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The sudden emergence and rapid spread of the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) omicron variant has raised questions about its animal reser-
voir. Here, we investigated receptor recognition of the omicron’s receptor-binding
domain (RBD), focusing on four of its mutations (Q493R, Q498R, N501Y, and
Y505H) surrounding two mutational hotspots. These mutations have variable effects
on the RBD’s affinity for human angiotensin-converting enzyme 2 (ACE2), but they all
enhance the RBD’s affinity for mouse ACE2. We further determined the crystal struc-
ture of omicron RBD complexed with mouse ACE2. The structure showed that all four
mutations are viral adaptations to mouse ACE2: three of them (Q493R, Q498R, and
Y505H) are uniquely adapted to mouse ACE2, whereas the other one (N501Y) is
adapted to both human ACE2 and mouse ACE2. These data reveal that the omicron
RBD was well adapted to mouse ACE2 before omicron started to infect humans, pro-
viding insight into the potential evolutionary origin of the omicron variant.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) omicron variant
emerged abruptly and spread rapidly around the globe (1–4). Tracking the animal res-
ervoir of SARS-CoV-2 and its variants is important for understanding the current
COVID-19 pandemic and preventing future pandemics. Speculations about the source
of the omicron variant are abundant, yet experimental evidence has been scarce (5).
The interactions between the receptor-binding domain (RBD) of coronavirus spike
proteins and their host receptor are among the best systems for understanding corona-
virus evolution (6, 7). Both SARS-CoV-2 and closely related SARS-CoV-1 recognize
human angiotensin-converting enzyme 2 (ACE2) as their receptor (8–10). Previous
research on the receptor recognition of SARS-CoV-1 has provided insight into the ani-
mal origin of SARS-CoV-1 (11–15). The RBD of the original SARS-CoV-2 strain
(i.e., prototypic RBD) differs from the RBD of a bat coronavirus by only a few residues,
supporting a bat origin of the prototypic RBD (16). The omicron RBD (strain BA.2) dif-
fers from the prototypic RBD by 16 residues, seven of which are located in the receptor-
binding motif (RBM) that directly contacts ACE2 (3). To recover the evolutionary traces
left by these RBM mutations, this study compared the structural adaptations of the omi-
cron RBD to ACE2 from human and mouse, two possible sources of omicron (5).
Three virus-binding hotspots have been identified at the interfaces between SARS-

CoV-2 RBD and human ACE2 (hACE2) and between SARS-CoV-1 RBD and
hACE2 (14, 17, 18). These hotspots center on Lys31 in hACE2 (i.e., hotspot-31),
Lys353 in hACE2 (i.e., hotspot-353), and a receptor-binding ridge in the viral RBD
(i.e., hotspot-ridge) (Fig. 1A). These virus-binding hotspots are also mutational hot-
spots for SARS-CoV-1: all of the RBM mutations occurred around the hotspots and
impacted the structural stability of the hotspots (13, 14). Establishment of the
“hotspots” concept was instrumental in determining the molecular mechanisms by
which SARS-CoV-1 was transmitted from palm civets to humans (11–15). The RBM
mutations in the SARS-CoV-2 omicron variant are also around the hotspots (Fig. 1A).
Curiously, only a few of these omicron mutations enhance the RBD’s affinity for
hACE2, while some other mutations reduce it (Fig. 1B) (17). Structural details of the
interface between the omicron RBM (strain BA.1) and hACE2 elucidated the role of
each of these mutations in binding hACE2 (17). The omicron mutations that reduce
the RBD’s affinity for hACE2 are structurally incompatible with hACE2, raising ques-
tions about what other species may have mediated the evolution of omicron.
In this study, we provide biochemical and structural evidence demonstrating that the omi-

cron mutations are better adapted to mouse ACE2 (mACE2) than to hACE2, suggesting
that mice mediated the onset of the omicron variant. Our study helps clarify the animal reser-
voir of the omicron variant and contributes to the understanding of SARS-CoV-2 evolution.

