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% Check for updates PCDHI10 is a newly identified general receptor for Western equine encephalitis
virus (WEEV) members, a group of encephalitic alphaviruses that cause severe
diseases in humans and equids. While WEEV typically binds PCDHI10 as a
receptor, nonpathogenic strains have evolved to lose mammalian PCDH10
binding, retaining only avian PCDHI0 affinity. Virulent strains also engage
VLDLR and ApoER?2 as alternative receptors. Here, we determine the structure
of WEEV strain 71V1658 virus-like particles (VLPs) in complex with human
PCDHI10 extracellular cadherin repeats 1-2 (EC1-EC2) by cryo-electron micro-
scopy at 2.99 A resolution. EC1 inserts into a cleft clamped by two adjacent E2-
E1 heterodimers within a single trimeric spike, whereas EC2 maintains no
contact with the WEEV VLP. Mutagenesis studies elucidate the impacts of the
interacting residues on PCDH10. And residue 153 of E2 is crucial for PCDH10
binding, and the ,Q153L mutation observes in the nonpathogenic strain
Imperial-181 restores its ability to bind to PCDH10. Moreover, the arginine
residue at position 89 on avian PCDHIO is essential for its interaction with
strain Imperial-181. These results advance our understanding of receptor
recognition by alphaviruses and the shift in receptor usage, providing insights
for the development of antiviral therapies.

Alphaviruses are a group of positive-sense single-stranded RNA viruses ~ whereas arthritogenic alphaviruses, including Chikungunya virus
that are transmitted mainly by mosquitoes and cause infectious dis- (CHIKV), Ross River virus (RRV), Mayaro virus (MAYV), and O’'nyong-
eases in humans and other animals'*. Infection by encephalitic alpha-  nyong virus (ONNV), cause severe arthralgia®*. WEEV is an important
viruses, such as Eastern, Venezuelan, and Western equine encephalitis  causative agent of viral encephalitis in humans and equids, causing
viruses (EEEV, VEEV, and WEEV, respectively), results in encephalitis, conditions ranging from mild flu-like illnesses to encephalitis and even
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death®*, Human WEEV infections, in particular, potentially occur
directly via aerosol transmission, causing more severe encephalitis
than infection via the subcutaneous route”®. WEEV is therefore classi-
fied as a biological safety level 3 (BSL-3) agent; however, no therapy is
clinically available for WEEV infection’.

Alphavirus genomes encode four nonstructural proteins
(nsP1-nsP4) for viral replication and five structural proteins (capsid, E3,
E2, 6 K, and E1) for virus assembly™. The E1 protein adopts a fusion loop
and is responsible for cell fusion”, whereas the E2 protein participates in
receptor binding” ™. A total of 240 E2-E1 heterodimers assemble into 80
trimeric spikes to form the outer glycoprotein shell of the alphavirus
T=4 icosahedral virion, which packages the inner nucleocapsid shell
formed by 240 capsid proteins and the genomic RNA™“?, Among the
80 trimeric E2-E1 spikes, 20 trimeric spikes (named i3 spikes) are located
in the 20 icosahedral threefold positions, whereas 60 trimeric spikes
(named q3 spikes) are located in the 60 quasi-threefold positions.

Receptor engagement is a determinant of alphavirus entry. The
mammalian Mxra8 was identified as a receptor for arthritogenic
alphaviruses but not for encephalitic alphaviruses or WEEV strains®,
whereas avian Mxra8 can be used by WEEV strains as a receptor in avian
reservoirs”. Further studies revealed that LDLRAD3, VLDLR, and
ApOER2 serve as receptors for a set of alphaviruses**. Previous
research has also shown how the receptors Mxra8, LDLRAD3, and
VLDLR interact with various alphavirus E2-E1 proteins®°. However,
many WEEV strains, particularly recently identified WEEV strains with
relatively low pathogenicity, cannot utilize the reported mammalian
receptors for infection®. Recent studies revealed that protocadherin
10 (PCDHI10) is a general mammalian receptor engaged by multiple
WEEV strains®*. PCDHI10, a 82-protocadherin, contains six extra-
cellular cadherin repeats (ECI-EC6) and is highly expressed in neurons.
It bears no structural similarity to previously identified alphavirus
receptors®**, PCDHIO supports the entry of the WEEV group A
strains California, Fleming, McMillan, Y62-33, and CU71-CPA, which can
also engage VLDLR and ApoER2 as receptors®. The WEEV group
Bl strains BFS2005 and BFS932, group B2 strains Montana-64 and
71V1658, group B3 strains 85-452NM and PV012357A, and strain CBA87,
which cannot utilize VLDLR and ApoER2 as receptors, were found to
engage PCDHI0 as the receptor®. In contrast, the entry of the WEEV
group B3 strains R0O2V003422B and Imperial-181 cannot be supported
by either PCDH10, VLDLR, or ApoER2. This shift in the receptor usage
patterns of WEEV strains is considered associated with the variation in
their mammalian virulence during submergence. The term “sub-
mergence” refers to a phenomenon characterized by a significant
decline in the frequency and scale of outbreaks that occurred during
the late 20th century. This decline is marked by a substantial reduction
in the mammalian virulence of contemporary WEEV strains>®*"*¢%,

