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In brief

The biochemical and structural analysis
of the human angiotensin-converting
enzyme-2 (ACE2, the receptor for SARS-
CoV-2 viral entry) and the receptor-
binding domain (RBD) of four Omicron
sub-variants—BA.1, BA.1.1, BA.2, and
BA.3—helps to reveal the structural
basis of differences in sub-variant bind-
ing affinities and the impact of RBD
mutations.
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SUMMARY

The currently circulating Omicron sub-variants are the SARS-CoV-2 strains with the highest number of known
mutations. Herein, we found that human angiotensin-converting enzyme 2 (hACE2) binding affinity to the re-
ceptor-binding domains (RBDs) of the four early Omicron sub-variants (BA.1, BA.1.1, BA.2, and BA.3) follows
the order BA.1.1 > BA.2 > BA.3 = BA.1. The complex structures of hACE2 with RBDs of BA.1.1, BA.2, and
BA.3 reveal that the higher hACE2 binding affinity of BA.2 than BA.1 is related to the absence of the
G496S mutation in BA.2. The R346K mutation in BA.1.1 majorly affects the interaction network in the
BA.1.1 RBD/hACE?2 interface through long-range alterations and contributes to the higher hACE2 affinity
of the BA.1.1 RBD than the BA.1 RBD. These results reveal the structural basis for the distinct hACE2 binding

patterns among BA.1.1, BA.2, and BA.3 RBDs.

INTRODUCTION

Omicron (B.1.1.529), which is the SARS-CoV-2 variant with
most mutations, was defined as the fifth variant of concern
(VOC) by the World Health Organization (WHO) on November
26, 2021 (Kandeel et al., 2022). The Omicron variants were
recently divided into four sub-variants, i.e., BA.1, BA.1.1,
BA.2, and BA.3 (PAHO and WHO, 2022). The BA.2 sub-variant
was suggested to have a growth advantage over other
circulating variants and is more transmissible than the BA.1
sub-variant. Statistical analysis shows that the effective
reproduction number of BA.2 is 1.4-fold higher than that of
BA.1 (Yamasoba et al., 2022). During the revision of this
manuscript, some more Omicron sub-variants are emerging,
e.g.,, BA.2.12.1, BA.4, BA.5, etc.

The growth advantage of BA.2 was thought to be related to
its higher capacity for immune escape. However, the differ-
ence between the level of neutralizing antibodies against
BA.1 and BA.2 in individuals who accepted vaccination or
experienced SARS-CoV-2 infection was small, so it is difficult
to explain the higher transmissibility of BA.2 than BA.1 (Bruel

2952 Cell 185, 2952-2960, August 4, 2022 © 2022 Elsevier Inc.

et al.,, 2022; Callaway, lketani
et al., 2022).

SARS-CoV-2 binding to its receptor, human angiotensin-
converting enzyme 2 (hACE2), is a critical step for initiating
the infection. The binding of SARS-CoV-2 depends on the inter-
actions between hACE2 and the receptor-binding domain
(RBD) in the spike (S) protein of the virus. There are 15-16
amino acid (aa) mutations in the RBD of Omicron sub-variants
compared with the prototype (PT) virus (Lu et al., 2020b; Tan
et al., 2020; Wei et al., 2020).

The RBD of the S protein is also the major target of neutral-
izing antibodies (Dai and Gao, 2021; Peng et al., 2021; Xu
et al., 2021). Previously, we solved both the crystal and
cryo-EM structures of the Omicron BA.1 RBD in complex
with hACE2, revealing that although some mutations in the
BA.1 RBD increase the affinity to hACE2, the others attenuate
it. Consequently, the affinity of Omicron BA.1 RBD is similar to
that of the PT strain RBD (Han et al., 2022). In this report, we
evaluated the binding properties of BA.1.1, BA.2, and BA.3
RBDs to hACE2 and explored the structural basis for the dif-
ference in their binding affinities.

2022; et al., 2022; Yu
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RESULTS

Affinity of RBDs from the SARS-CoV-2 variants to hACE2
and entry efficiency of the pseudoviruses

Among the SARS-CoV-2 RBDs, there are 15 aa mutations in BA.1
and 16 in BA.1.1 with an extra mutation at R346K. BA.2 and BA.3
contain 16 and 15 aa mutations, correspondingly (Figure 1A). As of
April 28, 2022, there have been 75 Pango Omicron sub-variants.
Among these sub-variants, BA.1.1 is the globally dominant
Omicron sub-variant, accounting for approximately 26.62%
(874,168) of the total Omicron genomes. The other top 10 sub-var-
iants are BA.2.9, BA.2, BA.1.17.2, BA.1.15, BA.1.16, BA1,
BA.1.1.1, BA.2.10, and BA.1.14, accounting for approximately
10.55% (346,329), 8.83% (290,135), 6.50% (213,581), 6.34%
(208,159), 4.80% (157,468), 4.59% (150,661), 2.73% (89,652),
2.46% (80,763), and 2.37% (77,890) of the total Omicron ge-
nomes, correspondingly (Figure 1B) (outbreak.info, 2022).