Significance

Tracking the animal reservoir of
severe acute respiratory
syndrome coronavirus 2
(SARS-CoV-2) and its variants is
important for understanding the
current COVID-19 pandemic and
preventing future pandemics.
Speculations about the source of
the omicron variant are abundant,
yet experimental evidence has
been scarce. Here, we provide the
structural information on how
omicron recognizes its mouse
receptor. Our study demonstrates
that the omicron mutations in the
receptor-binding region are
structurally adapted to mouse
angiotensin-converting enzyme 2
(ACE2), informing an
understanding of the origin of the
omicron variant and the evolution
of SARS-CoV-2. It may facilitate
epidemiological surveillance of
SARS-CoV-2 in animals to prevent
future coronavirus pandemics.
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The findings may facilitate epidemiological surveillance of SARS-
CoV-2 in animals to prevent future coronavirus pandemics.

Results

Two major omicron strains, BA.2 and BA.1, were discovered at
about the same time in fall 2021, but BA.2 soon became more

dominant in many parts of the world (19). The two strains dif-
fer in their RBM by only one residue: BA.2 contains Gly496,
whereas BA.1 contains Ser496. In this study, we focused on the
omicron BA.2. Among the seven RBM mutations in the omi-
cron RBD, three mutations are located around hotspot-ridge:
T478K and E484A slightly enhance the RBD’s affinity for
hACE2, but they do not have direct interactions with hACE2
(17), whereas S477N significantly enhances the RBD’s interac-
tion with hACE2 (Fig. 1B) (20). The other four RBM muta-
tions are located around hotspot-353 or hotspot-31: N501Y
(located around hotspot-353) significantly enhances the RBD’s
affinity for hACE2, Q493R (located around hotspot-31) and
Y505H (located around hotspot-353) reduce hACE2 binding,
and Q498R (located around hotspot-353) has no significant
net impact on hACE2 binding (Fig. 1B). Overall, the omicron
RBD binds to hACE2 more tightly than does the prototypic
RBD (Fig. 1B), despite some of the omicron mutations con-
tributing unfavorably to hACE2 binding.

In this study, we investigated binding interactions between
the omicron RBD and mACE2, focusing on the four mutations
(Q493R, Q498R, N501Y, and Y505H) around hotspot-31 or
hotspot-353. Our result from the surface plasmon resonance
(SPR) assay showed that whereas the prototypic RBD does not
bind mACE2, the omicron RBD binds to mACE2 with good
affinity (Fig. 1C). To examine the impact of omicron muta-
tions on the RBD’s binding to mACE2, single mutations (cor-
responding to the RBM mutations from prototype to omicron)
could be introduced to the prototypic RBD. However, unde-
tectable binding between the prototypic RBD and mACE2 can
negatively impact the reliability of the SPR assay using mutant
prototypic RBDs. Hence, we introduced reverse mutations
(corresponding to residue changes from omicron to prototype)
to the omicron RBD and measured the mutant omicron RBDs’
affinity for mACE2 (Fig. 1C). These reverse mutations (R493Q,
R498Q, Y501N, and H505Y) all significantly reduced mACE2
binding, meaning that all of the corresponding mutations in the
omicron RBM (Q493R, Q498R, N501Y, and Y505H) enhance
mACE2 binding. Taken together, all four omicron mutations
located around hotspot-31 or hotspot-353 contribute favorably
to mACE2 binding.

To confirm the above SPR data, we performed an omicron
pseudovirus entry assay. To this end, we packaged omicron pseu-
doviruses (i.e., retroviruses pseudotyped with the omicron spike
protein) and used them to infect mACE2-expressing cells. We
also prepared four mutant omicron pseudoviruses by introducing
each of the reverse mutations (R493Q, R498Q, Y501N, or
H505Y) to omicron pseudoviruses. All four reverse mutations
significantly reduced the efficiency of omicron pseudoviruses in
entering mACE2-expressing cells (SI Appendix, Fig. S1). Hence,
the result from the pseudovirus entry assay is consistent with the
SPR data, indicating that all four omicron mutations located
around hotspot-31 or hotspot-353 (Q493R, Q498R, N501Y,
and Y505H) contribute favorably to mACE2 binding.