In this work, we report the cryo-EM structure of WEEV strain
71V1658 virus-like particles (VLPs) in complex with human PCDH10
ECI-EC2 at 2.99 A. Our analysis reveals that ECI inserts into a cleft
formed by two adjacent E2-E1 heterodimers within a single trimeric
spike, while EC2 does not establish any contact with the WEEV VLP. The
structural analysis identifies the receptor-binding interface as com-
prising E2 domains A and B, along with a B-ribbon motif, and key
residues from the E1 fusion loop and domain Il. In addition, we per-
formed mutagenesis studies to further explore the interaction. These
studies indicate that pcpyQl, pcpN40, and pcpyR42 play crucial roles
in WEEV infection. Furthermore, residue 153 of E2 is essential for
PCDHIO binding. Notably, the g,QI153L mutation observed in the
nonpathogenic strain Imperial-181 restores its ability to bind to
PCDH10. Moreover, the arginine residue at position 89 on avian
PCDHIO is critical for its interaction with strain Imperial-181. This
atomic-level analysis of the PCDH10-WEEYV interaction provides valu-
able insights into alphaviral entry mechanisms, receptor usage shifts
during WEEV evolution, and the development of vaccines or neu-
tralizing antibodies.

Results

Cryo-EM structure determination

The WEEV strain 71V1658 VLPs and human PCDH10-EC1-EC2 fused
with a C-terminal human antibody constant region (Fc) tag were
produced in HEK293F cells (Supplementary Fig. 1). A total of 3106 or
17,711 cryo-electron micrographs of WEEV VLPs alone or in complex
with PCDH10-EC1-EC2-Fc, respectively, were used for further recon-
struction (Supplementary Fig. 2 and Supplementary Table 1). Single-
particle reconstructions with icosahedral symmetry yielded a nom-
inal resolution of 4.50 A or 5.90 A with 40,222 or 17,858 good ico-
sahedral particles for WEEV VLPs alone or in complex with PCDH10-
ECI-EC2-Fc, respectively (Fig. 1a, b and Supplementary Fig. 2). To
improve the densities, symmetry extension, block-based classifica-
tion, and local refinement focusing on the q3 spikes were applied to
achieve a final resolution of 2.53 or 2.99 A for WEEV VLPs alone or in
complex with PCDH10-EC1-EC2-Fc, respectively (Methods; Fig. 1c, d,
Supplementary Figs. 2 and 3). By using the cryo-EM densities as a
guide, residues 1-96 of PCDH10-EC1 in the complex were built. The
models of WEEV E1 (residues 1-439) and E2 (residues 5-419) were
also built in the densities. In contrast, the residues of PCDH10-EC2
and the fused Fc tag were not visible in the densities, likely due to a
lack of interaction with WEEV VLPs, leading to a flexible conforma-
tion. Given that recombinant PCDH10-EC1-EC2 alone exhibited poor
stability, we fused PCDH10-EC1-EC2 with an Fc tag through a flexible
linker to optimize its biochemical properties, which is a widely used
strategy in alphavirus receptor studies®*°**%, The lack of density
corresponding to the Fc tag indicates that the fusion of PCDH10-EC1-
EC2 with the Fc tag through a flexible linker would not impact the
WEEV:PCDHI10-ECI-EC2 interaction in structural biology and bio-
chemical studies.

Overall structure

In the overall density of the complex, a total of 240 receptor molecules
bind to WEEV VLPs, and the densities of PCDHIO-EC1 present an
identical binding mode at the g3 spikes and the i3 spikes (Fig. 1a).
PCDHIO0-EC1 inserts into a cleft clamped by two adjacent E2-E1 het-
erodimers in the trimeric spike, where it forms contacts with E1 and E2
in one E2-E1 heterodimer (named E2-E1) and E2’ in an adjacent het-
erodimer (named EI-E2) (Fig. 2a, b). The contact surface area of
PCDH10-EC1 was calculated to be 1080 A2, which is a significant por-
tion of its total accessible surface area of 6,216 A2, indicating a strong
virus-receptor interaction. The contacting areas on PCDHI0-EC1
accounting for the interactions with E1, E2, and E2’ were calculated
as 235 A2, 377 A? and 468 A2, respectively.

Upon binding with PCDH10-ECI1, the E1 and E2 proteins of WEEV
VLPs exhibit local conformational changes at the interfaces (Supple-
mentary Fig. 4a, b). Similarly, PCDH10-EC1 also shows conformational
changes in the interacting region, particularly in a loop region boun-
daried by a disulfide bond formed by C67-C73 (Supplementary Fig. 4c).
The conformations of other portions of WEEV E1/E2 and PCDH10-EC1
were not altered. Two calcium ions were identified in the crystal
structure of PCDH10-EC1 (PDB: 6VG4™>), and the side chains of their
interacting residues did not show convincing density (Supplementary
Fig. 4c, d). Moreover, the calcium ions are positioned remotely from
the WEEV VLP interface, suggesting that the binding is likely inde-
pendent of calcium ions.