We assessed the binding affinities between hACE2 and RBDs
from the four Omicron sub-variants (BA.1, BA.1.1, BA.2, and
BA.3), together with the other earlier four VOCs (Alpha, Beta,
Gamma, and Delta), and the PT virus (Lu et al., 2020a; Wei
et al., 2020) by surface plasmon resonance (SPR) (Figure 1C).
Our results showed that the Kp values for the binding of the PT
RBD to hACE2 is 24.4 nM, similar to what was previously re-
ported (Han et al., 2022; Wang et al., 2020; Zhang et al., 2021),
whereas those of Omicron sub-variants, BA.1, BA.1.1, BA.2,
and BA.3, were 19.5, 5.9, 10.0, and 22.1 nM, correspondingly.
Compared with BA.1 RBD, the Kp values of BA.1.1 and BA.2
were 3.3- and 2.0-fold lower, respectively, indicating that their
affinities to hACE2 were a bit higher than that of the PT RBD.
However, the affinity of BA.3 to hACE2 was very close to BA.1.
The Kp values of the RBDs binding to hACE2 in Alpha, Beta,
Gamma, and Delta variants were 6.7, 19.7, 16.0, and 25.1 nM,
correspondingly, suggesting that only Alpha RBD showed a
comparable affinity with BA.1.1. The increased affinity of the
BA.1.1 and BA.2 compared with BA.1 is consistent with the
high frequencies of these two sub-variants in GISAID. We further
detected the binding capacity of the above RBDs to hACE2 ex-
pressed on the surface of BHK-21 cells by flow cytometry (Fig-
ure S1). These results suggested that all the RBDs tested could
efficiently bind to hACE2 on the cell surface. In order to detect
the entry efficiency of the Omicron sub-variants, we prepared
the VSV-backbone pseudoviruses expressing the S proteins
from the SARS-CoV-2 PT and the VOCs Alpha, Beta, Gamma,
Delta, and the four Omicron sub-variants. The entry efficiency
of the pseudoviruses into Vero cells was evaluated (Figure 1D).
All Omicron sub-variants were able to enter the cells efficiently.
The relative entry efficiencies of Omicron sub-variants are
consistent with the recent research (Saito et al., 2022).

Structural comparison of hACE2 in complex with BA.1,
BA.1.1, BA.2, and BA.3 RBDs
The crystal structures of BA.1.1, BA.2, and BA.3 RBDs in the
complex with hACE2 have been solved at resolutions of 3.0,
29,and 2.7 A, correspondingly, in this study (Table S1).

We performed an interface analysis of the three complex struc-
tures with the cutoff for the atom contact distance being 4.5 A (the
cutoff distance for hydrogen bonds and salt bridges being 3.5 A)

¢ CellP’ress

and made a comparison with the interaction interface in the BA.1
RBD/hACE2 structure we previously solved (Han et al., 2022).
The results show that the same 21 hACE2 residues are involved
in constituting the binding interface with 20 BA.1 RBD residues,
21 BA.1.1 RBD residues, 21 BA.2 RBD residues, and 19 BA.3
RBD residues in the four complexes, correspondingly. The interac-
tion atom pairs and numbers of interface atom contacts, hydrogen
bonds, and salt bridges are listed in Tables S2 and S3.

Among the BA.1 RBD/hACE2, BA.2 RBD/hACE2, and BA.3
RBD/hACE2 complexes, the BA.2 RBD/hACE2 complex inter-
face has the largest total number of atom contacts and hydrogen
bonds, which might correlate with the higher hACE2 affinity of
the BA.2 RBD compared with BA.1 and BA.3. However, the
BA.1.1 RBD with the highest hACE2 affinity forms a less total
number of atom contacts and hydrogen bonds with hACE2
than BA.2 RBD, but it has two more salt bridges than BA.2
RBD (Figure S2; Table S3). Therefore, the descending order of
BA.1.1, BA.2, BA.1, and BA.3 RBD affinity to hACE2 can be
partly explained by the different number of total atomic interac-
tions, hydrogen bonds, and salt bridges, although other factors
including the strength of individual interactions, especially those
of critical mutation sites also play a role. This is consistent with
our previous report that the lower affinity of dog ACE2 (JACE2)
to the SARS-CoV-2 RBD than hACE2 can be explained by fewer
interface atom contacts, hydrogen bonds, and salt bridges of
dACE2 with RBD (Zhang et al., 2021).

The contact interfaces between hACE2 and SARS-CoV-2 or
the Omicron sub-variant BA.1 RBD are distributed over two
patches (Han et al., 2022; Wang et al., 2020). As Patch 1 in the
BA.1 RBD/hACE2 complex, which we previously reported (Han
et al., 2022), all Patch 1 of the three complexes solved here con-
tains 5 hACE2 residues (S19, Q24, H34, E35, and Y83), which
form hydrogen bonds or salt bridges with RBD residues, but
Patch 1 of the BA.1.1 complex has an extra hACE2 D38, forming
a hydrogen bond and a salt bridge with BA.1.1 RBD S496 and
R493, correspondingly (Figures 2A-2D, upper panels).

Unlike the BA.1.1 complex, hACE2 D38 in the BA.1 RBD, BA.2
RBD, and BA.3 RBD complexes forms a hydrogen bond and a
salt bridge with RBD Y449 and R498, correspondingly, in all
the three complexes. In addition to hACE2 D38, Patch 2 of the
BA.1.1 complex contains Y41, K353, and D355, whereas that
of the three complexes contains hACE2 Y41, Q42, and K353.
The hydrogen bonds network in Patch 2 of the BA.2 RBD com-
plex is the most extensive, whereas that of the BA.1.1 RBD com-
plex is the weakest (Figures 2A-2D, lower panels).

