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V I R O L O G Y

SARS-related coronavirus S-protein structures reveal 
synergistic RBM interactions underpinning high-affinity 
human ACE2 binding
Jingjing Wang1†, Yong Ma1†, Zimu Li1,2,3, Hang Yuan1,4, Banghui Liu1, Zexuan Li1,4,  
Mengzhen Su1,5, Gul Habib1, Yutong Liu1, Lutang Fu6, Peiyi Wang6, Mei Li2, Jun He1, Jing Chen2, 
Peng Zhou2, Zhengli Shi2*, Xinwen Chen2*, Xiaoli Xiong1*

High-affinity and specific binding toward the human angiotensin-converting enzyme 2 (hACE2) receptor by se-
vere acute respiratory syndrome coronavirus (SARS)–related coronaviruses (SARSr-CoVs) remains incompletely 
understood. We report cryo–electron microscopy structures of eight different S-proteins from SARSr-CoVs found 
across Asia, Europe, and Africa. These S-proteins all adopt tightly packed, locked, prefusion conformations. These 
structures enable the classification of SARSr-CoV S-proteins into three types, based on their receptor-binding mo-
tif (RBM) structures and ACE2 binding characteristics. Type-2 S-proteins often preferentially bind bat ACE2 (bACE2) 
over hACE2. We report a structure of a type-2 BtKY72-RBD in complex with bACE2 to understand ACE2 specificity. 
Structure-guided mutagenesis of BtKY72-RBD reveals that multiple synergistic mutations in four different regions 
of RBM are required to achieve high-affinity hACE2 binding. Similar RBM changes can also confer hACE2 binding 
to another type-2 BM48-31 S-protein, which is primarily non-ACE2 binding. These results provide an understand-
ing of how high-affinity hACE2 binding may be acquired by SARSr-CoV S-proteins.

INTRODUCTION
Severe acute respiratory syndrome coronavirus (SARS-CoV) (1–4) 
and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
(5–9) have crossed the species barrier to infect humans. Both SARS-
CoV and SARS-CoV-2 have been identified to use their spike (S) 
proteins on the virus surface to bind human angiotensin-converting 
enzyme 2 (hACE2) as the receptor to enter human cells (5, 10). The 
coronavirus S-proteins are large, heavily glycosylated, type I, ho-
motrimeric, viral membrane fusion proteins (11). They can be func-
tionally divided into two parts: the S1 part, responsible for cell 
attachment, and the S2 part, facilitating membrane fusion (12, 13). 
For SARS-CoV and SARS-CoV-2, their S1 parts contain the N-
terminal domain (NTD), receptor binding domain (RBD), Domain 
C, and Domain D. Of these, the RBD specifically binds to hACE2. A 
large number of SARS-CoV (14–19) and SARS-CoV-2 (20–24) S-
trimer prefusion structures have been determined, showing dynam-
ics with RBDs in “up” and “down” positions, which correspond to the 
“open” and “closed” conformations, respectively. A more compact 
“locked” prefusion conformation, with all three RBDs in “down” po-
sitions and ordered fusion peptide proximal region (FPPR), has 
been further identified in a few studies for SARS-CoV, SARS-CoV-2, 
and certain SARS-related coronavirus S-trimers (16, 24–30). When 
the RBD is in a “down” position within an S-trimer, its ACE2 inter-
action interface is largely obstructed sterically; therefore, RBDs 

must adopt an “up” position to interact with the ACE2 receptor 
(14,  15,  17,  20,  31). We and others propose that the transition of 
RBDs from the “down” to the “up” position within an S-trimer, me-
diated via ACE2 binding, triggers the S-trimer to undergo a fuso-
genic structural transition (20, 31).

Because of SARS-CoV and SARS-CoV-2’s impacts on public 
health, numerous studies have been conducted in various attempts to 
understand their ecology. These efforts have led to the identification of 
a considerable number of coronaviruses genetically related to SARS-
CoV and SARS-CoV-2 in horseshoe bats (genus Rhinolophus) (32–
36). These bat coronaviruses form the species SARS-related coronavirus 
(SARSr-CoVs), and along with SARS-CoV and SARS-CoV-2, form-
ing the Sarbecovirus subgenus, within the Betacoronavirus genus of the 
Coronaviridae family (https://ictv.global/taxonomy). With the in-
creased identification of bat SARSr-CoVs, it is now understood that 
horseshoe bats likely serve as the natural host of SARSr-CoVs, from 
which spillover may occur to infect other animals, including civets, 
pangolins, and humans (33, 34, 37, 38). A high diversity of coronavirus 
species has been identified in Rhinolophidae bats captured not only in 
Asia, including China, Japan, Laos, and Cambodia, but also in Europe 
and Africa (37,  39–46). Phylogenetic classification of SARSr-CoVs, 
based on their S-RBD sequences, has led to the definition of multiple 
clades (47–49): clade 1a (e.g., SARS-CoV), clade 1b (e.g., SARS-
CoV-2), clade 1c (e.g., BtKY72), and clade 2 (e.g., GX2013) (50). Clade 
1a and 1b SARSr-CoV strains, such as BatCoV-WIV1, BANAL-20-52, 
and BANAL-20-236, have been shown to use hACE2 to mediate infec-
tion (33, 40). Clade 2 strains, including RmYN02, YN2013, GX2013, 
and HeB2013 (51, 52), with two loops deleted in the RBD and uniden-
tified receptors, are unable to bind either hACE2 or bat ACE2 (bACE2). 
Last, clade 1c strains with deletions in only one RBD loop have been 
shown to have varied abilities in using ACE2. It has been identified 
that BtKY72 (53) S-protein binds Rhinolophus affinis ACE2 (RaACE2) 
with no hACE2 binding ability. The mechanism underlying the speci-
ficity in ACE2 utilization remains incompletely understood.
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Here, we report cryo–electron microscopy (cryo-EM) structures 
of eight SARSr-CoV S-trimers. All these S-trimers adopt RBD “down” 
locked prefusion conformations without exhibiting conformational 
dynamics observed for SARS-CoV and SARS-CoV-2 S-trimers. We 
further report a cryo-EM structure of the complex formed between 
BtKY72-RBD and a bat ACE2 (bACE2Ra9479). Through site-directed 
mutagenesis, guided by the BtKY72-RBD:bACE2 structure, we elu-
cidate how high-affinity hACE2 binding, comparable to that of 
SARS-CoV-2, can be conferred to the BtKY72 S-protein through the 
modification of four key molecular determinants within the RBD 
receptor-binding motif (RBM). We confirm that similar RBM modi-
fications can also confer hACE2 binding to the SARSr-CoV BM48-31 
(54) S-protein, which, in its native form, exhibits almost non-ACE2 
binding. We further demonstrate that ACE2 binding affinity is gener-
ally correlated to the cell fusion activity mediated by the S-proteins, 
suggesting that receptor binding plays a key role for SARSr-CoV 
S-proteins in mediating efficient cell invasion.

RESULTS
Cryo-EM structures of S-proteins from eight SARSr-CoVs
To better understand the SARSr-CoV S-protein structure, we con-
structed a phylogenetic tree based on an S-protein sequence align-
ment (Fig. 1A). We selected representative S-proteins from various 
clades, curating S-proteins from eight different SARSr-CoV strains 
isolated from bats of different geographical regions. They are bat 
coronavirus BtKY72 (Rhinolophus spp.), BM48-31/2008 BGR/2008 
(Rhinolophus blasii), BANAL-20-52 (Rhinolophus malaynus), 
BANAL-20-236 (Rhinolophus marshalli), YN2013 (Rhinolophus fer-
rumequinum), RmYN02 (Rhinolophus malaynus), GX2013 (Rhino-
lophus sinicus), and HeB2013 (Rhinolophus ferrumequinum) (Fig. 
1B). Among these SARSr-CoVs, BtKY72 was detected from Kenya, 
Africa; BM48-31 was detected in Bulgaria, Eastern Europe; BANAL-
20-52 and BANAL-20-236 are from Laos, Southeast Asia; YN2013 
and RmYN02 are from Yunnan, South China; GX2013 is from 
Guangxi, South China; and last, HeB2013 is from Hebei, North Chi-
na (Fig. 1D). By comparison with the SARS-CoV-2 S sequence, 72.8 
to 98.7% amino acid identities are found for the eight SARSr-CoV 
S-proteins. We determined cryo-EM structures of the above S-
trimers at overall resolutions in the range of 2.5 to 3.8 Å (Fig. 1, figs. 
S1 to S3, and table S1). Notably, none of the bat SARSr-CoV S-
proteins contains a polybasic furin cleavage site. The RmYN02 S-
protein was identified to contain a three–amino acid residue (PAA) 
insertion at the S1/S2 cleavage site (52).

SARSr-CoV S-proteins all adopting an RBD-down locked 
prefusion conformation
All determined SARSr-CoV S-trimer structures adopt three RBD-
down conformations. Superposition of the determined S-trimer 
structures onto the SARS-CoV-2 locked-2 conformation S-trimer 
structure [Protein Data Bank (PDB): 7XU2] gives RMSD (root mean 
square deviation) values (calculated for S-trimer pairs) lower than 
1.5 Å for BtKY72 [0.819 Å; amino acid (AA)-ID: 72.78%], BM48-31 
(0.811 Å; AA-ID: 72.81%), BANAL-20-52 (1.000 Å; AA-ID: 98.74%), 
BANAL-20-236 (1.216 Å; AA-ID: 91.14%), YN2013 (0.967 Å; AA-
ID: 77.79%), RmYN02 (1.343 Å; AA-ID: 75.39%), GX2013 (1.272 Å; 
AA-ID: 77.14%), and HeB2013 (1.310 Å; AA-ID: 75.42%), re-
spectively (amino acid sequence identities to the SARS-CoV-2 

full-length S-protein are quoted). The intersubunit distances, as 
measured between T500 located near the apex of each SARS-CoV-2 
S-protomer, are 10.3 Å for the locked conformations and 16.9 Å for 
the closed conformation (fig. S4, I and J). By comparison, the equiv-
alent distances in the region of 9.1 to 12.7 Å are found for the determined 
SARSr-CoV S-trimer structures, suggesting that all determined 
S-trimer structures are in locked conformations (fig. S4). Su-
perposition of the SARSr-CoV S-protomer structures to the 
SARS-CoV-2 S-protomer structure in closed conformation reveals 
that the RBD domains within the SARSr-CoV S-proteins are 
obviously more packed toward the NTD (fig. S5); such observation 
is consistent with SARSr-CoV S-proteins adopting locked conforma-
tions with more compact trimeric quaternary structures (fig. S4).