Interactions of WEEV VLPs and PCDH10-EC1

The interacting residues of PCDH10-EC1 include residues pcpyQl and
PCDHH3r which interact with E1; residues PCDHQ]-r pCDHD22, PCDHP71r
pcpnS72, pcpuH76 and pcpyQ89, which interact with E2; and residues
pconV38, pconP39, pcpnN40, peprR42, pepnF80, pepHES2, pepnl85 and
pcpnE86 on PCDHI10-EC1, which interact with E2 in the adjacent E1’-E2’
heterodimer (Fig. 2b, c and Supplementary Table 2). These residues are
distributed in four main regions (regions 1-4) (Fig. 2c).
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Fig. 1| Structure of WEEV VLPs alone and in complex with PCDH10-EC1-EC2.
a The colored surface representations of cryo-EM maps of WEEV VLPs alone (left
panel) and in complex with PCDH10-EC1-EC2 (right panel). The densities of WEEV
E1 and E2 proteins are colored pale cyan and light blue, whereas the densities of
PCDHI10-EC1 are colored red. The 5-fold, 3-fold, and 2-fold icosahedral axes are
indicated by a pentagon, triangles, and an oval, respectively. The i3 spike and
q3 spike are indicated by the labels “i3” and “q3” respectively. b The equatorial

cross-sections of WEEV VLPs alone (left panel) and in complex with PCDH10-EC1-
EC2 (right panel) in radial distance color scheme. The radial distances are indi-
cated by the bar. The density of PCDH10-EC1 is separately colored red for high-
lighting in the right panel. ¢, dCryo-EM maps achieved by the final refinement
focusing on the q3 spike in WEEV VLPs alone (c) or in complex with PCDH10-EC1-
EC2 (d). The densities are shown as a colored surface in two perpendicular views
respectively.

Region 1 contains the PCDH10-EC1 residues mainly in the central
B-sheet (pcpnQl, pconH3, pcpnD22 and pcpyQ89), which interact with
the residues of E1 (;;F87, ;W89 and ;N228) and E2 (,F30 and (,K181)
of WEEV VLPs (Fig. 2d). In this region, the side chain of the pcphQl
residue forms a hydrogen bond with the side chain of ¢]N228. The side
chains of residue g;F87 in the E1 fusion loop and residue g,F30 also
offer close contact with the main-chain atoms of residue pcpyQl.
Moreover, the large side chain of residue ;;W89 located in the E1 fusion
loop stacks with the side chain of pcpyH3. A hydrogen bond formed by
the side chain of pcpyD22 of PCDHI10-EC1 and K181 of E2 was also
identified in this region.

In region 2, residues pcpuP71-pcpnS72 of PCDH10-ECI face (G122
and g,E125 of E2, forming close contacts and stabilizing the interaction
of PCDH10-EC1 with WEEV VLPs (Fig. 2e). The closest intermolecular
distance among the interactions in this region is - 3.2 A, with the dis-
tances for other interactions ranging from 3.5-4.0 A, indicating a
minor role of this region in virus-receptor recognition (Supplemen-
tary Table 3).

The interaction network in region 3 consists of a loop region
spanning residues pcpyV38-pcprR42 of PCDH10-EC1 and residues of E2
(inCluding E2D44’r EleSS’, E2D160’, E2H161’, Ezl_162, and EzT266’)
(Fig. 2f). The main-chain atom of pcpyV38 interacts with the side chain
of pcpyR42, stabilizing the conformation of pcpyR42 together with an
interaction with the side chain of g,D160’. Residue pcpyP39 faces
V158, £,D160, £,H161, and ,T266’, with the distances of the contacts
ranging from 3.4-4.0 A. The side chains of (,D160’ and ,H161" of E2’
are close to pcpyN40 and pcpyR42, additionally contributing to the
receptor-virus interaction.

In region 4, the side chains of pcpyF80 and pcpyl85 are hydro-
phobically packed against the side chains of 1153’ and V269
(Fig. 2g). Moreover, the side chain of pcpyE82 forms a hydrogen bond
with the side chain of ;K155’. The side chain atoms of ¢,1.153" are also in
contact with the main-chain atoms of pcpyL85 and pcpE86, playing an
additional role in the interaction.

To validate whether calcium ions are required for the interaction
between WEEV VLPs and PCDH10-EC1-EC2-Fc, we conducted BLI assays
under calcium depletion conditions using a range of EGTA con-
centrations from O to 25.0 mM, our results showed that even at con-
centrations as high as 25.0 mM EGTA, the formation of the WEEV
VLP:PCDHI10-ECI-EC2-Fc complex was not significantly inhibited,
confirming that calcium ions are not required for the interaction,
consistent with the structural observations (Fig. 3a).