To provide a structural understanding of the role of the
above omicron mutations in mACE2 binding, we determined
the structure of the interface between the omicron RBD and
mACE2. We developed a convenient, reliable, and accurate
structural platform for studying the interactions between the RBD
from different SARS-CoV-2 (or SARS-CoV-1) strains and ACE2
from different host species (11, 14, 17, 18). Taking advantage
of high-quality crystals of the SARS-CoV-1 RBD/hACE2 com-
plex, this platform keeps intact the crystal contact regions involv-
ing the core structures from the SARS-CoV-1 RBD and
hACE2 and varies the noncrystal contact regions involving the

Fig. 1. Binding interactions between SARS-CoV-2 RBD (from prototypic
strain or omicron strain) and ACE2 (from human or mouse). (A) Structure of
the interface between prototypic RBM and hACE2 (PDB ID: 6VW1). RBM is in
magenta. hACE2 is in green. RBD residues that have undergone mutations
from the prototypic strain to the omicron variant (strain BA.2) are shown as
sticks. Three mutational hotspots are highlighted: hotspot-353 centers on
Lys353 in hACE2, hotspot-31 centers on Lys31 in hACE2, and hotspot-ridge
centers on the receptor-binding ridge in hACE2. (B and C) SPR assay for the
binding of RBD (from prototypic strain or omicron strain) to ACE2 (from
human or mouse). ACE2-Fc was coated to a protein A chip in a fixed direc-
tion, and individual RBDs flowed through. Data in B are from one of our
recent studies (17), except that the omicron variant (strain BA.2) in this study
replaced strain BA.1 in the previous study. Data in C are from the current
study. The data in B and C are presented as mean ± SEM (n = 3 or n = 4) on
a log scale. A Student’s two-tailed t test was performed to analyze the statisti-
cal difference between the RBD on the Left in either panel and each of the
other RBDs in the same panel; the results are labeled on top of each bar.
The statistical difference between the R493Q mutation and the N477S/R493Q
double mutations was also analyzed in C; the result was labeled between the
two bars. The horizontal dashed lines represent the measurements for the
prototypic RBD in B or the omicron RBD in C and are used for comparison
with other measurements in the respective panel. ***P < 0.001; **P < 0.01;
*P < 0.05. n.s., statistically not significant, N.D., not detected.
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RBM of SARS-CoV-2 RBD and three virus-binding motifs
(VBMs) of hACE2. More specifically, a chimeric RBD was
constructed to contain the core structure from SARS-CoV-1
RBD and the RBM from the SARS-CoV-2 omicron strain
(i.e., chimeric omicron RBD), whereas a chimeric ACE2 was
constructed to contain the core structure from hACE2 and
three VBMs from mACE2 (i.e., chimeric mACE2) (Fig. 2 A
and B). The complex of the chimeric omicron RBD and chi-
meric mACE2 was crystallized under the same condition as the
complex of SARS-CoV-1 RBD and hACE2 but reveals the
detailed interactions between the omicron RBM and mACE2
VBMs. The structure of this complex was determined at 2.84 Å
(Fig. 2A and SI Appendix, Fig. S2A and Table S1). To provide a
comparison, we also determined the structure of the chimeric
omicron RBD complexed with hACE2 at 2.38 Å (Fig. 2C and
SI Appendix, Fig. S2B and Table S1). Note that omicron RBD
from BA.2 strain was used in both structures in the current
study, instead of the omicron RBD from BA.1 strain in a
recent study (17). To understand the structural adaptions of
omicron RBD to mACE2, we compared these two structures
along with the structure of the chimeric prototypic RBD/hACE2
that we determined previously (18), focusing on hotspot-31 and
hotspot-353.
Hotspot-31 stabilizes the center of the RBM/VBMs inter-

face. At the interface between the prototypic RBM and human

VBMs (Fig. 3A), both Lys31vbm and Glu35vbm form a hydro-
gen bond with Gln493rbm. These hydrogen bonds anchor the
positively charged Lys31vbm and keep it away from a hydropho-
bic wall (consisting of several hydrophobic residues, including
Phe456rbm and Tyr489rbm). Thus, Gln493rbm plays a critical
role in stabilizing the RBM/VBMs interface. At the interface
between the omicron RBM and human VBMs (Fig. 3B), the
Q493R mutation introduces a positively charged Arg493rbm,
disrupting the previous hydrogen bonds with Lys31vbm and
Glu35vbm. Instead, due to repulsions with Arg493rbm and the
hydrophobic wall, Lys31vbm is forced to point to a new direc-
tion with a twisted side chain and forms a hydrogen bond with
Gln76vbm with a poor geometry. Hence, the Q493R mutation
destabilizes the RBM/VBMs interface, reducing omicron
RBD’s affinity for hACE2. In mACE2, residue 31 is an aspara-
gine, replacing Lys31 in hACE2. Thus, at the interface between
the omicron RBM and mouse VBMs (Fig. 3C), Arg493rbm

forms two bifurcated hydrogen bonds with Asn31vbm, stabiliz-
ing the RBM/VBMs interface and enhancing omicron RBD’s
affinity for mACE2. Overall, the omicron mutation Q493R
around hotspot-31 is structurally adapted to Asn31 in mACE2,
but it is structurally incompatible with Lys31 in hACE2.