Domain D has been identified to exhibit conformational dynam-
ics in both SARS-CoV and SARS-CoV-2 S-trimers. S-trimers in 
locked-1 and locked-2 conformations differ from each other pri-
marily in the structure of Domain D. In the “locked-1” conforma-
tion, Domain D is rigidified with a large, disordered Domain 
D-loop, whereas in the “locked-2” conformation, Domain D is ri-
gidified with the Domain D-loop fully ordered (24, 28, 55, 56). As 
the eight determined SARSr-CoV S-trimer structures all adopt 
the “locked-2” conformation, their Domain D-loop regions adopt 
ordered-folded structures similar to that in the “locked-2” SARS-
CoV-2 S-trimer. The folded Domain D structures in the eight S-
trimers are stabilized by the cation-π interactions equivalent to that 
formed between Domain D residue W633SARS2 (SARS2 subscript 
stands for SARS-CoV-2 S-protein numbering) and R319SARS2 of the 
Domain C-D hinge region in the locked-2 SARS-CoV-2 S-trimer 
structure (fig. S6, A to I). The equivalent stabilizing interaction has 
also been found in the locked-2 SARS-CoV S-trimer structures (16). 
BM48-31 and BtKY72 S-proteins each have a two–amino acid inser-
tion at the same position in Domain D (after the S640SARS2). As a 
result, BM48-31 and BtKY72 Domain D structures show bulges to-
ward the Domain D-loop C termini, compared with the “locked-2” 
SARS-CoV-2 S-trimer structure (fig. S6, A, B, I, and J).

Despite that the eight S-trimer structures all adopt the “locked-
2” structure, the FPPRs adjacent to Domain D exhibit structural 
dynamics (Fig. 2 and fig. S6). The FPPR region is disordered in the 
RmYN02 S-trimer (Fig. 2F and fig. S6F). In the other seven SARSr-
CoV S-trimer structures, the FPPR regions are mostly ordered 
(Fig. 2A and fig. S6, A to E and G to H); a recent study shows that 
the FPPR region reaches the surface of the host-cell membrane 
after SARS-CoV-2 S-protein completes its fusogenic structural 
transition (57). The conformation dynamics observed among 
these eight SARSr-CoV S-trimer structures in or around the Do-
main D region (Fig. 2 and fig. S6) may affect S-protein activity, 
considering that proteolytic cleavage in Domain Ds of SARS-CoV 
and SARS-CoV-2 S-proteins was found to modulate S-protein ac-
tivity (58).

Binding of small molecules by the SARSr-CoV S-trimers
Binding of linoleic acid (LA) in SARS-CoV and SARS-CoV-2 RBDs 
has been proposed to stabilize locked S-trimer structures, by medi-
ating interactions between two neighboring RBDs (16, 25, 26). LAs 
have also been observed in the RBDs of the locked Guangxi pango-
lin CoV S-trimer (26). Among the determined locked SARSr-CoV 
S-trimer structures, densities compatible with LAs are only found to 
occupy the hydrophobic fatty acid binding pockets in the RBDs of 
BM48-31 and BANAL-20-52 S-trimers (Fig. 2, B and C). Notably, a 



Wang et al., Sci. Adv. 11, eadr8772 (2025)     14 March 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

3 of 19

previous structural study on double proline-stabilized BANAL-
20-52 and BANAL-20-236 S-trimers under low pH identified both 
as adopting the locked-2 conformation, with no fatty acid bound to 
their RBDs (59). In line with a previous study (60), no contraction of 
the fatty acid binding pocket, characterized the movement of the 
“gating helix” (61), was observed in the studied SARSr-CoV S-
trimers lacking bound fatty acids (fig. S7). Biliverdin has been identi-
fied as another small molecule that binds the SARS-CoV-2 S-protein 
in the NTD, potentially modulating immune responses, including 
dampening antibody binding toward the SARS-CoV-2 S-protein 

(62, 63). Among the eight determined SARSr-CoV S-trimer struc-
tures, NTD structures, NTD loop structures in particular, vary sub-
stantially. Nevertheless, densities compatible with biliverdins have 
been identified in the NTDs of BANAL-20-52, BtKY72, and YN2013 
S-trimers (figs. S8, C, E, and G, and S9).

Variation of SARSr-CoV RBD structures
Among SARSr-CoV S-proteins, the S1 portion, which contains both 
NTD and RBD, displays substantial sequence variation (figs. S8B 
and S10B), whereas the S2 portion is relatively conserved. The 

Fig. 1. Cryo-EM structures of S-trimers from eight SARSr-CoVs of different geographical regions. (A) Phylogenetic tree constructed based on 73 sarbecovirus S-
protein amino acid sequences, with MERS S-protein used as the outgroup. The tree shows the evolutionary relationships and genetic clustering based on sequence simi-
larities. (B) Cryo-EM densities showing the overall architectures of the S-trimers of BtKY72, BM48-31, BANAL-20-52, BANAL-20-236, YN2013, RmYN02, GX2013, and 
HeB2013 SARSr-CoV strains. Each S-trimer is shown with one of the featured protomer colored according to the scheme in (C), and the other protomers are colored in gray. 
(C) A schematic representation illustrates the domain organization of SARSr-CoV S-protein, showing eight functional domains or regions: NTD (amino acids 13 to 307), 
RBD (amino acids 330 to 528), Domain C (amino acids 320 to 330 and 529 to 592), Domain D (amino acids 308 to 319 and 593 to 699) in S1 (amino acids 1 to 699) and FPPR 
(amino acids 834 to 856), and fusion peptide (FP; amino acids 866 to 910) in S2 (amino acids 700 to 1273). Domain boundaries in SARS-CoV-2 S-protein amino acid num-
bering are quoted in brackets. (D) Geographical distribution of the eight SARSr-CoV strains, from which S-trimers are studied.
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Fig. 2. Structural features of the eight SARSr-CoV S-trimer structures. (A to H) Structures of BtKY72, BM48-31, BANAL-20-52, BANAL-20-236, YN2013, RmYN02, GX2013, 
and HeB2013 SARSr-CoV S-trimers are shown in cartoon representations. In each S-trimer, one featured protomer is colored according to the defined domain or func-
tional regions (see Fig. 1C and table S13). The lipid-binding pockets are shown in the gray dashed boxes. Hydrophobic amino acid side chains forming the lipid-binding 
pocket are shown in stick representations. Modeled LAs (magenta sticks) and their densities in BM48-31 (B) and BANAL-20-52 (C) RBDs are shown. Salt bridge interactions 
mediated by LAs to arginines of neighboring protomers in BM48-31 (B) and BANAL-20-52 (C) are shown as gray dashed lines. The conserved tyrosines (highlighted by red 
labels) display a change in side-chain orientation between occupied and empty lipid-binding pockets. In empty lipid-binding pockets, rendering the pockets incompat-
ible with lipid binding. In the black dashed boxes, cryo-EM densities of Domain D and the surrounding regions are shown with fitted molecular models. Among the S-
trimer structures, the FPPR in RmYN02 is disordered.
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SARSr-CoV RBD is composed of a core domain and an extended 
loop domain. The RBD core domain is primarily formed by five anti-
parallel strands (β1 to β4 and β7) and stabilized by three disulfide 
bonds. BANAL-20-52, BANAL-20-236, BtKY72, BM48-31, YN2013, 
RmYN02, GX2013, and HeB2013 RBDs essentially share the same core 
domain structure as the SARS-CoV-2 RBD (Fig. 3, B to D).

The extended loop domain is attached to the exterior of the core 
domain (Fig. 3, A to D). SARSr-CoV RBDs differ substantially in 
their extended loop domains, leading to the classification of the 
eight SARSr-CoV RBDs into three types (fig. S10A). Type-1 in-
cludes BANAL-20-52 and BANAL-20-236. The two RBDs have full-
length extended loop domains. The SARS-CoV and SARS-CoV-2 
RBDs can also be classified as type-1. The extended loop domains of 
type-1 RBDs feature a concaved outer surface (Fig. 3A). In the mid-
dle of the concave, a “lamella” (LM), formed by β5 and β6, is located. 
On one side of the concave, a disulfide bond–stabilized “large loop” 
(LL) is located to form a ridge. On the other side of the concave, two 
smaller loops are positioned. Of these two loops, the loop C-
terminal to β6 is called an “anchor loop” (AL), whereas the loop N-
terminal to β5 is called a “small loop” (SL). In the SARS-CoV- and 
SARS-CoV-2-RBD:ACE2 complexes, the “LM,” “LL,” “AL,” and “SL” 
form contacts to ACE2 (Fig. 3, A to D); therefore, the extended loop 
domain is also called the RBM. Type-2 includes BM48-31 and 
BtKY72. In type-2 RBDs, the “SL” within the extended loop domain 
is deleted. The SL deletion can be either two (BtKY72) or four 
(BM48-31) amino acids. Type-3 includes YN2013, HeB2013, 
GX2013, and RmYN02. Among type-3 RBDs, both the “SL” and the 
disulfide bond–stabilized “LL” are deleted (fig. S10B). Of note, a 
cross-reactive antibody (SA55) has been found to bind type-1 and 
type-2 RBDs but not type-3 RBDs (64, 65). A structure comparison 
of the SA55 epitope on different types of RBDs suggests that a struc-
tural change in the AL of type-3 RBDs likely disrupts SA55 binding 
(fig. S11, B and C).