Mutagenesis studies of key interacting residues of PCDH10-EC1
To assess the impacts of interacting residues on virus-receptor
engagement, we mutated a set of interacting residues from PCDH10-
ECI-EC2-Fc and measured their binding affinities with WEEV VLPs via
biolayer interferometry (BLI) (Fig. 3a). As a positive control, the wild-
type (WT) PCDH10-ECI-EC2-Fc binds to WEEV VLPs with an affinity
constant (Kp) of 0.234 nM. The Kp values reflect the macroscopic
binding affinities between PCDHI10-ECI-EC2-Fc and WEEV VLPs,
whereas K, and Ky represent the association rate constants and
dissociation rate constants, respectively. The KD values obtained from
BLI act as relative indicators of binding strength and show trends in
affinity variations between different proteins and WEEV VLPs. How-
ever, they only offer a rough estimate of the true KD values.
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Fig. 2 | Interaction of WEEV VLP with PCDH10-EC1. a-c Structures of two WEEV
E2-E1 heterodimers in complex with a PCDH10-EC1. aOne E2-E1 heterodimer is
shown as a colored cartoon, while the adjacent heterodimer (E1-E2’) is covered by a
molecular surface. The color scheme for E1/E2 domains and PCDH10-EC1 is as
following: ELI, white; ELII, light gray; E1 fusion loop, orange; EL III, gray; E1_ecto and
E1TM, deep gray; E2_A, pale cyan; E2_f, light teal; E2_B, deep teal; E2_C, sky blue;
E2_TM, deep blue; PCDH10-EC], red. b The E1/E2 residues that interact with
PCDHI10-EC1 are colored in red on the molecular surface with labels in an enlarged
view. Two E2-E1 heterodimers are both covered by molecular surfaces. The
boundary of two E2-E1 heterodimers is roughly indicated by a dotted line.

¢ PCDHI0-EC1 is covered by a molecular surface with its interacting residues for
contact with E1, E2, and E2’ in white, pale cyan, and light teal, respectively. The
interaction regions 2-4 are indicated by dashed frames. d-g Details for the virus-
receptor interaction. The interacting regions 1 (d), 2 (e), 3 (f), and 4 (g) are pre-
sented in enlarged views. All polypeptides are shown as cartoon diagrams. Inter-
acting residues are displayed as colored sticks with labels. The subscripts of the
labels indicate the proteins that the residues belong to. Dashed lines denote the
hydrogen bonds or salt bridges. For note, some interactions are not involved in
these panels due to clear views and representations.

Among all the selected interacting residues, pcpyQl, pcpnN40, and
pconR42 form strong bonds with WEEV residues in regions 1 and 3.
Substitution of these residues with alanine residues eliminates the
ability to bind with WEEV VLPs, which is consistent with their robust
interactions with WEEV VLPs observed in the structure. To study the
importance of pcpyQl, pcpuN40, and pcpyR42 for WEEV infection,
HEK293T cells stably expressing the indicated PCDH10 proteins were
infected with SINV-WEEV (71-V1658) (MOI=0.5) for 9h, and the
expression of the indicated proteins was confirmed by immunoblot-
ting (Fig. 4c). The pcpyN40 substitution abolished the entry of SINV-
WEEYV, as did the pcpyR42 substitution (Fig. 4a, b). In addition, single-
residue mutation of pcpyQl substantially attenuated the entry of the
SINV-WEEV viruses (Fig. 4a, b). All these results acquired from cell-
based assays are consistent with the binding affinities measured by BLI,
indicating the key roles of pcpnQl, pcpyN40, and pcpyR42 in WEEV
infection.

The pcpyH3 residue is packed against ;W89 at a distance of
~3.6 A, and the side chain of pcpD22 forms a salt bridge with £,K181 at
a distance of -3.2A. The mutations of either of these residues
(PCDH10-H3A and PCDH10-D22A) result in modestly decreased bind-
ing with WEEV VLPs, with Kp values of 0.311nM and 0.338nM,
respectively (Fig. 3a). The side chain of pcypH76 is packed against the
side chain of ;H25 at a distance of approximately 3.2 A, and the dis-
ruption of this interaction by the PCDH10-H76A mutant decreased the

Kp (0.507 nM) compared with that of WT PCHD10-ECI-EC2. Residue
pcpHL85 participates in hydrophobic interactions with g;1153’, and
mutation of this residue (PCDH10-L85A) resulted in a modestly atte-
nuated Kp value of 0.330 nM. Notably, the dissociation rates for the
interaction between WEEV VLPs and the PCDH10-H3A, PCDH10-D22A,
PCDH10-H76A, and PCDHIO-L85A mutants increased 1.9-3.2-fold,
indicating that these complexes are more unstable. The PCDH10-E82A
mutant presented a comparable K, value (0.239 nM) with WT PCDH10-
ECI-EC2-Fc, suggesting that the hydrogen bond (- 3.0 A) formed by the
side chains of pcpyE82 and g,K155’ plays a minor role in virus-receptor
binding.