Hotspot-353 stabilizes the RBM/VBMs interface on the side
(opposite to the hotspot-ridge side). At the interface between
the prototypic RBM and human VBMs (Fig. 4A), the side
chain of Lys353vbm is buried in a hydrophobic tunnel; the four
tunnel walls consist of the side chains of Tyr41vbm, Glu37vbm,
Asn501rbm, and Tyr505rbm. At the end of the tunnel,
Lys353vbm forms a salt bridge and a hydrogen bond with
Asp38vbm and the main chain of Gly496rbm, respectively. As
we previously showed, this tunnel structure is critical for stabi-
lizing the RBM/VBMs interface, and any disturbance of the
tunnel structure significantly reduces SARS-CoV-1 RBD’s
affinity for hACE2 (21). In the omicron RBM, three mutations
occurred around hotspot-353: N501Y, Q498R, and Y505H.
Hence, at the interface between the omicron RBM and human
VBMs (Fig. 4B), two of the tunnel walls have undergone
changes: the newly introduced Tyr501rbm forms a stronger
hydrophobic stacking interaction with Lys353vbm than does the
previous Asn501rbm, stabilizing the RBM/VBMs interface and
enhancing the omicron RBD’s affinity for hACE2. Tyr501rbm

also forms an aromatic stacking interaction with Tyr41vbm.
Moreover, the newly introduced His505rbm forms a weaker
hydrophobic stacking interaction with Lys353vbm than does the
previous Tyr505rbm, destabilizing the RBM/VBMs interface
and reducing the omicron RBD’s affinity for hACE2. Impor-
tantly, the newly introduced Arg498rbm forms a salt bridge
with Asp38vbm, forcing Lys353vbm to point to another direction
with a twisted side chain. Arg498rbm also forms a hydrogen
bond with Tyr501rbm. Hence, the Q498R mutation disrupts
the previously stable tunnel structure while forming two new
favorable interactions; these favorable changes and unfavorable
changes at the RBM/VBMs interface cancel out, and the
Q498R mutation has no significant net impact on the omicron
RBD’s affinity for hACE2. Therefore, among the three omi-
cron mutations, N501Y is structurally adapted to Lys353 in
hACE2, Y505H is structurally incompatible with Lys353 in
hACE2, and Q498R is structurally incompatible with Lys353
in hACE2 but is structurally adapted to Asp38 in hACE2.

Compared with the two interfaces involving human VBMs
noted above, hotspot-353 at the interface between the omicron
RBM and mouse VBMs has undergone significant changes due
to His353 in mACE2 replacing Lys353 in hACE2 (Fig. 4C).
His353vbm does not fit into the tunnel structure as well as does

Fig. 2. Overall structures of chimeric omicron RBD complexed with chime-
ric mACE2 or hACE2. (A) Overall structure of chimeric omicron RBD com-
plexed with chimeric mACE2. The chimeric omicron RBD contains the core
structure (in cyan) from SARS-CoV-1 RBD and RBM (in magenta) from the
omicron RBD (strain BA.2). The chimeric mACE2 contains the core structure
(in green) from hACE2 and three VBMs (in orange) from mACE2. (B) Sequence
alignment between hACE2 and mACE2 in three VBMs (shaded). The centers
for hotspot-31 and hotspot-353 (i.e., residues 31 and 353, respectively) are
both labeled in red. Residues that directly contact SARS-CoV-2 RBD are
labeled in blue. Asterisks indicate positions that have a single, fully conserved
residue. Colons indicate positions that have strongly conserved residues.
Periods indicate positions that have weakly conserved residues. (C) Overall
structure of chimeric omicron RBD complexed with hACE2. hACE2 is in green.
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Lys353vbm, explaining why the prototypic RBD does not bind
mACE2 and why the prototypic SARS-CoV-2 infects mice
poorly (22). However, the newly introduced His505rbm forms a
hydrogen–π interaction with His353vbm (23). Asp37vbm also
forms an anion–π interaction with His353vbm (24). The newly
introduced Tyr501rbm forms a π–π stacking with His353vbm