RBD-RBD interface variations among SARSr-CoV S-trimers
Because of the RBD structure and sequence variations (fig. S10B), 
the RBD-RBD interfaces within the S-trimer structures show nota-
ble differences (Fig. 3, E to H). Compared to SARS-CoV-2 (Fig. 3L), 
in type-1 BANAL-20-52 S-trimer structures, residues in the RBM 
LM are highly conserved (conserved Q493SARS2 and Y453SARS2 are 
highlighted to show their interaction with the N370SARS2 glycan) 
(Fig. 3I). In type-2 RBDs, basic amino acids can be frequently iden-
tified at 493SARS2 position in the LM region (fig. S10E). K482BT (BT 
subscript stands for BtKY72 S-protein numbering), which is equiva-
lent to residue Q493SARS2. In another type-2 BM48-31-RBD, R443BM 
(BM subscript stands for BM48-31 S-protein numbering) is found 
on the C-terminal side of β5 and buried in the RBD-RBD interface 
(Fig. 3J and fig. S12C). In type-3 S-trimer structures, the RBD-RBD 
interface changes drastically with the deletion of the LL. The two 
strands (β5 and β6) are more polar; therefore, less aromatic residues 
are found at the interface (Fig. 3K and fig. S12, D to F). Most of the 
variable residues at or around the RBD-RBD interface are also found 
to change in the SARS-CoV-2 RBD through antigenic evolution, in-
cluding 346SARS2, 445SARS2, 452SARS2, 484SARS2, 486SARS2, 490SARS2, 
493SARS2, 498SARS2, and 501SARS2. These positions have been pro-
posed to be under a strong immune selection (62, 66–69). Several 
population antibodies have been identified to target 346SARS2 (70) 
and 444SARS2 (70,  71), 452SARS2 and 490SARS2 (72,  73), 484SARS2 
(74, 75), and 501SARS2 (74, 76) (Fig. 3L).

Sequence analysis reveals that all the SARSr-CoV S-proteins 
studied share a common N-glycosylation site at N370SARS2 located 
near the RBD-RBD interface (Fig. 3, I to K, and figs. S10D and S12, 
A to F). Previous research identified that this glycosylation can af-
fect receptor binding (77, 78), S-trimer conformation (79, 80), anti-
genicity (81), fusogenic activity, and pseudovirus infectivity (77, 82). 
In type-2 BtKY72 and BM48-31 S-trimers, insertions occur at the 
N370 glycosylation sequon; however, the sequon is maintained (fig. 
S10C) and the glycosylation site is preserved (Fig. 3J and fig. S12C).

hACE2 and bat ACE2 binding by the SARSr-CoV S-proteins
We further evaluated our selected SARSr-CoV S-proteins to bind 
hACE2 using a biolayer interferometry (BLI) assay (fig. S13, J to R, 
and table S3). hACE2 binding could only be detected for monomer-
ic BANAL-20-52 and BANAL-20-236 RBDs, with dissociation con-
stant (KD) values of 18 and 27 nM, respectively (fig. S13, C and D, 
and table S3). These affinities are comparable to that determined for 
SARS-CoV-2-RBD-monomer (26 nM) (fig. S13I and table S3), con-
sistent with a previous study (40). Likely due to the avidity effect, 
BANAL-20-52 and BANAL-20-236 S-trimers show increased non-
dissociating hACE2 binding with KD values up to 0.009 and 0.79 
nM, respectively (fig. S13, L and M, and table S3). The other SARSr-
CoV S-trimers show no sign of hACE2 binding (fig. S13, J to K, and 
N to Q). In addition, in a cell-cell fusion assay mediated by hACE2 
as the receptor (83), we further found that the abilities of SARSr-
CoV S-trimers to induce membrane fusion are largely correlated 
with their hACE2 binding capabilities. Specifically, only effector 
cells expressing BANAL-20-236 or BANAL-20-52 S-proteins have 
been found to fuse with hACE2 expressing target cells (fig. S15,  
C and D).

We further tested binding of bACE2Ra5538 (bat ACE2 of R. affinis 
sample ID 5538) using SARSr-CoV RBDs and S-trimers (fig. S14 
and table S4). We found that monomeric BANAL-20-52 and 
BANAL-20-236 RBDs bind bACE2Ra5538 with KD values of 688 and 
104 nM, respectively (fig. S14, C and D). For comparison SARS-
CoV-2 RBD binds bACE2Ra5538 with a KD of 705 nM (fig. S14I). 
Consistently, BANAL-20-52 and BANAL-20-236 S-trimers show 
avidity-enhanced bACE2Ra5538 binding with KD values in the upper 
bounds of 0.013 and 1.44 nM, respectively (fig. S14, L and M, and 
table S4).

We identified that, among SARSr-CoV S-proteins that do not 
bind hACE2, monomeric BtKY72-RBD binds bACE2Ra5538 weakly 
with a KD of 3348 nM (fig. S14A). However, BtKY72 S-trimer shows 
avidity-enhanced bACE2Ra5538 binding (KD in the upper bound of 
0.22 nM) (fig. S14J). Consistently, cells expressing BtKY72 S-protein, 
along with cells expressing BANAL-20-52, BANAL-20-236, and 
SARS-CoV-2 S-proteins, show abilities to fuse with cells expressing 
bACE2Ra5538 (fig. S15, B to D and F). Therefore, ACE2 binding and 
cell-cell fusion assays establish that BtKY72 S-protein is able to bind 
bACE2 selectively over hACE2 (figs. S13J, S14J, and S15F), consis-
tent with a previous report (84).

Cryo-EM structure of the BtKY72-RBD-bACE2Ra9479 complex
Monomeric BtKY72-RBD, dimeric BtKY72-RBD-Fc, and trimeric 
BtKY72-S-trimer bind bACE2Ra5538 with estimated apparent affini-
ties of 3348, 811, and 0.22 nM, respectively (fig. S16, A to C, and 
table S5), demonstrating avidity-enhanced binding. Consistent with 
a previous report (84), we further measured that BtKY72-RBD, 
BtKY72-RBD-Fc, and BtKY72-S-trimer bind bACE2Ra9479 (bat 
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Fig. 3. Structural features of RBDs and RBD-RBD interfaces of selected SARSr-CoV S-trimers. (A to D) RBD regions of selected SARSr-CoVs are depicted in the same view. 
The RBMs are highlighted in colors, and the conserved RBD core domains are colored in gray. Dashed circles are shown to mark the locations of the SL, AL, and LL to highlight 
structural differences in the RBMs of different types of RBDs. (E) Top view of SARS-CoV-2 S-trimer in “locked-2” conformation (PDB: 7XU2). LL and SL are highlighted in purple and 
cyan, respectively. (F to H) Comparison of type-1 BANAL-20-52, type-2 BtKY72, and type-3 GX2013 S-trimer structures with SARS-CoV-2 to reveal RBD structural differences. The 
BANAL-20-52 RBDs are colored magenta, BtKY72 RBDs are colored orange, GX0213 RBDs are colored blue, and SARS-CoV-2 RBDs are colored gray as in (E). (I to L) Zoomed-in 
views of BANAL-20-52, BtKY72, GX2013, and SARS-CoV-2 RBDs corresponding to the regions within the dashed boxes in (E) to (H). N370 glycan from a neighboring protomer and 
N370 glycan interacting residues are shown for each S-trimer. Varied residues compared to SARS-CoV-2 are shown as sticks in red. Residues are labeled in their native sequence 
numbering (colored) and the SARS-CoV-2 numbering (black). (L) The least to most conserved residues among SARSr-CoVs are colored red to white and shown in stick represen-
tations at the RBD-RBD interface region in SARS-CoV-2. Among these residues, highly variable positions identified in the antigenic evolution of SARS-CoV-2 are underlined.
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ACE2 of R. affinis sample ID 9479) with tighter apparent affinities of 
144, 105, and 0.12 nM, respectively (fig. S16, D to F, and table S5).

Guided by the binding assays, we obtained the BtKY72-RBD: 
bACE2Ra9479 complex formed between dimeric BtKY72-RBD-Fc 
and dimeric His-tagged bACE2Ra9479. We further determined a 
cryo-EM structure of the BtKY72-RBD:bACE2Ra9479 complex 
(Fig. 4A and fig. S3, C and F).

In the BtKY72-RBD:bACE2Ra9479 complex structure, two bACE2 
molecules associate to form a dimeric structure. The bACE2Ra9479 is 
81% identical to hACE2 in amino acid composition, resulting in an 
overall structure similar to hACE2 (85). The bACE2Ra9479 homodi-
mer shares highly conserved dimer interfaces at the C-terminal 
collectrin-like domain (CLD) neck and peptidase domain (PD) loop 
regions (Fig. 4A), similar to those observed in the hACE2 homodi-
mer structure (PDB: 6m17) (86).

Comparison reveals that BtKY72-RBD:bACE2Ra9479 and SARS-
CoV-2-RBD:hACE2 complexes are similar in overall structure with a 
Cα atom RMSD of 0.654 Å (Fig. 4C). In the complex structure of 
BtKY72-RBD:bACE2Ra9479, the total buried surface area (BSA) is 
1631.9 Å2 with 840.7 and 791.2 Å2 on RBD and bACE2Ra9479, respec-
tively. Two related sarbecovirus RBD complexes formed with different 
bACE2 molecules were recently reported: PRD-0038-RBD:bACE2Ralc 
(Rhinolophus alcyone ACE2) complex (60) has a total BSA of 1542.1 Å2 
with 784.9 Å2 on the RBD and 757.2 Å2 on the bACE2. BtKY72-
RBD:bACE2Rland (Rhinolophus lander’s horseshoe bat ACE2) complex 
(87) has a total BSA of 1547.6 Å2 with 802.8 Å2 on the RBD and 
744.8 Å2 on the bACE2. Notably, whereas PRD-0038-RBD and 
BtKY72-RBD have highly similar RBM sequences, bACE2Ra9479 dif-
fers from both bACE2Ralc and bACE2Rland by several residues at the 
RBD-ACE2 interaction interface (fig. S17). The BSAs in the BtKY72-
RBD:bACE2Ra9479 complex is smaller compared to those in the SARS-
CoV-2-RBD:hACE2 (PDB:6M0J; total: 1686.7 Å2, SARS-CoV-2-RBD: 
864.2 Å2, hACE2: 822.5 Å2) and SARS-CoV-RBD:hACE2 (PDB, 
2AJF; total: 1659.5 Å2, SARS-CoV-RBD: 844.1 Å2, hACE2: 815.4 Å2) 
complexes.

