms hydrogen bonds/salt bridges 

(dotted black line) with D28, D92 and D93 on CDR3 of SIgN-3C light chain. The heavy and light 

chains of SIgN-3C Fab are colored in light and darker cyan, respectively. The cryoEM electron 

density map of the fitted molecules is shown as mesh. (B,C) Open book representation showing the 

charge distribution of the Fab paratope and the SIgN-3C epitope on DENV2 (B) and ZIKV (C) 

surfaces . Positive, negative and neutral charges are colored in blue, red and white, respectively. 

Related to Figure 4 and Figure 5. 

 

 
 
  



Table S1.  List of interaction sites identified by using 5Å distance cutoff between side chain 

residues of the 2 individual Fabs SIgN-3C with the E proteins in an asu in the DENV2:SIgN-

3C pH 6.5 structure. Related to Figure 4. 

 
 

SIgN-3C Fab 
E protein residues 

Molecules A, B, C in an asymmetric 
unit indicated as A-, B- and C-, 
respectively 

Fab molecule	
Main interacting 
E protein dimer 

Fab residue 
H- and L- 
indicates heavy 
and light chain, 
respectively. 
Interacting CDR 
loops and frame 
work regions are 
indicated in 
brackets. 

Intra-dimer 
 

Inter-dimer 
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A-C’ (near the 3 
fold) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

H-R54 (CDR2) A-K247  

H-G55 (CDR2) A-T68,A-T69, A-
T70 

 

H-G56 (CDR2) A-T70,A-L82  
H-S57 (CDR2) A-T70,A-A71  
H-T58 (FH3) A-N83  
H-A59 (FH3)  B-T226 
H-S60 (FH3)  B-T226 
H-A61(FH3)  B-T226 
H-F64(FH3)  B-T226 
H-Q65(FH3)  B-T226 
H-G66(FH3)  B-T226, B-

Q227 
H-I68(FH3)  B-Q227 
H-T69(FH3)  B-Q227 
H-T71 (FH3) A-E84  
H-R72 (FH3) A-N67,A-T68, A-

T69 
 

H-A102 (CDR3) A-N103,A-G104  
H-L103 (CDR3) A-G102, A-N103  
H-F104 (CDR3) A-S72,A-D98, A-

R99,A-N103, 
A-K247 

 

H-Y105 (CDR3) A-T70,A-A71 A-
S72,A-R99, A-K247 

 

H-D106 (CDR3) A-S72,A-R73  

H-Y108 (CDR3) A-R73,A-C74, A-
R99,A-C105 

 

H-T110 (CDR3) A-W101,C-E311  

H-P111 (CDR3) A-W101,A-G104  

H-R112 (CDR3) C-E148,C-N149  



 
 
 
 
 

 
 
 
 
 

L-D28 (CDR1) B-H52  

L-D92 (CDR3) B-H52  

L-D93 (CDR3) B-H52  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

II 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B-B’(near the 
2-fold vertex) 
 
 
 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	

H-G55 (CDR2) B-T68, B-T69,B-
T70 

 

H-G56 (CDR2) B-T70  

H-S57 (CDR2) B-T70,B-A71  

H-T58 (FH3) B-N83  

H-A59 (FH3)  A-T226 

H-S60 (FH3)  A-T226 

H-A61 (FH3)  A-T226 

H-F64 (FH3)  A-T226 

H-Q65 (FH3)  A-D225, A-
T226 

H-G66 (FH3)  A-T226, A-
Q227 

H-I68 (FH3)  A-Q227 

H-T69 (FH3)  A-Q227 

H-M70(FH3) B-N83  

H-T71 (FH3) B-E84  

H-R72 (FH3) B-N67,B-T68, B-
T69 

 

H-A102 (CDR3) B-N103   

H-L103 (CDR3) B-G102,B-N103  

H-F104 (CDR3) B-S72,B-R99,B-
N103,B-K247 

 

H-Y105 (CDR3) B-T70,B-A71,B-
S72,B-K247 

 

H-Y108 (CDR3) B-R73,B-R99, B-
C105 

 

H-T110 (CDR3) B-W101  

H-P111 (CDR3) B-G104  

L-D92 (CDR3) A-H52  

L-D93 (CDR3) A-H52  

	
	 	



Table S2.  List of interaction sites identified by using 5Å distance cutoff between side chain 
residues of the 2 individual Fabs SIgN-3C with the E proteins in an asu in the ZIKV:SIgN-3C 
pH 6.5 structure. Related to Figure 4. 
	

 
SIgN-3C Fab 

E protein residues 
Molecules A, B, C in an asymmetric 
unit indicated as A-, B- and C-, 
respectively 

Fab molecule	
Main interacting 
E protein dimer 

Fab residue 
H- and L- 
indicates heavy 
and light chain, 
respectively. 
Interacting CDR 
loops and frame 
work regions are 
indicated in 
brackets. 