(23). All of these interactions stabilize His353vbm. The newly
introduced Arg498rbm forms a hydrogen bond and a salt bridge
with Tyr501rbm and Asp38vbm, respectively. All of these inter-
actions strengthen the newly structured hotspot-353 at the
RBM/VBMs interface and enhance the omicron RBD’s affinity
for mACE2, explaining why the omicron RBD binds mACE2
with good affinity (Fig. 1C) and why omicron infects mice effi-
ciently (25). Overall, all three omicron mutations (Q498R,
N501Y, and Y505H) around hotspot-353 are structurally
adapted to His353 in mACE2.
In addition to the above four mutations located around

hotspot-31 or hotspot-353, we also examined the three muta-
tions (S477N, T478K, and E484A) located around hotspot-
ridge. To this end, we introduced individual reverse mutations,
N477S, K478T, or A484E, into the omicron RBD. N477S
and K478T had no significant impact on the omicron RBD’s
affinity for mACE2; A484E slightly reduced the omicron
RBD’s affinity for mACE2, suggesting that E484A slightly
increases the prototypic RBD’s affinity for mACE2 (Fig. 1C).
It has been shown that the T478K and E484A mutations have
no direct interactions with ACE2, but they may cause small

conformational changes in the hotspot-ridge loops, slightly and
indirectly impacting RBD/ACE2 binding (17, 20). Moreover,
it has been shown that the S477N mutation enhances the pro-
totypic RBD’s affinity for hACE2 (17, 20). Here, our structural
data confirmed that Ser477 in the prototypic RBD forms no
interaction with hACE2 (SI Appendix, Fig. S3A), whereas
Asn477 in the omicron RBD forms hydrogen bonds with the
N-terminal Ser19 of hACE2 (SI Appendix, Fig. S3B). The
N477S mutation did not significantly affect the omicron
RBD’s affinity for mACE2 (Fig. 1C), which was confirmed by
the observation that the N477S/R493Q double mutations and
the R493Q single mutation reduced the omicron RBD’s affin-
ity with mACE2 to similar extents (Fig. 1C). The lack of inter-
action between Asn477 in the omicron RBD and mACE2 finds
an explanation in our structural data: the N-terminal Ser19 of
mACE2 is disordered at the structural interface between the
omicron RBM and mACE2 VBMs (SI Appendix, Fig. S3C).
The residue differences between hACE2 and mACE2 in resi-
dues 20 and 21 may have led to the structural difference between
hACE2 and mACE2 in the N-terminal Ser19 (Fig. 2B). Overall,
among the omicron mutations around hotspot-ridge, T478K and
E484A largely are structurally neutral with hACE2 or mACE2;
S477N is structurally adapted to the N terminus of hACE2, but
is structurally neutral to the N terminus of mACE2.

While this study focused on the RBM mutations in the omi-
cron BA.2 strain, spike mutations outside the RBM may also
affect receptor binding. In the prototypic strain, Lys417 is the

Fig. 3. Structural details at mutational hotspot-31. (A) Interface between the prototypic RBM and human VBMs. PDB ID: 6VW1. (B) Interface between the
omicron RBM and human VBMs. (C) Interface between the omicron RBM and mouse VBMs. Dotted lines indicate hydrogen bonds. Side chain of 490rbm is
not shown for the sake of clarity. Double-ended red arrow indicates repulsion.
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only RBD residue that is located outside the RBM region but
directly interacts with hACE2 (26). It has been shown that the
K417N mutation in other SARS-CoV-2 strains loses direct con-
tact with hACE2, reducing RBD’s affinity for hACE2 (27). So
far no synergistic effect has been reported between the K417N
mutation and any of the RBM mutations. In both the omicron
BA.1 and BA.2 strains, residue 417 is an asparagine, which is
expected to have no direct contact with hACE2 or mACE2.
Moreover, spike residues outside the RBD may indirectly affect
receptor binding. Previously, we showed that the RBD takes one
of two conformations in the entire spike protein—standing up
for receptor binding and lying down for immune evasion (28).
Recently, we determined the cryo-electron microscopy structure
of the spike ectodomain of the omicron BA.1 strain (29). Our
structure showed that several spike mutations outside the RBD
stabilize the standing-up conformation of the RBD (29), which
may facilitate the binding of the spike protein to hACE2 or
mACE2. Future studies are needed to elucidate the detailed roles
of these non-RBM mutations in the spike protein’s binding to
hACE2 or mACE2.