The interface between BtKY72 RBD and bACE2Ra9479 contains 
five hydrogen bonds and one salt bridge, namely, T489BT-Tyr41bACE2, 
Y494BT-Glu37bACE2, G485BT-Lys353bACE2, K482BT-Asn31bACE2, 
Y478BT-Tyr83bACE2, and K482BT-Glu35bACE2 (RBD residues are in 
single-letter abbreviations and ACE2 residues are in three-letter ab-
breviations) (Fig. 4B, zoomed-in view). By comparison, the inter-
face between wild-type (WT) SARS-CoV-2 RBD and hACE2 has 13 
hydrogen bonds and two salt bridges, whereas the SARS-CoV-
RBD:hACE2 interface has 13 hydrogen bonds and three salt bridges 
(fig. S17, C and D, and table S2).

Distinct BtKY72-RBD:bACE2Ra9479 interfaces from 
hACE2 complexes
In the SARS-CoV-2-RBD:hACE2 complex, structural motifs in-
cluding the LL (amino acids 474 to 490), the LM (formed by β5 
and β6 strands), the SL (amino acids 443 to 449), and the AL 
(amino acids 498 to 505) (Fig. 4, E, H, K, and N, and fig. S17C) 
are extensively involved in hACE2 binding. Interactions involv-
ing these RBM structural elements are notably different in the 
BtKY72-RBD:bACE2Ra9479 complex by comparison with the other 
hACE2 complexes.

In the BtKY72-RBD:bACE2Ra9479 structure, Y478 of the BtKY72-
RBD LL forms a hydrogen bond with Tyr83 of bACE2Ra9479 (Fig. 

4D). The above Y-Tyr interaction is conserved in both SARS-CoV-
2- and SARS-CoV-RBD:hACE2 complexes (Fig. 4, E and F). How-
ever, distinctively, BtKY72 RBD residue 476 is a glycine (G476BT) 
(Fig. 4D) instead of asparagine (N473SARS1 and N487SARS2) in both 
SARS-CoV and SARS-CoV-2 RBDs (Fig. 4, E and F). In addition, in 
bACE2Ra9479, the Gln24hACE2 is changed to an arginine (Arg24bACE2) 
(Fig. 4D). The hydrogen bonds formed by SARS-CoV and SARS-
CoV-2 RBD residues N473SARS1 and N487SARS2 to hACE2 residue 
Gln24hACE2 are lost in the BtKY72-RBD:bACE2Ra9479 complex (Fig. 
4, D to F).

In the LM region, interactions notably vary among the BtKY72, 
SARS-CoV-2, and SARS-CoV structures. In the BtKY72-RBD: 
bACE2Ra9479 complex, K482BT forms one hydrogen bond 
(K482BT-Asn31bACE2) and one salt bridge (K482BT-Glu35bACE2) to 
bACE2Ra9479 (Fig. 4G). In the SARS-CoV-2-RBD:hACE2 structure, 
Q493SARS2, equivalent to K482BT of BtKY72 RBD, forms a hydrogen 
bond (Q493SARS2-Glu35hACE2) with hACE2. This hydrogen bond is 
further stabilized by an intramolecular salt bridge (Lys31hACE2-
Glu35hACE2) within hACE2 (Fig. 4H). Distinctively, in the SARS-
CoV-RBD:hACE2 complex, no specific interaction is formed between 
the SARS-CoV RBD LM region and hACE2, likely due to the shorter 
N479SARS1 side chain compared to the equivalent Q493SARS2 in 
SARS-CoV-2 RBD (Fig. 4I).

The AL (498 to 505 region) has been identified to play a critical 
role in binding ACE2 of different animal species (88–90). In the 
BtKY72-RBD:bACE2Ra9479 structure, the RBD residue Y494BT and 
bACE2Ra9479 residues Lys353bACE2 and Tyr41bACE2 form an interac-
tion network, such that Lys353bACE2 is sandwiched in the middle. In 
addition, two hydrogen bonds (T489BT-Tyr41bACE2 and Y494BT-
Glu37bACE2) are formed between BtKY72-RBD and bACE2Ra9479 
(Fig. 4J). Interactions equivalent to the above are found in both 
SARS-CoV- and SARS-CoV-2 RBD:hACE2 complexes (Fig. 4, K 
and L). However, various changes in this region are known to great-
ly affect ACE2 binding. In the SARS-CoV-RBD:hACE2 complex, 
comparing to the BtKY72-RBD:bACE2Ra9479 complex, an extra π-π 
interaction is also observed between Y484SARS1 (Q498 in SARS-
CoV-2) and Tyr41hACE2 of hACE2, likely enhancing hACE2 binding 
(Fig. 4L). In various SARS-CoV-2 variants, the N501YSARS2 substi-
tution has been found to confer mouse ACE2 binding (90).

The deletion of two amino acids within the BtKY72-RBD SL pre-
vents small loop:ACE2 interaction in the BtKY72-RBD:bACE2Ra9479 
complex (Fig. 4M). By contrast, in the SARS-CoV-2-RBD:hACE2 
structure, SL residue Y449SARS2 engages two hydrogen bonds with 
Gln42hACE2 and Asp38hACE2 of hACE2 (Fig. 4N). Similarly, in the 
SARS-CoV-RBD:hACE2 structure, equivalent hydrogen bonds 
(Y436SARS1-Gln42hACE2 and Y436SARS1-Asp38hACE2) are also formed 
(Fig. 4O).

Consistently, ACE2 footprint analysis also identifies that 
BtKY72-RBD lacks ACE2 interactions equivalent to those observed 
for SARS-CoV-2-RBD residues N487SARS2 of LL (Fig. 4, D and E, 
and fig. S18) and G447SARS2 and Y449SARS2 of SL (Fig. 4, M and N, 
and fig. S18E). The analysis further identifies that the hydrophobic 
interactions mediated by the SARS-CoV-2 RBD residues F486SARS2 
and F490SARS2 are absent in the BtKY72-RBD:bACE2Ra9479 com-
plex due to the equivalent residues substituted into L (L475BT) 
and E (E479BT), respectively, in BtKY72 RBD (fig. S18, D and E). 
Last, the salt bridge interaction (K417SARS2-Asp30hACE2/bACE2) to 
Asp30hACE2/bACE2, mediated by SARS-CoV-2-RBD core domain resi-
due K417SARS2, located outside of the four RBM regions, is missing 
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Fig. 4. Cryo-EM structure of the BtKY72-RBD:bACE2Ra9479 complex and interaction interface differences among BtKY72-RBD:bACE2Ra9479, SARS-CoV-2-RBD:hACE2, 
and SARS-CoV-RBD:hACE2 complexes. (A) Overall structure of the dimeric BtKY72-RBD:bACE2Ra9479 complex. Dashed boxes show detailed rotated views of the 
bACE2Ra9479 dimer interfaces in the CLD neck region (left) and the PD loop region (right). Hydrogen bonds are shown as black dashed lines, salt bridges are shown as blue 
dashed lines, cation-π interactions are shown as red dashed lines and π-π interactions are shown as orange dashed lines. Dashed boxes with corresponding colors in the 
middle panel indicate locations of the interfaces. (B) Left: Structure of a monomeric BtKY72-RBD:bACE2Ra9479 complex extracted from the dimeric BtKY72-RBD:bACE2Ra9479 
complex structure shown in (A). Right: Detailed interactions in the BtKY72-RBD:bACE2Ra9479 interface. (C) Alignment of BtKY72-RBD:bACE2Ra9479, SARS-CoV-2-RBD:hACE2, 
and SARS-CoV-RBD:hACE2 structures. The interface areas between the RBD external domains and ACE2s in these structures are divided into four regions: LL (purple box), 
LM (blue box), AL (green box), and SL (orange box). (D to F) Interactions identified among the BtKY72-RBD:bACE2Ra9479 (BtKY72), SARS-CoV-2-RBD:hACE2 (SARS2), and 
SARS-CoV-RBD:hACE2 (SARS1) structures within the LL region. (G to I) Interactions identified among the ACE2 complex structures within the LM region. (J to L) Interac-
tions identified among the ACE2 complex structures within the AL region. (M to O) Interactions identified among the ACE2 complex structures within the SL region. In the 
BtKY72:bACE2Ra9479 complex, residues equivalent to G447SARS2 and Y449SARS2 are deleted in the BtKY72-RBD SL, and their locations are marked by stars. [(D) to (O)] Resi-
dues are labeled in their native sequence numbering (colored) and the SARS-CoV-2 numbering (black).
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in the BtKY72-RBD:bACE2Ra9479 complex because the equivalent 
BtKY72 RBD residue has been substituted to V (V408BT) (compare 
fig. S17A and fig. S17C). Notably, the above extra interactions medi-
ated by SARS-CoV-2 RBD likely contribute to its high-affinity 
hACE2 binding.

BtKY72 S-protein requiring multiple RBM changes for 
high-affinity hACE2 binding
We mutated BtKY72 RBD residues to understand how BtKY72 RBD 
binds selectively to bACE2 over hACE2. A series of dimeric BtKY72-
RBD-Fc mutant proteins were generated to allow accurate measure-
ment of weak ACE2 binding by some of these mutants in the BLI 
assay (Fig. 5 and fig. S19), owing to their enhanced ACE2 binding 
resulting from the avidity effect (fig. S16 and table S5).