Discussion

Strain-specific residues on the WEEV:PCHDI10 interface

Since WEEV was first isolated, the scale and frequency of WEEV out-
breaks and its virulence in mammals have declined, which is con-
sidered associated with a shift in receptor usage patterns during
submergence>*****7, The highly virulent ancestral WEEV strains
engage both human PCDH10 and VLDLR/ApoER2, whereas most WEEV
strains with decreased mammalian virulence are not capable of bind-
ing VLDLR/ApoER2 but retain the ability to engage human PCDH10%".
Although PCDHIO is a general receptor for multiple WEEV strains
ranging from highly pathogenic ancestral strains to newly identified
nonpathogenic strains, the group B3 strains R02V003422B and
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Fig. 3 | Binding affinities of PCDH10-ECI-EC2 or its mutants with WEEV VLPs.
a The binding and disassociation curves of WT PCDH10-EC1-EC2 and a repre-
sentative mutant PCDH10-Q1A, -D22A, -N40A, -R42A, -H76A, -E82A, -L85A, and
-Q89R with WEEV 71V1658 VLPs and WT PCDH10-EC1-EC2 with WEEV 71V1658
VLPs with 0, 6.25, 12.5, 25.0 mM EGTA are shown. The calculated Kp values are
displayed in each corresponding panel. The displayed results were obtained from

a single technical replicate and are representative of two biologically indepen-
dent experiments. The equilibrium dissociation constant (KD) was calculated as
the mean (n=2). b Summary of the measured binding affinities. The Kp, value for
each sample is the mean value of two independent measurements. K, associa-
tion rate constant; kq;s, dissociation rate constant; ND, too weak interaction
cannot be detected.
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Fig. 4 | Cell-based assays for the impacts of PCDH10 mutants on WEEV infec-
tion. HEK293T cells stably expressing indicated PCDH10 proteins were infected
with SINV-WEEV (71V1658) (MOI = 0.5) for 9 h. Infection was monitored by fluor-
escence microscopy (a) or flow cytometry (b). Expression of the indicated proteins
was confirmed by immunoblots (c). Scale bars, 50 um (a). Data are mean + SD from

3 biological repeats, and p-values are from an unpaired two-tailed Student’s ¢ test
(b). At least three independent experiments were performed with similar results,
and representative images are shown (a, ¢). Source data are available as a Source
Data file.

Imperial 181 cannot utilize human PCDHIO as the receptor®. Sequence
alignment suggested that the residues that interact with WEEV E1/E2
for PCDH10 recognition are highly conserved among WEEV strains, but
an exception located on the E2 protein, specifically in strains
RO2V003422B and Imperial 181, attracted our attention (Fig. 5a and
Supplementary Figs. 5 and 6). A unique Leu-to-GIn mutation was pre-
sent at position 153 of the E2 protein in strains RO2V003422B and
Imperial 181 compared with other strains. In the complex structure, the
side chain of gLl153 is packed against the side chains of
pcoHL85/pcpnl87 to form hydrophobic interactions (Fig. 5a). The
binding of the PCDHI10-L85A mutant to WEEV VLPs is attenuated
(Fig. 3a, b), suggesting that the hydrophobic interactions in this region
play a role in virus-receptor engagement. Through BLI measurements,
we demonstrated that PCDH10 cannot bind to WEEV strain Imperial-
181 VLPs; however, the Q153L mutation in the E2 glycoprotein of WEEV
strain Imperial-181 VLPs restored its ability to engage with PCDH10
(Fig. 5¢). We prefer the idea that the substitution of g,1153 with a GIn
residue may disrupt the strong hydrophobic interactions in this
region, which could explain the loss of binding with PCDH10 of the
WEEV strains RO2V003422B and Imperial 181 (Fig. 3a, b).

Notably, the WEEV strain Imperial 181 has lost the ability to bind
human PCDHI0, VLDLR, and ApoER2 but retains the capacity to engage
avian PCDHIO, indicating receptor adaptation within the enzootic
cycle®. Among all the PCDH10 residues that interact with WEEV, position
89 is uniquely a GIn residue in human PCDHIO0 but is an Arg residue in
mouse, horse, and sparrow PCDHI10 (Fig. 5b and Supplementary Fig. 7).
PCDHI0-ECI-EC2-Fc with a Q89R mutation presented a slightly
increased (but comparable) binding affinity (Kp=0.199nM) and a
modestly lower dissociation rate (k,z=33.3 107/s) with WEEV than did
WT PCDHIO-ECI-EC2-F¢c (Kp=0.234 nM, k,#=39.7 107/s) (Fig. 3a, b).
These changes may help the WEEV strain Imperial 181 retain the
engagement of the PCDHI10 receptor in avian reservoirs. Our further BLI
measurements revealed that avian PCDH10-ECI-EC2-Fc bound to WEEV
strain Imperial-181 VLPs (Fig. 5d). However, the R89Q mutation in avian

PCDHI0-ECI-EC2-Fc abolishes its ability to engage with WEEV strain
Imperial-181 VLPs (Fig. 5d). These results validate our hypothesis that the
arginine residue at position 89 on avian PCDHIO is essential for its
interaction with the WEEV strain Imperial-181.

Similar to receptor usage shifts in WEEV strains, other viruses
also exhibit strain-dependent changes in receptor binding. For
example, DPP4 is the canonical receptor for Merbecoviruses, but
recent studies identified several MERS - related coronaviruses that
can use ACE2 for cellular entry**. These findings reveal molecular
determinants of receptor species tropism and show that a single
amino acid mutation can enable HKUS5 to use human ACE2. This
supports the idea that viral strains can evolve to bind alternative
receptors, changing their host range and pathogenicity. Similar
receptor shifts have been observed in other viral families like influ-
enza viruses*’, where mutations in hemagglutinin or envelope pro-
teins alter receptor binding specificities. These examples highlight
the dynamic nature of virus - receptor interactions and their role in
viral adaptation and emergence.