Discussion

Identifying the animal reservoir of SARS-CoV-2 is critical for
understanding the evolutionary history of the virus and for pre-
venting future pandemics. Recently, a bat coronavirus was dis-
covered to have remarkably similar RBD to the prototypic
SARS-CoV-2 RBD (16), suggesting a bat origin of the proto-
typic RBD. As SARS-CoV-2 spreads in humans, its RBD has
accumulated mutations, many of which facilitate the virus’s
immune evasion (30). The SARS-CoV-2 omicron variant has
recently become the dominant strain (1–4). The omicron RBM

contains significantly more mutations than all of the previous
SARS-CoV-2 variants, raising the question of whether nonhu-
man animals may have mediated its evolution (5). Previously,
we identified virus-binding hotspots at coronavirus/receptor
interfaces, the same sites that are also often targeted by viral
mutations (11, 12, 18, 21). In this study using the hotspot
analysis, we investigated how the RBM mutations in omicron
are structurally adapted to mACE2.

A common theme surrounding hACE2 as the receptor for
coronavirus RBDs is how to place its Lys31 and Lys353 at the
RBD/hACE2 interface. On the one hand, both lysines are sur-
rounded by numerous hydrophobic residues; if not neutralized,
their positive charges are incompatible with the neighboring
hydrophobic residues, destabilizing the RBD/hACE2 interface.
On the other hand, if properly neutralized, salt bridges (or
strong hydrogen bonds) formed by these lysines can contribute
a significant amount of binding energy to the RBD/hACE2
interactions (due to the low dielectric constant in hydrophobic
environments). Thus, it is not surprising that for both SARS-
CoV-1 and SARS-CoV-2, the majority of the receptor adapta-
tion mutations have occurred surrounding hotspot-31 or
hotspot-353, aiming to improve viral accommodations for the
two lysines. However, two mutations in the omicron RBM,
Q493R and Q498R, introduce two positively charged arginines
that disrupt the structures of the two hotspots and force Lys31
and Lys353 to point to a different direction with a twisted side
chain. Moreover, the Y505H mutation in the omicron RBM
also reduces the support for hotspot-353. Our biochemical data
confirm that both Q493R and Y505H significantly reduce the
RBD’s affinity for hACE2, whereas Q498R had no significant
net impact on hACE2 binding (because it also introduces
favorable interactions). Hence, these three mutations cannot be

Fig. 4. Structural details at mutational hotspot-353. (A) Interface between the prototypic RBM and human VBMs. PDB ID: 6VW1. (B) Interface between the
omicron RBM and human VBMs. (C) Interface between the omicron RBM and mouse VBMs. Dotted lines indicate salt bridges, hydrogen bonds, hydrogen-π
interaction, or anion-π interaction. Double-ended red arrow indicates repulsion.
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SARS-CoV-2’s adaption to hACE2. In contrast, in mACE2,
Lys31 and Lys353 become Asn31 and His353, respectively.
These two residue changes, particularly the K353H change, are
unfavorable for the binding of coronavirus RBDs, explaining
why neither SARS-CoV-1 nor prototypic SARS-CoV-2 uses
mACE2 as their receptor (22, 31). However, all three muta-
tions Q493R, Q498R, and Y505H, along with N501Y, stabi-
lize the restructured hotspot-31 and hotspot-353 in mACE2
and increase the omicron RBD’s affinity for mACE2. Overall,
both our structural and biochemical data have identified three
omicron mutations (Q493R, Q498R, and Y505H) that are
uniquely adapted to mACE2 (Table 1).
Our detailed structural analysis of the RBM mutations pro-