For clarity, each introduced mutation is assigned a specific name 
based on its location: G476NBT (N487SARS2) at the large loop is des-
ignated as LL, K482QBT (Q493SARS2) in the lamella as LM, T487YBT 
(Y484SARS1) at the anchor loop as AL, and last, the reversion of the 
two–amino acid deletion with a glycine-tyrosine (GY) sequence at 
the small loop is designated as SL (Fig. 4, M to O). These introduced 
RBD mutations were designed based on ACE2 interacting amino 
acids found on equivalent positions of SARS-CoV-2 or SARS-CoV 
RBDs. In addition, K482YBT (Q493SARS2) and T487WBT (Q498SARS2) 
mutations, previously reported to confer BtKY72 S-protein with the 
ability to bind hACE2 (84), were designated respectively as LMY and 
ALW and tested for comparison (fig. S19 and table S8).

We found that, although mutated dimeric BtKY72-RBD-Fc pro-
teins with single mutations display either no hACE2 binding or 
hACE2 binding too weak to be measured by the BLI assay (Fig. 5, A 
to E, the first row of LL, LM, AL, and SL panels; and table S6), some 
enhancement of cell fusion was observed in the cell-cell fusion as-
says mediated by the BtKY72 S-proteins carrying corresponding 
mutated RBDs (Fig. 5, A to E, the third row), using hACE2 express-
ing target cells. These results suggest that the cell fusion assay is 
more sensitive to receptor binding changes (Fig. 5, B to E). For com-
parison, previously reported LMY and ALW single mutants only 
conferred very weak hACE2 binding (fig. S19, B and C).

Substantially enhanced hACE2 binding with fast-on, fast-off 
binding kinetics was observed for BtKY72-RBDs with two simul-
taneous mutations using the BLI assay (Fig. 5, F, H, and I, the first 
row of LL+LM, LM+A, and LL+AL panels; and table S6). These 
BtKY72-RBD-Fc mutants bind hACE2 with apparent KD values in 
the range of 83 to 708 nM. Accordingly, obvious increases in cell 
fusion activity were observed for BtKY72 S-protein mutants car-
rying two simultaneous RBM mutations, such as LL+LM (Fig. 5F, 
the third row), LM+AL (Fig. 5H, the third row), and LL+AL (Fig. 
5I, the third row) double mutants. This likely correlates with their 
gradual acquisition of somewhat enhanced, yet weak to interme-
diate, affinities for hACE2 binding. Consistent with a previous 
study, LMY+ALW (K482YBT + T487WBT) double mutant demon-
strated enhanced hACE2 binding (KD = 86 nM, with fast-on, fast-
off kinetics) and cell-cell fusion activities, similar to our LM+AL 
double mutant (K482QBT + T487YBT), which also exhibits inter-
mediate hACE2 affinity (KD = 83 nM) (Fig. 5H, fig. S19D, tables 
S6 and S8).

Notably, we observed further enhancement of hACE2 binding 
for triple and quadruple mutants. LL+AL+SL and LL+LM+AL tri-
ple mutants show further 29- to 71-fold enhanced binding to hACE2 
compared with LL+AL, reaching affinities in the region of 10 to 

25 nM (Fig. 5, J and K, and table S6). The quadruple LL+LM+AL+SL 
mutant exhibits a 3.8 nM affinity to hACE2, representing an increase 
of 186-fold from the LL+AL double mutant (Fig. 5, L and I, and 
table S6). The hACE2 affinity achieved by the LL+LM+AL+SL qua-
druple mutant is nearly equivalent to SARS-CoV-2 (KD = 1.9 nM; 
fig. S16H and table S5) and stronger than SARS-CoV (KD = 7.4 nM; 
fig. S16K and table S5) RBD-Fc-dimers. Consistent with increased 
affinities, strong membrane fusion activities were observed for S-
proteins carrying the corresponding triple and quadruple RBD 
mutations.

BtKY72-RBD-Fc carrying the LM mutation has completely lost 
bACE2 binding in the BLI assay with greatly reduced fusion activity 
in the cell fusion assay (compare Fig. 5A and Fig. 5C, the second and 
fourth rows). Conversely, BtKY72-RBD-Fc single LL, AL, or SL mu-
tants demonstrate varying degrees of enhanced bACE2Ra9479 bind-
ing and fusion activities (Fig. 5, A, B, D, and E). In addition, double 
or triple BtKY72-RBD-Fc LL+LM, LM+AL, and LL+LM+AL mu-
tants, respectively, are unable to bind bACE2Ra9479, indicating that 
the LM (K482QBT) mutation has a detrimental effect on bACE2 
binding (Fig. 5, F, H, and K, and table S7). Dimeric BtKY72-RBD-Fc 
with LL+AL or LL+AL+SL mutation exhibits substantial 22- or 
30-fold enhancement in binding affinity to bACE2Ra9479 compared 
with WT BtKY72-RBD-Fc (Fig. 5, A, I, and J, and table S7). However, 
when the LL+AL+SL triple mutation is combined with the LM mu-
tation, the generated LL+LM+AL+SL quadruple BtKY72-RBD-Fc 
mutant displays only a 2.4-fold enhanced affinity for bACE2Ra9479 
compared with WT BtKY72-RBD-Fc (Fig. 5L and table S7), once 
again illustrating the detrimental effect of the LM mutation on 
bACE2Ra9479 binding.

Multiple RBM changes also conferring hACE2 affinity to 
BM48-31 S-protein
We further investigated ACE2 binding by another type-2 S-protein 
(BM48-31). BM48-31-RBD has a deletion of four AA in the RBM 
SL, including K444SARS2, G446SARS2, G447SARS2, and Y449SARS2, as 
well as a S482SARS2 deletion in the LL (fig. S10B). Previously, BM48-
31 was identified as unable to bind ACE2 orthologs (91, 92), except 
for a recent report showing its usage of R. alcyone ACE2 to support 
pseudovirus entry (93). The RBD sequence identity between BM48-
31 and BtKY72 is 82.8%, with an RMSD value of 0.96 Å between 
RBD Cα atoms (Fig. 3C).

We applied a similar mutagenesis strategy to BM48-31-RBD to test 
whether hACE2 binding can be achieved. In the LL, residues N474BM 
(N487SARS2) and Y476BM (Y489SARS2) are conserved compared with 
both SARS-CoV and SARS-CoV-2 (fig. S10B); therefore, no mutation 
was introduced in LL. We introduced mutations in the LM region 
[LM: A480QBM (Q493SARS2) and LM1: R443LBM (L455SARS2)], the AL 
region [AL: T485YBM (Y484SARS1), AL1: S487TBM (T500SARS2), and 
AL2: F492YBM (Y505SARS2)], and the SL region [SL: KGGY insertion, 
SLhalf1: KG insertion, and SLhalf2: GY insertion] (Fig. 6A).

As expected, the LM1+LM+AL+AL1+AL2+SL mutant shows 
substantial hACE2 binding (Fig. 6C and table S9). We found that the 
integrity of the SL region is crucial for ACE2 binding; neither LM1+
LM+AL+AL1+AL2+SLhalf1 nor LM1+LM+AL+AL1+AL2+SLhalf2 
BM48-31-RBD-Fc mutant with incomplete SL showed hACE2 
binding (Fig. 6, D and E, and table S9).

Aligning of BM48-31-RBD into the BtKY72-RBD:bACE2Ra9479 
complex structure suggests that an arginine at the lamella LM1 posi-
tion, R443BM (L455SARS2), is sterically unfavorable for hACE2 and 
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Fig. 5. ACE2 binding and cell-fusion activities of WT and RBM mutant BtKY72 S-proteins. (A to L) Top two panels: hACE2 and bat ACE2 binding activities as assessed 
by BLI assays, using dimeric hACE2 or R. affinis 9479 bat ACE2 (bACE2Ra9479) protein, and measured with different variants of dimeric BtKY72-RBD-Fc protein. BtKY72-RBD-
Fc protein variants were immobilized on the sensor tip [indicated by the label “(sensor)” above their names]. hACE2 and bat ACE2 proteins were prepared in wells as 
threefold serial diluted analyte series, ranging from 3000 to 4.1 nM [denoted by the “(well)” label above their names]. The KD estimated from each binding experiment is 
shown alongside with the binding curves. Fitted kinetic parameters are summarized in tables S6 (hACE2) and S7 (bACE2Ra9479). Bottom three panels: Cell-cell fusion assays 
were performed between hACE2 or bACE2 expressing target cells and effector cells expressing WT and variant BtKY72 S-proteins. Fused cells display the GFP signal. Rep-
resentative images of cell-cell fusion captured at 18 hours posttransfection are shown in the middle two panels. Scale bar, 500 μm. The bottom panels show the quantifi-
cation of cell-cell fusion measuring the GFP+ area at 2, 6, 18, and 24 hours posttransfection. h, hours.
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Fig. 6. hACE2 binding activities of WT and RBD mutant BM48-31 S-proteins. (A) Top: Structural alignment of BM48-31 RBD into the BtKY72-RBD: bACE2Ra9479 complex 
structure. The different interaction regions are indicated by colored boxes. Bottom: The equivalent amino acids within the ACE2 interface are colored in magenta, black, 
and orange for BM48-31, SARS-CoV-2, and BtKY72, respectively. BM48-31 RBD variants tested are as follows: LM1: R443LBM (L455SARS2), LM: A480QBM (Q493SARS2), AL: 
T485YBM (Y484SARS1), AL1: S487TBM (T500SARS2), AL2: F492YBM (Y505SARS2), SLhalf1: KG insertion, SLhalf2: GY insertion, and SL: KGGY insertion. Equivalent residues in SARS-CoV 
or SARS-CoV-2 S-protein are shown in black letters. The alignment identifies that R443BM of BM48-31 clashes with bACE2Ra9479 binding (red circle). (B to K) hACE2 binding 
activities were assessed by BLI assays measuring the interaction between dimeric hACE2 protein and different BM48-31-RBD-Fc variants, including, WT, 
LM1+LM+AL+AL1+AL2+SL, LM1+LM+AL+AL1+AL2+SLhalf1, LM1+LM+AL+AL1+AL2+SLhalf2, LM1+LM+AL+AL1+SL, LM+AL+AL1+SL, LM1+AL+AL1+SL, LM1+LM+AL1+SL, 
LM1+LM+AL+SL, and LM1+LM+AL2+SL. BM48-31-RBD-Fc protein variants were immobilized on the sensor tip [indicated by the label “(sensor)” above their names]. The 
hACE2 protein was prepared into a threefold serial diluted analyte series, ranging from 3000 to 4.1 nM. Fitted kinetic parameters are summarized in table S9.
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bACE2Ra9479 binding (Fig. 6A and fig. S20). We found that, whereas 
the LM1+LM+AL+AL1+SL (Fig. 6F) mutant shows substantial 
hACE2 binding, the LM+AL+AL1+SL mutant fails to bind hACE2 
(Fig. 6G). Therefore, we confirm that LM1 (R443LBM) is crucial for 
hACE2 binding (Fig. 6, F and G).