Comparison of receptor interactions of encephalitic
alphaviruses

The interface of WEEV with PCDH10 differs from those observed in
other encephalitic alphavirus-receptor complexes (WEEV:duMx-
ra8(PDB: 8DAN*’), VEEV:LDLRAD3-D1(PDB: 7N1H*), and EEEV:VLDLR-
LAI-LA2 (PDB: S8UFC) but presents several conserved regions,
including residues 85-97 of WEEV El, residues 153-166, and 180-187 of
WEEV E2, as well as their counterparts in VEEV/EEEV (Fig. Se and Sup-
plementary Figs. 8 and 9). A notable conserved region spanning resi-
dues 153-166 of E2, or its counterparts in different viruses, was shown
to participate in receptor binding in all four alphavirus-receptor
complexes in our analysis, suggesting its essential role in receptor
engagement of alphaviruses. Several regions are conserved in W/V/
EEEV in complex with mammalian receptors. For example, the residues
in the E1 fusion loop participate in receptor engagement in the
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WEEV:PCDH10, VEEV:LDLARAD3, and EEEV:VLDLR complexes. The
regions spanning residues 25-30, as well as residue 181 and adjacent
residues, of E2 proteins in WEEV and their counterparts in other
alphaviruses, are also involved in all three virus-receptor complexes.
The region spanning residues 266-269 of E2 in WEEV and its counter-
part in VEEV engage PCDH10/duMxra8 and LDLRAD3. The region
covering residues 223-228 is a WEEV-specific region for interactions
with both PCDH10 and the avian Mxra8. However, D44, ,G122, and
£2E125 of the E2 protein are uniquely involved in the binding of WEEV

with PCDHI10. Those structural information will be helpful in the dis-
covery of potential wide-spectrum antibodies against alphaviruses.

Methods

Preparation of WEEV VLPs

The gene encoding the WEEV capsid and envelope proteins (strain
71V1658, GenBank NC_003908.1, Imperial 181, GenBank GQ287641.1)
was codon-optimized and synthesized (GenScript, USA). The syn-
thesized WEEV gene was cloned into the pCAGGS vector. HEK293F
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Fig. 5 | Strain-specific residues analysis and comparative analysis of receptor
binding of encephalitic alphaviruses. a Comparative analysis of position 153 of
the E2 protein. Left panel, sequence alignment of position 152/153 of E2 proteins
encoded by WEEV strains as labeled in the figure. Group A, B1, B2, and B3 are
indicated by light pink, light blue, yellow, and light purple backgrounds. Red words
denote the strictly conserved residues, whereas black words denote the non-
conserved residues. Right panel, the interaction of ;1153 with pcpyL85/L87. Resi-
dues are shown as colored sticks covered by the cryo-EM densities as gray meshes.
b Comparative analysis of position 89 of PCDHI10. Left panel, sequence alignment
of position 89 of PCDH10 from Homo sapiens, Mus musculus, Equus caballus, and
Passer montanus. Red words denote the strictly conserved residues, whereas black
words denote the non-conserved residues. Right panel, residue pcpQ89 and its
environment WEEV residues ¢,P28 and ¢,P148/V149'. Residues are shown as

colored sticks. ¢ BLI analyses of the binding of human PCDH10-ECI-EC2 to WEEV
Imperial 181 VLPs and its mutant ,Q153L. d BLI analyses of the binding of avian
PCDH10-ECI-EC2 and its mutant R89Q to WEEV Imperial 181 VLPs (e) Comparative
analysis of receptor binding of encephalitic alphaviruses. The structures of WEEV-
71V:PCDH10-ECI-EC2 in this work, WEEV-CBAS7:duMxra8 (PDB: SDAN>),
VEEV:LDLRAR3-D1 (PDB: 7N1H*’) and EEEV:VLDLR-LAI-LA2 (PDB: S8UFC*) are
aligned and shown in the same orientation. The color scheme is the same as that
used in Fig. 2 and Supplementary Figs. 8 and 9. In the middle row, E2-E1 hetero-
dimers are shown as cartoon diagrams, while the receptors are covered by red
surfaces. In the top and bottom rows, E2-E1 (top) and EI'-E2’ (bottom) heterodimers
are covered by molecular surfaces. The residues interacting with receptors are
colored the same color as Supplementary Figs. 8 and 9.