The binding interface residues of RBDs in the four complexes
shown in (Figures 2E-2H) are evidently different. The two
patches of the BA.1 and BA.1.1 RBDs are connected, whereas
the boundaries of those in the BA.2 and BA.3 are distinguishable.
Among all the mutations in the four RBDs, only the G496S is
located in the binding interface. Notably, T415 of BA.2 RBD
forms a hydrogen bond with hACE2 N90-glycan, which is dis-
cussed later (Figure 2G).

Correlation of the S496G substitution in the RBDs with
hACE2 binding

The affinity of BA.2 RBD to hACE2 is a little bit higher, if any,
than that of the BA.1/BA.3 RBDs. The difference between the
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Figure 1. Mutation distribution in VOC S proteins and SPR for VOC

RBD binding to hACE2 and VOC pseudovirus entry assay

(A) Schematic diagram for mutation distribution in the S proteins from the five VOCs, including the four Omicron sub-variants (BA.1, BA.1.1, BA.2, and BA.3). The
mutations unique to BA.1.1, BA.2, or BA.3 are indicated in blue. The mutations unique to BA.2 and BA.3 are indicated in green. The mutations present in BA.1 and

BA.1.1 but absent in BA.2 and BA.3 are shown with dashed lines.

(B) Donut chart for the global composition of Omicron sub-variants (data were collected from GISAID on April 25™, 2022).

(C) The SPR curves for the VOC RBDs binding to hACE2.

(D) Pseudovirus entry assay for the five VOCs, including the four Omicron sub-variants (BA.1, BA.1.1, BA.2, and BA.3). The error bars indicate the standard

deviations (SD) for three or four independent experiments.
See also Figure S1.
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Figure 2. The complex structures of SARS-CoV-2 sub-variants BA1.1, BA.2, and BA.3 RBDs bound to hACE2

(A-D) The hydrogen bond (red) and salt bridge (yellow) networks of BA.1 (A), BA1.1 (B), BA.2 (C), and BA.3 (D) RBDs contact with hACE2. The complex structures
are shown as a cartoon, and residues involved in hydrogen bond or salt bridge formation are shown as sticks. The RBDs of BA.1, BA1.1, BA.2, and BA.3 are
shown as cyan, salmon, orange, and yellow, correspondingly. hACE2 is shown as green.

(E-H) The binding surface of hACE2 with the BA.1 (E), BA1.1 (F), BA.2 (G), and BA.3 (H) RBDs.

See also Figure S2.

BA.2 RBD and the BA.1 RBD is that BA.2 contains S371F,
T376A, D405N, and R408S mutations, but BA.1 RBD does
not, whereas BA.1 contains the G446S and G496S mutations,
but BA.2 does not. Among these mutations, only the G496S
mutation is in the RBD/hACE2 interface. In the BA.1 RBD/
hACE2, BA.2 RBD/hACE2, and BA.3 RBD/hACE2 complexes,
hACE2 D38 forms a salt bridge and hydrogen bond networks
with RBD R498 and Y449. However, the side chains of these
residues appear less compact in the BA.1 RBD/hACE2 com-
plex with the G496S mutation, whereas in the BA.1.1 complex
with the same mutation, this interaction network is disrupted
(Figure 3A). Therefore, we speculate that S496 may disturb
the polar interaction network formed between hACE2 D38
and RBD R498/Y449.

To verify the effects of G496S on receptor binding, we first
evaluated the reverse mutation of S496G in BA.1.1 RBD on the
ACE2 affinity. Our results indicate that the S496G site mutation
induces an approximately 3.6-fold affinity increase, whereas
the G496S mutation in BA.2 RBD induces an approximately
1.5-fold decrease in hACE2 binding affinity (Figure S3). There-
fore, the SPR measurements support that G496S attenuates
RBD binding.

To further explore the mechanism for the reduced binding
associated with the G496S mutation, we performed molecular
dynamics (MDs) simulations and examined the effect of the
G496S mutation on the free energy of BA.1 RBD binding. Our
results indicate that the molecular mechanics/Poisson-Boltz-
mann surface area (MM/PBSA) free energy of the BA.1 RBD
with G496 binding to hACE2 is 5.34 kcal/mol (AAEginging) lower
than that with S496 (Table S4). Representative snapshots clus-
tered from the MD trajectories suggested that the more
compact intra-chain hydrogen bonding networks formed by
the hydroxyl side chain of S496 within RBD reduce the inter-
chain interactions between BA.1 RBD and ACE2 (Figure S4).
For control, we also performed the simulations of S446 BA.1
versus G446 BA.1 binding, showing that AAEginging between
S446 and G446 is only 1.15 kcal mol~', which is much lower
than the AAEginging between S496 and G496. These results
also support that the G496S mutation attenuates the binding af-
finity of RBDs to hACE2.