Last, we identified that the AL (T485YBM) and AL1 (S487TBM) mu-
tations also play crucial roles in hACE2 binding. By comparing with 
the LM1+LM+AL+AL1+SL mutant, omitting the AL or AL1 muta-
tions, as in the LM1+LM+AL1+SL and LM1+LM+AL+SL mutants, 
respectively, results in almost no hACE2 binding (Fig. 6, I and J). Fur-
thermore, the LM1+LM+AL2+SL mutant, where both the AL+AL1 
mutations were removed from the LM1+LM+AL+AL1+AL2+SL 
mutant, also shows no hACE2 binding (Fig. 6, C and K). Previous 
studies have also found that an AL mutation T487SSARS1 in civet 
SARS-CoV viruses (corresponding to T488BM and N501SARS2) sub-
stantially reduces hACE2 binding (94, 95).

BM48-31-RBD mutants with enhanced hACE2 binding also 
show substantially increased binding to both bACE2Ra9479 and 
bACE2Ra5538 (figs. S21 and S22 and tables S10 and S11).

In cell fusion assays, the WT BM48-31 and LM1+LM+AL+AL1+
AL2+SLhalf1 S-proteins showed either no or highly abrogated cell 
fusion activities, consistent with the absence or substantial reduc-
tion in ACE2 binding detected for their RBD-Fc proteins. We found 
that effector cells expressing LM1+LM+AL+AL1+ AL2+SL, LM1+ 
LM+AL+AL1+SL, and LM1+AL+AL1+SL mutant S-proteins ex-
hibited substantial capabilities to mediate fusion with target cells 
expressing hACE2 or bACE2Ra9479 (figs. S23, S25, and S26). Such 
activities were further enhanced in the presence of the protease 
trypsin (fig. S23). It has recently emerged that a large array of prote-
ases can modulate S-protein mediated cell entry (96). We speculate 
that BtKY72 and BM48-31 S-proteins may differ in protease uti-
lization.

DISCUSSION
In this study, we determined the cryo-EM structures of eight bat 
SARSr-CoV S-trimers. All eight structures adopt the “locked-2” 
conformation previously identified as rare conformations for SARS-
CoV and SARS-CoV-2 S-trimers (16, 25, 28, 55). Among these de-
termined S-trimer structures, fatty acid molecules were found to 
bind the BM48-31 and BANAL-20-52 S-trimers in their RBDs. Pre-
viously, LA binding has been observed in SARS-CoV-2 S-trimers 
and a few closely related SARSr-CoV S-trimers (26). We and others 
have further confirmed LA binding in the SARS-CoV S-trimer 
(16, 25). Binding of LA across the RBD:RBD interface has been pro-
posed to stabilize S-trimers in the locked conformation to prevent 
their premature transition into open or postfusion conformations 
during virus assembly and egress (28). The presence of densities 
compatible with LAs in the BM48-31 S-trimer, which is distantly 
related to the SARS-CoV and SARS-CoV-2 S-proteins among 
SARSr-CoVs, suggests that fatty acid binding may be a widely 
adopted feature of sarbecovirus S-proteins. However, we were not 
able to observe LA binding in any S-trimers with type-3 RBDs, 
despite their LA binding sites remaining intact (Fig. 2, E to H). 
It is not known whether S-proteins with type-3 RBDs, lacking 
ACE2 binding activity due to the deletion of both RBM SL and 
LL loops, require stabilization by the binding of LA. In addition, 
although biliverdin was not observed in all bat SARSr-CoV S-trimer 

structures, densities compatible with biliverdins were detected in 
the BANAL-20-52, BtKY72, and GX2013 S-trimers, carrying type-
1, type-2, and type-3 RBDs, respectively. Binding of biliverdin, 
known to modulate immune response for SARS-CoV-2 (97, 98), to 
phylogenetically divergent SARSr-CoV S-trimers, suggests that this 
immune evasion strategy may be widely used within the sarbecovi-
rus subgenus. Cryo-EM only detected locked conformations of 
SARSr-CoV S-trimers, suggesting that RBD-up conformations may 
simply be rare. However, the ability of type-1 and type-2 S-trimers 
to bind ACE2 and mediate cell-cell fusion indicates that they can 
adopt RBD-up conformations to engage the ACE2 receptor. The sta-
bility of the S-trimer is known to influence the distribution of its 
conformations resolved by cryo-EM (16, 56, 99). Therefore, it is pos-
sible that RBD-up SARSr-CoV S-trimers lacked the stability re-
quired to withstand cryo-EM sample preparation, leading to 
preferential imaging of the more structurally rigid locked S-trimers.

Of note, among the eight SARSr-CoV S-trimers, structures of 
HeB2013, GX2013, YN2013, and RmYN02 S-trimers, containing 
type-3 RBDs with both SL and LL deleted, were determined, to our 
knowledge, for the first time. Both the RBD LL and SL have been 
identified to play important roles in ACE2 mediated pseudovirus 
cell entry assays (100, 101). We structurally confirm that the dele-
tion of both loops results in the removal of important ACE2 inter-
acting surfaces, rendering these S-trimers unable to bind ACE2 in 
the canonical binding mode as observed for both type-1 and type-2 
RBDs. Type-3 S-proteins GX2013, YN2013, and HeB2013 were un-
able to use their cognate ACE2 orthologs for cell entry (fig. S24). A 
recent study also demonstrates that several type-3 S-proteins are un-
able to bind a large array of bat ACE2 proteins (93).

Our quantitative binding assay, which measures the avidity-
enhanced binding between dimeric RBDs and dimeric ACE2 pro-
teins (fig. S16), allowed us to determine that the dimeric BtKY72 
RBD-Fc binds to the dimeric bACE2Ra9479 with an intermediate-to-
weak affinity of 105 nM whereas unable to bind to the dimeric 
hACE2. Through cryo-EM, we were able to determine the dimeric 
BtKY72-RBD-Fc:bACE2Ra9479 complex. This structure allows us to 
identify that BtKY72 RBD interacts with bACE2 favorably in the 
LM region; however, the BtKY72 RBM LM region contains a lysine 
residue (K482BT), making it unfavorable for hACE2 binding. The 
structure also shows limited interactions to bACE2 by the BtKY72 
LL, AL, and SL RBM regions, likely resulting in an intermediate-to-
weak bACE2 affinity. To understand how the non-hACE2 binding 
SARSr-CoV BtKY72 S-protein may acquire high-affinity hACE2 
binding, residues known to favor hACE2 binding were introduced 
in the BtKY72 RBD RBM regions. This approach revealed that while 
the introduction of individual hACE2-binding-enhancing residues 
in each RBM region had a weak effect, the simultaneous introduc-
tion of multiple residues favoring hACE2 binding across different 
RBM regions conferred high-affinity hACE2 binding, with an affin-
ity of 3.8 nM—comparable to that of SARS-CoV-2.

Our results indicate that enhanced hACE2 binding generally in-
creases bACE2 affinity as well. We found that both SARS-CoV and 
SARS-CoV-2 bind bACE2 with relatively high affinities (fig. S16, M 
to R, and table S5). Introduction of residues favoring hACE2 bind-
ing in RBM LL, AL, and SL regions also enhances bACE2 binding. 
The LL+AL+SL and LL+LM+AL+SL mutants bind both hACE2 
and bACE2 with high affinities. Previous studies have proposed that 
the LM residue (K482BT) is key to modulate ACE2 species specific-
ity (84, 94). The high-affinity binding to both hACE2 and bACE2 by 
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these two mutants suggests that an adverse LM interaction may be 
overcome, in the presence of other RBM ACE2 binding enhancing 
residues, to achieve high-affinity ACE2 binding. However, our re-
sults also confirm that at low or intermediate ACE2 background af-
finities, interaction in the LM region can serve as an on-off switch to 
dictate ACE2 species specificity, as proposed before (94). Substitut-
ing BtKY72-RBD K482BT (Q493SARS2) to alanine (A), asparagine 
(N), or glutamine (Q) all results in a drastic reduction in binding 
affinity to bACE2Ra9479 (fig. S27 and table S12). A recent study on 
the BtKY72 S-protein further confirmed that single mutations at 
K482BT have a differential effect on hACE2 and bACE2 binding 
(87). In Khosta-2, which is closely related to BtKY72, a change of 
Q478Khosta-2 (Q493SARS2) to a lysine resulted in a greater than 10-fold 
reduction in cell entry with hACE2 as the receptor (102). In addi-
tion, in SARS-CoV, introduction of a lysine or arginine residue in 
LM has been found to greatly reduce affinity to hACE2 and increase 
affinity to civet ACE2 (94).

Therefore, our results demonstrate that molecular determinants 
for high-affinity ACE2 binding are distributed across the four ACE2 
interacting regions within the sarbecovirus S-protein RBM, namely, 
the LL, LM, AL, and SL regions, rather than being concentrated at a 
single specific RBM location. Favorable ACE2 interactions in these 
regions have a cumulative effect, working synergistically to achieve 
strong ACE2 binding. In SARS-CoV-2, optimal hACE2 interactions 
are found in all the four regions. The resulting high-affinity hACE2 
binding may allow greater flexibility in RBM antigenic changes 
while retaining binding to the ACE2 receptor. Such a feature may 
have allowed the LM region antigenic Q493RSARS2 change, with the 
effect of reducing hACE2 binding, to occur in the SARS-CoV-2 
Omicron BA.1/2/3 RBDs (89, 103).