Intra-dimer 
 

Inter-dimer 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
I 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
A-C’ (near the 
5 fold) 
 
 
 
 
 
 
 
 
 
 
 

H-R54 (CDR2) C-S70,C-R252  

H-G55 (CDR2) C-A69,C-S70  
H-G56 (CDR2) C-S70  
H-S57 (CDR2) C-S70  
H-T58 (FH3) A-N83  
H-R72 (FH3) C-D67,C-M68  
H-R101(CDR3) C-W101,C-G102,C-

G104,A-S149 
 

H-L103 (CDR3) C-G102, C-N103,C-
G104,C-R252 

 

H-F104 (CDR3) C-S72,C-V97, C-
R99,C-N103, 
C-L113,C-A250,C-
R252 

 

H-Y105 (CDR3) C-S70,C-D71 C-
S72,C-L113, C-
R252 

 

H-D106 (CDR3) C-D71  

H-Y108 (CDR3) C-S72,C-R99, C-
N103,C-G104 

 

H-T110 (CDR3) A-K316  

H-P111 (CDR3) C-G104,C-C105  

H-R112 (CDR3) A-H148,A-S149,A-
G150,A-V153 

 

L-K31 (CDR1) A-Q331,A-N371  

L-Y32 (CDR1) A-K316  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

H-G55 (CDR2) A-A69, A-S70  

H-G56 (CDR2) A-S70,A-K84  

H-S57 (CDR2) A-S70,A-D71  

H-A59 (FH3)  B-D230 

H-S60 (FH3)  B-D230, B-
T231 



 
 
 

 
 
 
 
 
 
 

II 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
A-C’ (near the 
3-fold vertex) 
 
 
 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	

H-A61 (FH3)  B-D230, 
B-T231 

H-Q62 (FH3)  B-D230, 
B-T231 

H-F64 (FH3)  B-T231 

H-Q65 (FH3)  B-T231, B-
G232, 
B-T233 
B-P234 

H-G66 (FH3)  B-G232, 
B-T233 

H-I68 (FH3)  B-T231 

H-T69 (FH3) A-D83  

H-M70(FH3) A-K84  

H-T71 (FH3) A-K84  

H-R72 (FH3) A-D67,A-M68,A-
A69 

 

H-R101(CDR3) C-S149,C-G150  

H-L103 (CDR3) A-W101,A-G102,A-
N103,A-G104,C-
V153 

 

H-F104 (CDR3) A-S72,A-V97 A-
R99,A-N103 

 

H-Y105 (CDR3) A-S70,A-D71,A-
S72,A-L113 

 

H-D106 A-D71  

H-Y108 (CDR3) A-S72,A-C74, A-
R99,A-C105 

 

H-P111 (CDR3) A-C105  

H-R112 (CDR3) C-S149,C-G150,C-
K373 

 

L-Q27 (CDR1) B-G279,B-A280  

L-D28 (CDR1) B-K281  

L-R30 (CDR1) B-N134  

L-D92 (CDR3) B-N52  

L-D93 (CDR3) B-N52,B-A280  

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

H-G55(CDR2) B-M68,B-A69, 
B-S70,B-D71, 
B-L82 

 

H-G56(CDR2) B-L82  

H-S57(CDR2) B-D71,B-L82  

H-T58(FH3) B-D83 A-T231 

H-S60(FH3) 
 

A-D230 

H-A61(FH3) 
 

A-D230 

H-Q62(FH3) 
 

A-D230 

H-Q65(FH3) 
 

A-D230, 
A-T231, 
A-G232 



 
 
 
 
 
 

III 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
 
 
 
B-B’ (near the 
2-fold vertex) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

H-G66(FH3) 
 

A-T231, 
A-G232, 
A-T233 

H-I68(FH3) B-D83  

H-T69(FH3) B-D83  

H-M70(FH3) B-K84  

H-T71(FH3) B-K84  

H-R72(FH3) B-M68,B-A69, 
B-K84 

 

H-R101 (CDR3) B-G102,B-N103, 
B-G104,B-C105 

 

H-L103 (CDR3) B-G102,B-N103  

H-F104 (CDR3) B-S72,B-V97, B-
R99,B-N103, 
B-L113, B-K251, 
B-R252 

 

H-Y105 (CDR3) B-S70,B-D71, 
B-S72 

 

H-D106 (CDR3) B-D71,B-S72, 
B-R73 

 

H-Y108 (CDR3) B-C74,B-R99, 
B-N103, B-G104, 
B-C105 

 

H-P111 (CDR3) B-G104,B-C105, 
B-G106 

 

L-Q27 (CDR1) A-D278,A-G279,A-
A280 

 

L-D92 (CDR3) A-N52  

L-D93 (CDR3) A-N52  
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