Interestingly, the visibility of the electronic densities of the
hACE2 N90-linked glycans was very different in the four
complexes. The densities for the first three glycan residues
(N-acetyl-B-d-glucosamine [NAG], NAG, and Beta-D-mannose
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Figure 3. The G496S mutation in RBD and N90-glycan in hACE2 modulate the RBDs/hACE2 interaction

(A) The G496S mutation affects the local polar interaction networks at the RBD/hACE2 interfaces.

(B) The interaction between hACE2 N90-glycan may be related to the R408S mutations in the BA.2 RBD/hACE2 complex. The four panels from the leftmost one in
(A) and (B) are BA.1 RBD/hACE2 (PDB: 7WBP), BA.1.1 RBD/hACE2, BA.2 RBD/hACE2, and BA.3 RBD/hACE2, correspondingly. The numbers on the dash lines

are distances (A) between the two atoms they link.
See also Figures S3-S6.

[BMA]) of the hACE2 N90-linked glycan in the BA.2 RBD/hACE2
complex were sharp and clear, but only the densities of the first
residues (NAG) of ACE2 N90-glycan in the BA.1 RBD/hACE2
and BA.1.1 RBD/hACE2 complexes and the first two residues
(NAG and NAG) of ACE2 N90-glycan in the BA.3 RBD/hACE2
complex were visible (Figure 3B). More importantly, in the BA.2
RBD/hACE2 complex, the third residue (BMA) of the hACE2
N90-glycan chain forms a hydrogen bond with BA.2 T145, which
stabilizes the glycan chain (Figures 3B and S5) and presumably in-
creases the affinity of the BA.2 RBD to hACE2. The unique muta-
tion of BA.2 is R408S. We hypothesized that the large side chain of
R408 in RBDs of BA.1, BA.1.1, and BA.3 has steric clashes with
the N90-glycan chain. With the R408S mutation in BA.2, the steric
clashes decrease, and therefore, the N90-glycan has a higher
probability to get close and bind to T415. The glycosylation of viral
envelope proteins together with receptors has a wide range of
functions, including regulating viral tropism (Tian et al., 2021).
Here, we present a molecular insight into how glycosylation regu-
lates virus receptor binding.

To test the role of the R408S mutation on RBD/hACE2 interac-
tion, we assessed the hACE2 affinity of BA.2 RBD with the S408R
mutation, showing that the K values of the BA.2 RBD (15.67 nM)
and BA.2 RBD with the S408R mutation (16.37 nM) were also
similar (Figure S6). These results suggest that the R408S muta-
tion has very limited RBD binding to hACE2.

2956 Cell 185, 2952-2960, August 4, 2022

Correlation of the enhanced binding of the BA.1.1 RBD
to hACE2 compared with the BA.1 RBD with the long-
distance “conduction” interactions induced by R346K
Our SPR data showed that the affinity of the BA.1.1 RBD to hACE2
is higher than the BA.1 RBD. Sequence alignment indicated that
there is only one substitution residue (R346K) located far away
from the receptor-binding motif (RBM) between BA.1 RBD and
BA.1.1 RBD. Although this residue does not contact with hACE2
directly (Figure 4A), the binding affinity of BA.1.1 RBD with
hACE2 was enhanced compared with BA.1 RBD with hACE2 (Fig-
ure 1C). To explore the underlying molecular mechanism, we
determined the structure of the BA.1.1 RBD/hACE2 complex.

In the BA.1 RBD/hACE2 complex, R346 “pushes” N450 and
changes the conformation of the corresponding loop to hACE2.
Then, Y449 on the same loop contacts with D38 of hACE2
(Figures 4A, 4B, and 4D). When R346 was substituted by K346,
it points to the opposite side and does not influence N450, the cor-
responding loop springs back, and the Y449 no longer contacts
with D38 of hACE2. D38 of hACE2 points to the other side and
loses the interactions with Y449 and R498 (Figures 4A, 4C, and
4E) and contacts with R493 of BA.1.1 RBD instead. Consequently,
BA.1.1 RBD R493 forms salt bridges with E35 and D38 of hACE2,
and it also forms contacts with H34 of hACE2. In addition, BA.1.1
RBD S496 forms a hydrogen bond with hACE2 D38. Therefore,
these residues form a hub that generates strong interface
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Figure 4. A single substitution far away from the binding motif of BA.1.1 RBD changes the interaction network with hACE2
(A-C) Structural comparison between BA.1 RBD/hACE2 complex and BA.1.1 RBD/hACE2 complex. The complex structures are shown as a cartoon and the key
amino acids are shown as sticks. The key amino acids in BA.1 RBD and BA.1.1 RBD are colored by cyan and salmon, correspondingly. The key residues in the

hACE?2 are colored green.

(D and E) Pattern diagram of R346K substitution in BA.1.1 RBD changing the interaction network. (D) Schematic of the conformation of the key amino acids in

BA.1 RBD.

(E) Schematic of the conformation change of the key amino acids after R346K substitution in BA.1.1 RBD.

interactions (Figures 4C and 4E). In summary, although R346K is
far away from the RBM region, it also enhances the binding affinity
of BA.1.1 RBD with hACE2 through long-distance “conduction”
interactions like the “butterfly effect” (Figure 4E).