The synergistical effect from different RBM regions can also ex-
plain the varied affinities observed for other SARSr-CoV S-proteins. 
RaTG13 and RshSTT182/200 bind hACE2 with 183- and 888-fold 
weaker affinity than SARS-CoV-2. RaTG13 RBD differs from SARS-
CoV-2 RBD by six amino acids. Of these, four changes (Y449FSARS2, 
F486LSARS2, N501DSARS2, and Y505HSARS2), known to reduce 
hACE2 binding, are in the LL and AL regions, whereas two changes, 
favoring hACE2 binding, are found in LM (Q493YSARS2) and AL 
(Q498YSARS2) regions. The combined effect of these changes in the 
RaTG13 type-1 RBM likely results in weakened hACE2 binding 
compared to SARS-CoV-2 (37). For RshSTT182/200, encoding a 
type-2 RBM with the SL deleted, combining the reversion of the SL, 
a mutation in the LL, and the T346R change, a 125-fold increase in 
hACE2 binding can be achieved; however, the achieved affinity was 
still sevenfold lower by comparison with SARS-CoV-2 (104).

Similarly, hACE2-binding-enhancing mutations in the RBM also 
act synergistically to confer intermediate affinities for both hACE2 
and bACE2, as well as ACE2-mediated cell fusion activity, to the 
BM48-31 S-protein. We additionally identified that, in the case of 
BM48-31, the acquired cell-fusion activities can be substantially en-
hanced by the presence of the protease trypsin, thereby highlighting 
the interplay between receptor binding and other entry-promoting 
factors for SARSr-CoV S-proteins.

While synergistic mutations across different RBM regions en-
abled the type-2 BtKY72 S-RBD to bind hACE2 with high affinity, a 
similar approach only conferred intermediate affinity to the type-2 
BM48-31 S-RBD, which generally lacks ACE2 binding activity. The 
weaker hACE2 affinity achieved suggests that amino acid differenc-
es outside of the RBM regions may further modulate ACE2 binding 

affinity (93). These observations suggest that there are substantial 
genetic barriers for SARSr-CoV S-proteins with type-2 and type-3 
RBDs, which lack RBM features for optimal hACE2 interaction, to 
acquire an hACE2 affinity comparable to known human-infecting 
sarbecoviruses—SARS-CoV and SARS-CoV-2. Although the re-
sults also suggest a potentially lower genetic barrier to high-affinity 
hACE2 binding for S-proteins with type-1 RBDs, optimal interac-
tions in all the RBM regions remain rarely identified among type-1 
RBDs. Continued surveillance and testing of ACE2 binding are es-
sential to discover whether an animal reservoir already hosting 
SARSr-CoVs with strong hACE2 affinity.

MATERIALS AND METHODS
Protein constructs
S genes of BtKY72 (taxonomy ID: 903610), BM48-31 (taxonomy ID: 
864596), YN2013 (taxonomy ID: 1503303), RmYN02 [The Global Ini-
tiative on Sharing Avian Influenza Data (GISAID): EPI_ISL_412977], 
GX2013 (taxonomy ID: 1503301), and HeB2013 (Taxonomy 
ID: 1503296) were codon optimized and synthesized by 
GenScript (Nanjing, China). S genes of BANAL-20-52 (GISAID: 
EPI_ISL_4302644) and BANAL-20-236 (GISAID: EPI_ISL_4302647) 
were synthesized by the Sango Company (Shanghai, China). The 
transmembrane domains and C-terminal ends of BtKY72 (amino 
acids 1194 to 1257), BM48-31 (amino acids 1195 to 1259), YN2013 
(amino acids 1169 to 1233), GX2013 (amino acids 1178 to 1242), 
HeB2013 (amino acids 1177 to 1241), RmYN02 (amino acids 1163 to 
1227), BANAL-20-52 (amino acids 1205 to 1269), and BANAL-20-236 
(amino acids 1201 to 1265) were removed before a T4 trimerization 
foldon, HRV 3C cleavage site, an Octo-His tag, and a double strep-
tag were added to the C termini. Two proline mutations (K946P 
and V947P) were introduced to stabilize the YN2013 S-protein, as 
previously described (105). All S-protein constructs were cloned 
into the pCDNA3.1 vector with their native signal peptides to allow 
secretory expression.

hACE2, R. affinis 9479 (sample name: Ra9479, GenBank: 
QMQ39227) ACE2 (bACE2Ra9479), and R. affinis 787 (sample name: 
Ra5538, GenBank: QMQ39222) ACE2 (bACE2Ra5538) genes were 
synthesized. The PD (amino acids 1-615) of the bat R. affinis 
bACE2Ra9479, bACE2Ra5538, and hACE2 were fused to the Fc domain 
of human immunoglobulin G (IgG), resulting in bACE2Ra9479-Fc, 
bACE2Ra5538-Fc, and hACE2-Fc constructs. In addition, a different 
version of ACE2 construct, containing the PD and the CLD (amino 
acids 1 to 731), bearing a C-terminal Hexa-His tag, was generated 
for hACE2, bACE2Ra9479, and bACE2Ra5538. All ACE2 constructs 
were cloned into the pCDNA3.1 vector with their native signal pep-
tides to allow secretory expression. Because of the presence of the 
CLD, these His-tagged ACE2 proteins form dimers.

BtKY72 RBD and variants (amino acids 309 to 530 residues), BM48-
31 RBD and variants (amino acids 310 to 524 residues), BANAL-20-52 
RBD (amino acids 330 to 528 residues), BANAL-20-236 RBD (amino 
acids 326 to 524 residues), YN2013 RBD (amino acids 302 to 501 resi-
dues), RmYN02 RBD (amino acids 298 to 497 residues), GX2013 RBD 
(amino acids 310 to 510 residues), and HeB2013 RBD (amino acids 310 
to 509 residues) were fused with C-terminal Hexa-His tags. In addition, 
RBD-Fc constructs were generated by fusing RBDs with human IgG Fc 
domains. All RBD constructs were cloned into the pCDNA3.1vector 
with N-terminal mu-phosphatase signal peptide sequences to allow se-
cretory expression.
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Protein expression and purification
Proteins were expressed by transient transfection in Expi293F cells, 
1 mg of DNA was transfected into 1 liter of cells using linear poly-
ethylenimine transfection reagent. After transfection, cells were cul-
tured at 33°C for 3.5 to 4.0 days for S-proteins and 5 days for RBD 
and ACE2 proteins. For His-tagged S-proteins and RBD proteins, 
the supernatants were harvested by centrifugation and 25 mM phos-
phate (pH 8.0), 3 mM imidazole, 300 mM NaCl, and 0.5 mM 
phenylmethylsulfonyl fluoride were supplemented. The supernatant 
was recirculated for about 2.5 times onto a 5-ml Talon cobalt col-
umn, and the column was washed with 100 ml of buffer A [25 mM 
phosphate (pH 8.0), 5 mM imidazole, and 300 mM NaCl]. Proteins 
were eluted using a linear gradient with increasing concentration 
of buffer B [25 mM phosphate (pH 8.0), 500 mM imidazole, and 
300 mM NaCl]. Eluted protein samples were quality checked by 
SDS–polyacrylamide gel electrophoresis, concentrated, and buffer 
exchanged into phosphate-buffered saline (PBS) using a 100-kDa 
(for S-proteins) or 10-kDa (for RBD proteins) MWCO Amicon Ultra 
filtration device (Merck Millipore). The concentrated proteins were 
frozen in liquid nitrogen and stored at −80°C.

For RBD-Fc and ACE2-Fc proteins, 5 days posttransfection, each 
culture supernatant was cleared by filtering through a 0.45-μm filter 
membrane before being loaded onto a 5-ml HiTrap Protein A col-
umn (Cytiva). The column was washed with PBS [10 mM Na2HPO4 
and 1.8 mM KH2PO4 (pH 7.4), 137 mM NaCl, and 2.7 mM KCl]. 
Proteins were eluted using a linear gradient with increasing concen-
tration of a citrate buffer [0.1 M citric acid (pH 3.0)]. Eluted protein 
fractions were immediately neutralized with equal volumes of 1.0 M 
tris-HCl (pH 8.0) buffer. RBD-Fc and ACE2-Fc proteins were con-
centrated and buffer exchanged into PBS before being frozen and 
stored at −80°C.

BLI binding analysis
Binding of SARSr-CoV S-proteins or RBDs to ACE2-Fc proteins 
was assessed using BLI on an Octet RED 96 instrument (FortéBio, 
USA). All steps were performed at 25°C with an orbital shaking 
speed of 1000 rpm. All reagents were formulated in PBS-TB buffer 
(PBS with 0.02% v/v Tween 20 and 0.1% (w/v) bovine serum albu-
min). Before the experiments, all protein A biosensors were pre-
equilibrated in the PBS-TB buffer for 10 min. ACE2-Fc proteins 
(11 μg/ml) were immobilized onto Protein A biosensors (FortéBio, 
USA) to a response value of ~1.2 nm. After a 60-s baseline step in 
PBS-TB, the biosensors immobilized with ACE2-Fc proteins were 
submerged in the analyte (S-proteins or RBDs) solutions for 300 s 
to measure association, before being submerged in PBS-TB for 
600 s to measure dissociation. Data were reference subtracted and 
analyzed in the FortéBio Data Analysis Software (FortéBio) by fit-
ting to 1:1 or 2:1 binding models to determine kon, koff, and KD 
values as previously described (106). Raw data and fits were plot-
ted using GraphPad Prism 8 (GraphPad Software). For binding by 
monomeric RBDs, weak binding is defined as response values be-
tween 0.02 and 0.08 nm, with values below 0.02 nm indicating no 
binding. Binding parameters were not determined from weak 
binding data.