cells were cultured in SMM 293 T-1l medium (Sino Biological Inc.,
China) at 37 °C under 5% CO,. The cells (500 mL culture) were seeded
at 2x10° cells per mL and were subsequently transfected with a
mixture of 1 mg of WEEV VLP plasmid and 3 mg polyethyleneimine
(PEI; Polysciences, USA). After 96 h of transfection, the supernatant
was collected by centrifugation at 1000 x g for 15 min. The super-
natant was centrifuged at 3000 x g for 15min and sterile-filtered
using a 0.45 pM filter to remove the cell debris. The VLPs were sub-
sequently pelleted through a 30% (w/v) sucrose cushion at 140,000 g
for 3h at 4°C using a SW32 Ti rotor (Beckman Colter, USA). The
resultant VLPs pellets were resuspended in the buffer (20 mM HEPES,
150 mM NacCl, pH 7.5), and were further purified by ultracentrifuga-
tion on a 20-60% (w/v) sucrose density gradient using a SW41 Ti
rotor (Beckman Colter, USA) at 168,000 g for 12 h at 4 °C. The band
of VLPs was carefully extracted using a syringe, buffer-exchanged
into the buffer containing 20 mM HEPES, 150 mM NaCl, pH 7.5, and
concentrated with an Amicon Ultra-4 300 kDa cut-off centrifugal
concentrator (Millipore, USA). The particle integrity was checked
using negative-stain electron microscopy, and VLPs were always used
within seven days of purification.

Preparation of the recombinant PCDH10 protein and the
mutations

The gene encoding human PCDH10 (GenBank NP_116586.1) EC1 (resi-
dues 19-122) and ECI-EC2 (residues 19-250) was codon-optimized and
synthesized (SupraGene, China). Human PCDH10-EC1 and PCDHI10-
ECI-EC2 were cloned into the pCDNA3.4 vector with the native signal
peptide sequence, followed by a human IgGl Fc region. HEK293F cells
(500 mL culture) were transfected with a mixture containing 1 mg of
plasmids and 3mg PEI at a cell density of 2.5x10° cells/mL. The
supernatant was collected 72h after transfection, centrifuged at
3000 x g for 20 min, and sterile-filtered using a 0.45uM filter to
remove the cell debris and purified using protein A Sepharose 4B
(GenScript, USA). After elution, the target protein was concentrated
and purified by Superdex-200 size exclusion chromatography column
(GE Healthcare, USA) in the buffer containing 20 mM HEPES, 150 mM
NaCl, pH 7.5. Protein purity was assessed by SDS-PAGE analysis. The
plasmids of PCDHIO mutants were constructed via site-directed
mutagenesis, with each of the identified residues involved in binding
with WEEV VLPs mutated separately.

Bio-layer interferometry (BLI) analysis

BLI analyses were performed by the ForteBio Octet Red system (For-
teBio Inc., USA). The purified PCDH10-ECI-EC2-Fc or the mutated
proteins (100 nM) were immobilized onto the AHC biosensors (Sar-
torius 18-5060) in 200 pl loading buffer (20 mM HEPES, 150 mM NaCl,
2 mM CaCl,, 0.1% BSA, pH 7.5) for 100 s. Coated sensor tips were dip-
ped into the kinetic buffer for a baseline measurement of 100's, then
dipped into wells containing the various concentrations of WEEV VLPs
for 480 s. Subsequently, a buffer wash of 300 s was applied to allow the
dissociation of molecules from the sensor. Data analysis was

performed with the software Octet (v.6.4, ForteBio) using a standard
1:1 binding model. Two independent experiments were conducted for
each sample.

Cell attachment and entry assay

The genome of the pseudotyped virus SINV-WEEV (71V-1658) was
generated by the replacement of SINV C-E3-E2-6K-E1 with WEEV (71V-
1658). In addition, an eGFP coding sequence was inserted downstream
of the SINV subgenomic promoter. The genomic sequence of SINV-
WEEV was synthesized (Sangon Biotech, China) and cloned into the
pACYC177 vector. pACYC177 plasmids were linearized with Sacl and in
vitro transcribed using mMESSENGER mMACHINE T7 Kit (#AM1344,
Invitrogen, USA) to generate SINV-WEEV RNAs. Viral RNAs were then
transfected into BHK-21 cells with DMRIE-C (#10459014, Invitrogen,
USA). Two days after transfection, the supernatant containing pseu-
dotyped viruses was collected.

The Flag-tagged truncation and mutations of PCDH1O were
constructed into the pMSCV vector. HEK293T cells were transduced
with empty vector or the indicated PCDH10 expressing plasmids by
retroviral-mediated gene transfer to establish the stable cell lines,
followed by infection with SINV-WEEV (71-V1658) viruses. Cells were
then collected with trypsin, and fixed with 4% paraformaldehyde
diluted in PBS for 15min and washed three times with PBS. Cells
were processed on BD LSRFortessa, and analyzed using Flowjo
software.