DISCUSSION

Since its first appearance, SARS-CoV-2 Omicron disseminated
rapidly and became the dominant circulating variant globally.
Although only four Omicron sub-variants (BA.1, BA.1.1, BA.2,
and BA.3) were defined as of February 3, 2022 (PAHO and
WHO, 2022), the Omicron family of viruses continues to grow
in complexity. Over the past few months, several new Omicron
sub-variants are gaining attention, including BA.2.12.1, which
is spreading widely in the Northeast United States, and BA.4
and BA.5, which are growing rapidly to dominate South Africa
(Haseltine, 2022; Maxmen, 2022). These sub-variants can evolve
mutations to specifically evade humoral immunity (Cao et al.,
2022). Previous studies showed that hACE2 affinities of Omicron
(B.1.1.529 or BA.1) S proteins/RBDs are comparable with those

of PT S proteins/RBDs (Han et al., 2022; Mannar et al., 2022) or
higher than them (Cameroni et al., 2022; Cui et al., 2022; Lan
et al., 2022; Yin et al., 2022). In this study, we showed that
RBDs from other two Omicron sub-variants, BA.1.1 and BA.2,
have higher hACE2 affinities than that of BA.1 and gave struc-
tural explanations for the difference in binding ability.

First, we propose that the absence of the G496S mutation is
related to the enhanced affinity of BA.2 RBD. Here, we observed
that S496 disturbs the local interaction networks in hACE2 D38,
RBD R498, and Y449. Our SPR data and MD simulations of
BA.1.1 RBD S496G mutants confirmed that the G496S mutation
reduces RBD affinity. Our results are consistent with previous
findings showing that G496S mutation attenuates the affinity of
the RBD to hACE2 in deep mutational scanning studies (Starr
et al., 2020; Haseltine, 2021).

An intriguing finding of this study is that hACE2 N90-glycan
forms a hydrogen bond with BA.2 T415. The explicit binding
of BA.2 T415 to hACE2 N90-glycan and the enhanced hACE2
affinity of BA.2 RBD led us to propose that N90-glycan/T415
interaction is favorable to the binding of BA.2 RBD to hACE2.
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However, Chan et al. reported that hACE2 N90-glycosylation
inhibits PT RBD binding to hACE2 (Chan et al., 2020). Solving
this paradox, we propose that the binding of hACE2 N90-
glycan to BA.2 RBD T415 alleviates the inhibitory effect of
N90-glycan on RBD/hACE2 binding. Because of the adjacency
of the R408S mutation to T415, we hypothesized that the bind-
ing of hACE2 N90-glycan to T415 is related to the R408S mu-
tation in BA.2. However, the SPR results showed that the
R408S mutation in BA.1.1 RBD and the S408R reverse muta-
tion in BA.2 RBD had little effect on the hACE2 affinity. There-
fore, either the R408S mutation has indeed no effect on the
glycan/T415 binding, or the effect is too weak to be detected
by SPR, i.e., the limitation of the method used. Anyway, here
we provide evidence showing that hACE2 glycan is involved
in SARS-CoV-2 RBD binding.

Another interesting finding is that the R346K mutation induces
major alterations at the RBD/hACE2 interface through long-dis-
tance conduction interactions. Mutations located outside of
the binding interface affecting the affinity via long-range conduc-
tion effects have been reported previously (Joughin et al., 2005;
Unal et al., 2013). Actually, the “push” configuration induced by
the R346K mutation captured by crystallography may represent
one of the dynamic states for BA.1.1. Collectively, the available
evidence warns against the misleading concept suggesting
that only interface residues determine affinity and explain the
role of SARS-CoV-2 RBD mutations.

Limitations of the study

Receptor binding is the initial step for SARS-CoV-2 infection. In
this study, we focused on the interaction between the RBDs of
four Omicron sub-variants and hACE2. The transmissibility of a
virus is affected by multiple factors of complex nature, such as
viral stability, receptor-binding affinity, fusion efficiency, replica-
tion activity, host immune responses, etc. To provide a deeper
understanding of how the Omicron variants are transmitted,
these aspects need to be further investigated.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial strains

Escherichia coli strain DH5¢. Vazyme Cat# C502-02
Escherichia coli strain BL21 (DEJ) Vazyme Cat# C504-02
Escherichia coli strain DH10Bac Gibco Cat# 10361012

Chemicals, antibodies and recombinant proteins

Polyethylenimine (PEI)

Anti-His/APC

FUGENE 6 Transfection Reagent
BaseMuncher endonuclease

SARS-CoV-2 prototype RBD protein with
His-tag, spike residues 319-541

SARS-CoV-2 Alpha RBD protein with His-tag,
spike residues 319-541

SARS-CoV-2 Beta RBD protein with His-tag,
spike residues 319-541

SARS-CoV-2 Gamma RBD protein with His-tag,
spike residues 319-541

SARS-CoV-2 Delta RBD protein with His-tag,
spike residues 319-541

SARS-CoV-2 Omicron BA.1 RBD protein with
His-tag, spike residues 319-541

SARS-CoV-2 Omicron BA.1.1 RBD protein with
His-tag, spike residues 319-541

SARS-CoV-2 Omicron BA.2 RBD protein with
His-tag, spike residues 319-541

SARS-CoV-2 Omicron BA.3 RBD protein with
His-tag, spike residues 319-541

Human ACE2 protein, residues 19-615

Polysciences
Miltenyi Biotec
Promega
Abcam
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This paper
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This paper
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Cat# 24885-2