Binding of dimeric His-tagged hACE2, bACE2Ra5538, and 
bACE2Ra9479 to SARSr-CoV RBD-Fc proteins was assessed using the 
BLI assay. The RBD-Fc proteins (11 μg/ml) were loaded onto Pro-
tein A biosensors (FortéBio, USA) to a level of ~1.2 nm. After a 60-s 

baseline step in PBS-TB buffer, the biosensors immobilized with 
RBD-Fc proteins were submerged in the ACE2 protein solutions for 
300 s to measure association, before being submerged in PBS-TB for 
600 s to measure dissociation. Data were reference subtracted and 
analyzed in the FortéBio Data Analysis Software. For binding by di-
meric ACE2 proteins, weak binding is defined as response values 
between 0.08 and 0.3 nm, with values below 0.08 nm indicating no 
binding. Binding parameters were not determined from weak bind-
ing data.

Cryo-EM grid preparation and data acquisition
Cryo-EM grids were prepared with S-trimer samples at concentra-
tions between 1.2 and 2.5 mg/ml. All grids were prepared by apply-
ing 3.0 μl of S-trimer solutions directly to glow discharged (15 mA, 
30 s) holey carbon grids (Quantifoil Cu mesh 300 R1.2/R1.3) before 
blotting, except for GX2013. GX2013 S-trimer samples were supple-
mented with 0.1% (w/v) octyl glucoside (OG) immediately before 
being applied to grids, to reduce preferred orientation of particles. 
Cryo-EM grids were blotted for 2.5 s with a blot force of 4, before 
being plunge frozen into liquid ethane using a Vitrobot Mark IV 
(Thermo Fisher Scientific) at 4°C and 100% humidity.

For GX2013 and BANAL-20-236 and RmYN02 S-proteins, cryo-
grids were loaded into a Talos Arctica electron microscope (Thermo 
Fisher Scientific) operated at 200 keV for data collection using the 
Serial EM software (Mastronarde, 2005). Micrographs were record-
ed at a nominal magnification of ×45,000 on a K3 direct detection 
camera (Gatan) with a range of defocus −0.8 to −2.5 μm with a 
super-resolution counting mode at pixel size of 0.44 Å. The expo-
sure was performed with a dose rate of 25 e−/pixel per second and 
an accumulative dose of ∼60 e−/Å2 for each movie, which was frac-
tionated into 27 subframes.

For BtKY72, BM48-31, BANAL-20-52, YN2013, and HeB2013 
S-proteins, micrographs were collected using the EPU software 
(Thermo Fisher Scientific) on a Titan Krios G3i electron microscope 
(Thermo Fisher Scientific) operated at 300 keV. Micrographs were 
recorded at a nominal magnification of ×81,000 on a K3 direct elec-
tron detector (Gatan) coupled to a Gatan BioQuantum energy filter 
set with a slit width of 10 eV and with a defocus range between −0.8 
and −2.0 μm. Each movie was collected with a dose rate of 25 e−/
pixel per second, fractioned into 38 frames, and exposed for 2.28 s, 
resulting in a total dose of 50 e−/Å2 with a calibrated pixel size of 
1.095 Å.

The BtKY72-RBD:bACE2Ra9479 complex at a concentration of 
11 μM was formed by incubating BtKY72-RBD-Fc protein and 
bACE2Ra9479 (amino acids 1 to 731) in equal molar amounts for 
2 hours at 4°C. Three microliters of the complex was supplemented 
with 0.075% (w/v) OG immediately before being applied to glow dis-
charged (15 mA, 30 s) Ni-Au-300 mesh R1.2/1.3 grids. Grids were 
blotted for 2.5 s with a blot force of 4 before being plunge frozen into 
liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific) 
at 4°C and 100% humidity. Micrographs were collected on a Titan 
Krios G4i electron microscope (Thermo Fisher Scientific) operated 
at 300 keV using the EPU software (Thermo Fisher Scientific). 
Micrographs were recorded at a nominal magnification of ×165,000 on 
a Falcon 4 direct electron detector coupled to a Selectris-X imaging 
filter set with a slit width of 10 eV (Thermo Fisher Scientific) and 
with a defocus range between −0.8 and −2.4 μm. Each movie was 
collected with a dose rate of 15 e−/pixel per second, exposed for 
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1.78 s, resulting in a total dose of 50 e−/Å2 with a calibrated pixel size 
of 0.73 Å.

Image processing
Movies were aligned in RELION 3.1 using RELION’s own implemen-
tation (107) of MotionCor2 algorithm (108). Contrast transfer func-
tion (CTF) estimation and template-free particle picking were 
performed in Warp (109). Particles extracted by Warp were subse-
quently imported into RELION. For each dataset, an EM structure of 
the SARS-CoV-2 S-protein in a locked conformation (EMD-11329) 
(24) was filtered to 60-Å resolution to be used as the initial reference 
in the first round of three-dimensional (3D) classification. The first 
round of 3D classification was performed at 2× binning to identify 
S-trimer particles. 3D classes displaying clear secondary structures 
were pooled and subjected to one round of 2D classification to remove 
bad particles before a second round of 3D classification. Autorefine-
ment, CTF refinement, and Bayesian polishing were performed for 
the classified datasets. Following a final round of 3D autorefinement, 
map resolutions were estimated at the 0.143 criterion of the phase ran-
domization–corrected Fourier shell correlation curve calculated 
between two independently refined half-maps multiplied by a soft-
edged solvent mask. Final reconstructions were sharpened and locally 
filtered using RELION. Dataset processed by the cryoSPARC package 
was first particle picked before 2D classification was performed. 
Well-featured particles from the 2D classification were subjected to 
ab initio 3D classification. Homogeneous refinement and local refine-
ment were applied to the set of particles with good features identi-
fied by the ab initio 3D classification.

For the BtKY72-RBD:bACE2Ra9479 complex dataset, data pro-
cessing was performed mainly using cryoSPARC (110). After patch-
motion correction and CTF estimation, micrographs with CTF fit 
resolution above 6 Å were picked by curate exposures job. Then, 
particles were picked using a blob picker to get templates for the 
subsequent template picker. Picked particles were extracted at 3x 
binning and subjected to 2D classification, ab initio reconstruction, 
and heterogeneous refinement. Particles belonging to classes with 
high-resolution detail were selected for a final round of Topaz picker 
by Topaz cross-validation job. Picked particles were extracted at 3x 
binning and subjected to 2D classification, ab initio reconstruction, 
and heterogeneous refinement again. Highly similar classes in het-
erogeneous refinement showing high-resolution detail were com-
bined and reextracted at 1.5x binning and subjected to nonuniform 
refinement with optimization of per-group CTF parameters. The 
CTF-refined particles and volumes were subjected to reference-
based motion correction and an extra round of nonuniform refine-
ment to get the final dimeric structure.

Because of conformational dynamics in the dimeric structure, 
several local regions were resolved to lower resolution. Local refine-
ment was applied to improve the local resolution at the binding in-
terface. Particles were symmetry expanded and imported into 
RELION 4.0, where the dynamic parts were masked and particles 
were subtracted through masking. The subtracted particles were im-
ported back to cryoSPARC to perform local refinement jobs. Given 
the fact that higher-order aberrations were lost during particle port-
ing between the two software, multiple global CTF Refinement and 
local refinement iterations were performed to compensate for this 
loss before the final local structure map was obtained.

Model building and structure refinement
A previously determined SARS-CoV-2 S-trimer structure (PDB 
ID: 6ZP2) (24) was used as the starting models for the SARSr-CoV 
S-trimer structures. Model building and adjustment were per-
formed manually in Coot 0.9 (111). Steric clash and side-chain ro-
tamer conformations were improved using the Namdinator web 
server (112). Final structures after additional manual adjustments 
were refined and validated in PHENIX-1.18.261 (113). The SARS-
CoV-2-RBD:hACE2-B0AT1 complex structure (PDB ID: 6M17, 
EMD-30039) (86,  114) was used as the starting model for the 
BtKY72-RBD: bACE2Ra9479 complex structure. The starting model 
was fitted in the cryo-EM density in Chimera before manual ad-
justments were carried out in Coot. The model was refined by mul-
tiple rounds of refinement in Namdinator and PHENIX. Data 
collection and refinement statistics for all the reported structures 
are provided in table S1.

GFP-split fusion assay
The split–green fluorescent protein (GFP) system–based cell-cell fusion 
assay mediated by the interaction between S-protein and ACE2 recep-
tor was previously described (83). Briefly, human embryonic kidney 
(HEK) 293T cells transfected with pcDNA3.1 encoding C-terminally 
FLAG-tagged (DYKDDDDK) full-length S-proteins with native signal 
peptides and pQCXIP-GFP1-10 were prepared as effector cells, where-
as HEK293T cells transfected with hACE2 or bat ACE2 (bACE2, 
bACE2Ra5538, or bACE2Ra9479) and pQCXIP-BSR-GFP11 served as the 
target cells. Twenty-four hours after transfection, effector and target 
cells were washed and resuspended in Dulbecco’s Modified Eagle’s 
Medium (DMEM) containing 10% fetal bovine serum (FBS) without 
trypsin treatment, mixed at a 1:1 ratio, and plated at ~2 × 105 cells per 
well in 96-well plate. Fluorescence images were recorded at the indicat-
ed time points using a Nikon TS2-S-SM fluorescence microscope. For 
BM48-31 S-proteins, effector and target cells were digested with 
0.25% trypsin-EDTA for 5 min at room temperature, before being 
washed and mixed in DMEM with 10% FBS to initiate the cell-cell 
fusion assay. The GFP area was quantified with ImageJ. S-protein 
expression was analyzed via flow cytometry using a SARS-CoV-2 S2 
antibody (1:2500 dilution, Sino Biological, 40590-T62) and Western 
blot using an anti-FLAG antibody (1:1000 dilution, Sino Biological, 
109143-MM13). The GFP area was normalized to the mean fluores-
cence intensity of surface S-proteins.

Supplementary Materials
This PDF file includes:
Figs. S1 to S27
Tables S1 to S13
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