Cryo-EM sample preparation and data collection

The WEEV VLPs (71V-1658) were incubated with PCDH10-EC1-EC2-Fc
for 2 hours on ice. Subsequently, the samples (4 uL) in the buffer
(20 mM HEPES, 150 mM NaCl, pH 7.5) were applied onto a H,/O,
glow-discharged, 300-mesh Quantifoil R1.2/1.3 holey NiTi grids
(Quantifoil, Micro Tools GmbH, Germany). The grid was then blotted
for 5.0 s with a blot force of 0 at 8 °C and 100% humidity and plunge-
frozen in liquid ethane using a Vitrobot** (Thermo Fisher Scientific,
USA). Cryo-EM data for WEEV VLPs in complex with PCDH10-ECI-
EC2-Fc were collected using a 300 kV Titan Krios electron micro-
scope (Thermo Fisher Scientific, USA) equipped with a BM Falcon
detector. The images were recorded at 75,000 x magnification with a
super-resolution pixel size of 1.1 A/pixel. The exposure time was set
to 6.4 s, delivering a total accumulated dose of 50 electrons per A2, A
total of 20,177 micrographs were automatically captured using the
EPU software, with a defocus range from —2.0 pm to - 1.0 um. For
WEEV VLPs alone, data were collected on the same 300 kV Titan Krios
microscope, configured for EFTEM imaging, and equipped with a
Quantum LS energy filter (10 eV slit width). The images were recor-
ded at 105,000 x magnification with a super-resolution pixel size of
1.2 A/pixel. The exposure time was set to 8.72s with a total accu-
mulated dose of 50 electrons per A% A total of 3408 micrographs
were automatically recorded using EPU and were collected with a
defocus range from —2.0 um to - 1.0 um. Statistics for data collec-
tion and refinement are provided in Supplementary Table 1.
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Cryo-EM data processing

All dose-fractioned images were motion-corrected and dose-weighted
by patch motion correction, and the contrast transfer function (CTF)
of each micrograph was estimated by patch CTF estimation in
cryoSPARC*. For WEEV VLP:PCDH10-ECI-EC2-Fc, a total of 17,711
micrographs were manually selected for further processing. First,
3000 micrographs were selected to perform blob picker and 2D
classification. Particles from high-quality 2D classes were then used for
training in Topaz. After Topaz extraction and 2 rounds of 2D classifi-
cation, a total of 20,309 particles (236 pix, bin4) were selected for
subsequent reconstruction. Bad classes representing supporting films,
ice contaminations, or broken particles were excluded. The volume of
WEEV-CBA87 VLP (EMD-27389) with low pass and 2 junk volumes
generated from bad classes were used as references for heterogeneous
refinement. 17,858 particles with clear WEEV VLP features were re-
extracted with 472 pixels (bin2) and subjected to non-uniform refine-
ment with I1 symmetry, yielding a reconstruction at the resolution of
590A. To further improve the resolution, the block-based
reconstruction® was performed around the 5-fold axes region of the
particles. 1,071,480 sub-particles were extracted (320 pix, binl),
defocus corrected and performed one round of 3D classification (with
C1 symmetry) without alignment in relion3.1.2*. 99,107 particles from
distinct vertex were selected for local refinement with C5 symmetry in
cryoSPARC, resulting in a 3.37 A reconstruction of the 5-fold axes
region. Particles used for local refinement were symmetry expanded
with C5 symmetry, and all the trimeric spikes from the 5-fold axes
region were extracted (240 pixels, bin 1). After one round of local
refinement with C3 symmetry, the resolution was improved to 3.14 A.
To further improve the receptor resolution, we performed symmetry
expansion with C3 symmetry of trimeric spikes and performed focused
classification without alignment in Relion3.1.2. The class with the
clearest receptor signal (591,661 particles) was selected. After remov-
ing the duplicates, 378,489 trimeric spikes were used for further
refinement. All these trimeric spikes were performed by local refine-
ment (C3 symmetry), reference-based motion correction, and CTF
refinement in cryoSPARC, yielding a final resolution at 2.99 A. For the
data set of WEEV VLPs alone, 3106 micrographs were manually selec-
ted for further processing. Following similar particle sorting and block-
based reconstruction strategies, the final resolutions of WEEV VLPs
and the trimeric spikes are achieved at 4.50 A and 2.53 A, respectively.
Automatic local sharpening in EMReady*” was performed to improve
the densities. The local resolutions were estimated in cryoSPARC. The
workflow is shown in Supplementary Fig. 2.

Model building and refinement

To build the structures of WEEV VLP and its complex with PCDH10-EC1-
EC2-Fc, the coordinates of E1 and E2 proteins of WEEV strain CBA87
VLP (PDB: 8DEE?), as well as EC1 domain of human PCDH10 (PDB:
6VG4™») were individually placed and fitted by rigid-body refinement
into the cryo-EM maps in UCSF Chimera*®. The models were rebuilt
using Coot*’ with the guidance of the cryo-EM maps and were refined
with real-space refinement using Phenix*°. The data validation statistics
are shown in Supplementary Table 1. Structural figures were generated
with Pymol*, UCSF Chimera, and ChimeraX*.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The cryo-EM density maps and the structures generated in this study
were deposited into the Electron Microscopy Data Bank (EMDB) and
Protein Data Bank (PDB) with the accession numbers EMDB (EMD-
62791) and PDB (9L3V) for WEEV strain 71V1658 VLPs alone, EMDB
(EMD-62802) and PDB (9L41) for the complex with PCDH10-EC1-EC2-

Fc. The source data underlying Figs. 3, - 5, and Supplementary Fig.1are
provided as a Source Data file. Specific data P-values are also included
within the Source Data File. Source data are provided in this paper.
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