Cat# 130-119-820; RRID:SCR_008984
Cat# E2691
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accession number: EPI_ISL_ 496747

accession number: EPI_ISL_9845731

accession number: EPI_ISL_7605713

accession number: NP_001358344

Critical commercial assays

HisTrap HP 5 mL column

GE Healthcare

Cat# 17524802

Superdex 200 Increase 10/300 GL GE Healthcare Cat# 28990944
HiLoad 16/600 Superdex 200 pg GE Healthcare Cat# 28989335
Series S Sensor Chip SA GE Healthcare Cat# 29104992
Membrane concentrator Millipore Cat# UFC901096
Membrane concentrator Millipore Cat# SLHPO33RB
Deposited data

Omicron BA.1.1 RBD/hACE2 complex (X-RAD) This paper PDB: 7XAZ
Omicron BA.2 RBD/hACE2 complex (X-RAD) This paper PDB: 7XB0
Omicron BA.3 RBD/hACE2 complex (X-RAD) This paper PDB: 7XB1
Experimental models: Cell lines

HEK293F cells Gibco Cat# 11625-019
HEK293T cells ATCC ATCC CRL-3216
BHK-21 cells ATCC CCL-10

Sf9 cells Gibco Cat# 11496015
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA
pEGFP-N1 MiaoLingPlasmid Cat# P0133
pCAGGS MiaoLingPlasmid Cat# P0165
pFastBac1 Invitrogen Cat# 10359-016
Software and algorithms
PyMOL software Molecular Graphics System, https://pymol.org/2/
Version 1.8 Schro dinger
Graphpad Prism 8 GraphPad Software https://www.graphpad.com/scientific-software/prism/
BlAcore 8K Evaluation software GE Healthcare N/A
FlowJo V10 FLOWJO https://www.flowjo.com/solutions/flowjo/downloads
HKL2000 HKL Research https://www.hkl-xray.com/hkl-2000
COOT (Emsley and Cowtan, 2004) http://www.mrc-Imb.cam.ac.uk/personal/peemsley/coot/
Phenix (Adams et al., 2010) http://www.phenix-online.org/
MolProbity Duke Biochemistry http://molprobity.biochem.duke.edu/index.php
GROMACS (Abraham et al., 2015) http://www.gromacs.org/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, George F.
Gao (gaof@im.ac.cn).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and code availability
® The crystal structures of Omicron BA.1.1 RBD/hACE2 complex (PDB: 7XAZ), Omicron BA.2 RBD/hACE2 complex (PDB: 7XB0),
and Omicron BA.3 RBD/hACE2 complex (PDB: 7XB1) have been deposited in the Protein Data Bank (www.rcsb.org).
® This study did not generate custom computer code.
® Any additional information required to reanalyze the data reported in this work is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells

HEK293F suspension-cultured cells (Gibco, Cat#11625-019) were cultured at 37 °C in SMM 293-TlI Expression Medium (Sino Bio-
logical, Cat# M293Tll), and BHK-21 adherent cells (ATCC CCL-10) were cultured at 37 °C in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS).

METHOD DETAILS

Gene cloning

The extracellular domain of hACE2 (residues 19-615, GenBank: NP_001358344) was cloned into the Baculovirus transfection vector
pFastBac1 (Invitrogen) with the gp67 signal peptide sequence added to the N-terminus of the hACE2 gene and the Hexa-His tag
sequence at the C-terminus. The coding sequences of RBD of SARS-CoV-2 (residue 319-541), RBDs of VOCs (residue 319-541)
and hACE2 (residues 19-615, GenBank:NP_001358344) including the Hexa-His tag sequence at the C-terminus were inserted
into the pCAGGS vector.

Protein expression and purification

The pFastBac1-hACE2 recombinant bacmids produced by transforming the plasmid into DH10Bac E.coli. were transfected into Sf9
cells using FUGENE 6 Transfection Reagent (Promega). The virus was amplified, and the High Five cells were used for protein expres-
sion. Supernatants were collected after 48 h-infection. The pCAGGS-hACE2 and pCAGGS-RBDs were expressed in HEK293F cells.
Cell culture supernatants were collected after a 5-day infection.
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The supernatants containing the proteins mentioned before were purified using His-Trap HP columns (GE Healthcare) and the
SuperdexTM 200 Increase 10/300 GL column (GE Healthcare). Purified proteins were stored in a buffer containing 20 mM Tris-
HCI and 150 mM NaCl (pH 8.0).

The hACE2 protein expressed via the Bac-to-Bac Baculovirus expression system was used for crystallization. The hACE2 protein
produced by HEK293F cells was used for SPR assay. The RBD proteins produced by HEK293F cells were used for crystallization and
SPR. The proteins for SPR assay were stored in PBST buffer (1.8 mM KH2PO4, 10 mM Na,HPO4 (pH 7.4), 137 mM NaCl, 2.7 mM KClI,
and 0.005% (v/v) Tween 20).

SPR assay
The biotinylated SARS-CoV-2 and VOCs RBD proteins were transferred into PBST buffer (1.8 mM KH2PO4, 10 mM Na2HPO4 (pH
7.4), 137 mM NaCl, 2.7 mM KCI, and 0.05% (v/v) Tween 20) and immobilized on SA chip. Serially diluted hACE2s were then flowed
over the chip in PBST buffer. Binding affinities were measured using a BlAcore 8K (GE Healthcare) at 25 °C in the single-cycle mode.
Binding kinetics were analyzed with Biacore Insight software (GE Healthcare) using a 1:1 Langmuir binding model.

Kp values of SPR experiments were obtained with BlAcore 8K Evaluation Software (GE Healthcare), using a 1:1 binding model. The
values indicate the mean + SD of three independent experiments.

Complex preparation and Crystallization

Purified hACE2 were mixed and incubated with BA.1.1 RBD, BA.2 RBD and BA.3 RBD on ice for about 2 h. The three mixtures were
then purified on HiLoad 16/600 Superdex 200PG column in a buffer containing 20 mM Tris (pH 8.0) and 50 mM NaCl. Purified com-
plex proteins (BA.1.1, RBD-hACE2, BA.2 RBD-hACE2 and BA.3 RBD-hACEZ2) were concentrated to 7 ~ 10 mg/mL for crystallization
using a vapour-diffusion sitting-drop method. In general, 1 uL protein was mixed with 1 pL reservoir solutions, and the mixtures were
sealed and equilibrated against 100 pL of reservoir solutions at 18°C. After 48h, high-resolution complex crystals of BA.2 RBD-hACE2
were obtained in 0.1 M ammonium acetate, 0.1 M Bis-Tris pH5.5, 17% w/v PEG10,000 and complex crystals of BA.3 RBD-
hACE2 were grown in 0.1 M Imidazole pH7.0, 12% w/v Polyethylene glycol 20,000, whereas the complex crystals of BA.1.1 RBD-
hACE2 were grown in 0.1 M Potassium chloride, 0.1 M Sodium HEPES pH7.5, 15% w/v PEG 6000.

X-ray diffraction data collection and structure determination

To collect the data, complex crystals were briefly soaked in the corresponding reservoir solutions containing 20% (v/v) glycerol for
cryo-protection and then flash-cooling in liquid nitrogen. The diffraction data were collected at the Shanghai Synchrotron Radiation
Facility (SSRF) BLO2U1. The datasets were processed using HKL2000 software (Otwinowski and Minor, 1997). The structures of
these three complexes were determined via the molecular replacement method using Phaser (Adams et al., 2010) with a search
model (previously reported complex structure: SARS-CoV-2 RBD binding with hACE2 (PDB: 6LZG)). The atomic models were built
using Coot (Emsley and Cowtan, 2004) and refined with phenix.refine (Adams et al., 2010). MolProbity tool (Williams et al., 2018) was
used to assess the stereochemical qualities of the final models. Finally, all structures were generated using Pymol software (https://
pymol.org/2/).

Flow cytometry assay

The plasmids containing hACE2 fused with eGFP were transfected into BHK-21 cells. Then stable cells were obtained by anti-
biotic screening. A mixture containing RBDs from SARS-CoV-2 PT (0.3 pg/mL) or VOCs (0.3pg/mL) was incubated with the
hACE2-expressing BHK-21 stable cells at 4°C for 0.5 h. Subsequently, cells were washed with PBS thrice and stained with
APC mouse anti-his secondary antibody for 0.5 h before being analyzed using BD FACS Canto FlowCytometer (BD Biosci-
ences). BHK-21 cells were used as negative controls. The data of all samples were analyzed using FlowJo 10.8.1 (TreeStar
Inc., Ashland, OR, USA).

All experiments were performed three times; one representative of each experiment is shown in the Figure S1.

Production and quantification of pseudoviruses

To obtain SARS-CoV-2 PT and VOC pseudoviruses, a replication-deficient vesicular stomatitis virus (VSV) vector backbone (VSV-
AG-GFP) expressing the corresponding spike proteins were constructed as described protocols (Muik et al., 2021). Overall, 30 nug
of spike protein expression plasmids were transfected into HEK293T cells. After 24h, The VSV-AG-GFP pseudoviruses were added
to the transfected cell supernatant. After incubation for 1 h at 37°C, the inoculum was removed. Then, the cells were washed with PBS
and cultured in DMEM containing both 10% FBS and anti-VSV-G antibody produced by I11Hybridoma ATCC® CRL2700™. The pseu-
doviruses were obtained 30 h post-infection. After being filtered by 0.45 um filters (Millipore, Cat#SLHP0O33RB), the pseudoviruses
were aliquoted and stored at —80 °C.

Prior to pseudovirus quantification, 0.5 U/pL BaseMuncher endonuclease (Abcam) was used to remove unpackaged RNA (37 °C
for 1.5 h). Viral RNA was extracted using an RNA extraction kit (Bioer Technology) and quantified by quantitative RT-PCR (qPCR)
using a 7500 fast real-time PCR system (Applied Biosystems). The primers and probes used to detect the L gene of the VSV virus
are as described in the previous literature (Hole et al., 2010).
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Pseudovirus infection assays

The numbers of the pseudovirus particles for SARS-CoV-2 and its variants were normalized by the VSV L gene gPCR, and then
diluted to have the same number of viral particles per microliter via quantitative RT-PCR. Then, 100 uL of pseudovirus was added
to each well of 96-well plates containing Vero cells. After 15 h, each whole well was scanned using a CQ1 confocal image cytometer
(Yokogawa) and the total numbers of GFP-positive cells were determined using the software bundled with the instrument (Yoko-
gawa). Each group included 6 biological replicates, and the analysis was repeated 3-4 times. Statistical analysis was performed using
Graphpad Prism 8.

Molecular dynamics (MD) simulations

The structure of the BA.1 RBD/hACE2 complex without the RBD G496S mutation (G496 BA.1 RBD/hACE2) was modeled based on
the BA.1 RBD/hACE2 complex structure. After stripping N-acetyl-B-glucosaminide glycans and water molecules from the crystal
structure and adding TIP3P water (Best et al., 2012; Jorgensen et al., 1983) and counter ions, both G496 RBD-ACE2 and S496
RBD-ACE2 systems were subjected to five parallel MD simulations with different random seeds. MD simulations were performed
using a GPU cluster with a GROMACS package (version 2020.5) (Abraham et al., 2015) at the temperature of 300 K and with the
time step of 2 fs. The CHARMM36 force field was applied. All bonds involving hydrogen atoms were constrained using the LINCS
algorithm (Hess et al., 1997) and water molecules were restrained using the SETTLE algorithm (Miyamoto and Kollman, 1992).
Atom-based truncation scheme was applied, with a non-bond cutoff of 12 /&, and with the force switching function initiated at
10 A for van-der-Waals interactions. Long-range electrostatic interactions were calculated using the Particle Mesh Ewald method
with fourth-order cubic interpolation and 1.6 A grid spacing (Darden et al., 1993). The dynamics of each system was modeled
with a step-by-step equilibration. Energy was minimized using the steepest descent algorithm with the maximum force less than
1000 kJ/mol/nm, 200 ps of number of particles, volume, and temperature (NVT) equilibration with 1000 kJ/mol-nm? harmonic posi-
tional restraints on the heavy atoms of the protein, and three 200 ps steps of number of particles, pressure, and temperature (NPT)
equilibration with 1000, 1000 and 500 kJ/mol-nm? harmonic positional restraints on the protein backbone heavy atoms, correspond-
ingly. Then each equilibrated system was subjected to 200 ns NPT MD production using a Velocity rescaling thermostat without any
restraints on the protein atoms (Bussi et al., 2007).

Molecular mechanics/Poisson-Boltzmann surface area (MM/PBSA) calculations

For both the G496 RBD-ACE2 and S496 RBD-ACE2 systems, 100 snapshots were extracted from the 200 ns trajectories of each
simulation. A total of 500 snapshots of each system was subjected to MM/PBSA calculations using the g_mmpbsa tool (Kumari
et al., 2014). The entropy contribution was ignored and the solute dielectric constant was set to 2. The binding energy between
RBD and ACE2 was calculated as AEginging = Erep/macez2 — Erep - Enacee- Besides, the binding energy was decomposed on each
residue.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry analysis
All experiments were performed three times independently; one representative of each experiment is shown in this article.

Binding affinity analysis
Kp values of SPR experiments were obtained with BlAcore 8K Evaluation Software (GE Healthcare), using a 1:1 binding model. The

values indicate the mean + SD of three replicated experiments.

Pseudovirus infection assays
Each group contained 6 replicates. And the analysis was repeated 3-4 times.
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Figure S1. Flow cytometry assay for VOC RBDs binding to hACE2-expressing BHK-21 cells, related to Figure 1

The BHK-21 transfected with hACE2 fused with eGFP were incubated with the indicated His-tagged RBDs and stained with the anti-His-APC antibody. Non-
transfected, non-stained control: the cells were neither transfected with hACE2 nor stained with the RBDs and the anti-His-APC antibody. Transfected, non-
stained control: the cells were transfected with hACE2 but not stained with the RBDs and the anti-His-APC antibody.
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Figure S2. Salt bridges formed between BA.1.1 RBD/hACE2 and BA.2 RBD/hACE2 interfaces, related to Figure 2
(A) BA.1.1 RBD R493 forms four salt bridges with hACE2 E35 and D38.
(B) BA.2 RBD R493 forms a salt bridge with hACE2 E35 and BA.2 RBD R498 forms a salt bridge with hACE2 D38.
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Figure S3. The SPR curves for the PT RBD, BA.1.1 RBD, BA.1.1 with the S496G mutation, BA.2 RBD, and BA.2 with the G496S mutation binding
to hACE2, related to Figure 3

The mean and standard deviation of Kp values representing three independent experiments are shown.
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Figure S4. Representative snapshots clustered from MD trajectories of the (A and B) S496 BA.1 RBD-ACE2 system and the (C and D) G496
BA.1 RBD-ACE2 system, related to Figure 3
RBD domains are colored in cyan, and ACE2 is colored in yellow. H-bonds are displayed as black dotted lines.
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Figure S5. Electron densities of the hydrogen bond between BA.2 T415 and hACE2 N90-glycan, related to Figure 3
The local 2Fo-Fc electronic density map at 1.0 o for hACE2 N90-glycan and BA.2 T415 is shown as mesh lines. The hydrogen bond is shown as the yellow dash
line and its length is indicated.
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Figure S6. The SPR curves for the PT RBD, BA.2, and BA.2 with the S408R mutation, related to Figure 3
The mean and standard deviation of Kp values representing three independent experiments are shown.
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