vides insight into the host receptor adaptations by the omicron
variant. Among the seven RBM mutations, four (Q493R,
Q498R, Y505H, and T501Y) are structurally adapted to, three
(S477N, T478K, and E484A) are neutral with, and none is
incompatible with mACE2; in contrast, two of the RBM muta-
tions (T501Y and S477N) are structurally adapted to, three
(T478K, E484A, and Q498R) are neutral with, and two
(Q493R and Y505H) are incompatible with hACE2 (Table 1).
Overall, the omicron RBD is adapted to mACE2 significantly
better than to hACE2. Importantly, our study has identified
three RBM mutations (Q493R, Q498R, and Y505H) that are
specifically adapted to mACE2, suggesting that these mutations
are the evolutionary traces left by the omicron variant.
Our study has implications for the evolution of the omicron

variant. Because Asn31 and His353 in ACE2 are the main tar-
gets of omicron’s adaptations, we searched all of the currently
available ACE2 sequences and found that mice are the only
species containing Asn31 and His353 in their ACE2 (SI
Appendix, Table S2), suggesting that omicron evolved in mice.
Our structural findings are supported by numerous studies that
discovered the same mouse-specific mutations Q493R (or a
similar Q493K) and Q498R (32–38). It is worth noting that
although the prototypic SARS-CoV-2 does not infect mice effi-
ciently, some of the earlier SARS-CoV-2 variants from humans
and other animal species had evolved the N501Y mutation that
can facilitate SARS-CoV-2’s usage of mACE2 as its receptor
(20, 39, 40). Indeed, as the current study has demonstrated,
the N501Y mutation is structurally adapted to ACE2 from
more than one host species. Hence, a SARS-CoV-2 variant
containing the N501Y mutation might have been transmitted
from human or another animal species to mice. Afterward, as the
SARS-CoV-2 variant spread in mice, mouse-specific RBM muta-
tions (e.g., Q493R, Q498R, and Y505N) evolved, contributing

to the emergence of the omicron variant. In addition to infecting
humans, the omicron variant may transmit to some other host
species whose ACE2 contains VBM residues that are compatible
with the binding of the omicron RBD. For example, the ACE2
molecules of some species of rats contain either Asn31 or His353
(SI Appendix, Table S2). More epidemiological surveillance of
SARS-CoV-2 in mice and other rodents can help further clarify
the evolution and transmission of the omicron variant.

Materials and Methods

Plasmids. The genes encoding the spike protein of SARS-CoV-2 prototypic strain
(GenBank: QHD43416.1), hACE2 (GenBank accession No.: NM_021804), and
mACE2 (GenBank accession No. NM_021804) were synthesized (GenScript
Biotech). The gene encoding the spike protein of SARS-CoV-2 omicron strain (BA.2;
GISAID: EPI_ISL_6795834) was constructed by site-directed mutagenesis of the
gene encoding the spike protein of SARS-CoV-2 prototypic strain. The genes encod-
ing the RBD of SARS-CoV-2 prototypic strain (residues 319 to 535), the RBD of
SARS-CoV-2 omicron strain (residues 319 to 535), hACE2 (residues 1 to 615), and
mACE2 (residues 1 to 615) were constructed from the above full-length genes.
The gene encoding the chimeric omicron RBD was constructed by site-directed
mutagenesis of the gene encoding the chimeric prototypic RBD (17, 18). The gene
encoding the chimeric mACE2 was constructed by site-directed mutagenesis of the
gene encoding hACE2 to include VBM sequences from mACE2 (National Center
for Biotechnology Information Reference Sequence: NP_001123985.1) (Fig.
2B). The prototypic RBD-His, omicron RBD-His, and omicron RBD-His mutants
were subcloned into pLenti-transfer vector (Addgene) with an N-terminal tis-
sue plasminogen activator signal peptide and a C-terminal His tag. hACE2-Fc
and mACE2-Fc were subcloned into the same vector except that a C-terminal
human immunoglobulin G4 Fc region replaced the His tag. Chimeric omicron
RBD-His, hACE2-His, and chimeric mACE2-His were subcloned into pFastBac I
vector (Life Technologies) with an N-terminal honey bee melittin signal pep-
tide and a C-terminal His tag.

Protein Expression and Purification. The prototypic RBD-His, omicron RBD-
His, omicron RBD-His mutants, hACE2-Fc, and mACE2-Fc were prepared from
293F mammalian cells (41). Briefly, lentiviral particles were packaged for con-
struction of stable cell lines expressing one of the above proteins. Stable cell
lines expressing one of the above proteins were selected in the presence of
Puromycin (Gibco). Each of the proteins was collected from cell culture medium,
purified on Ni-NTA column for His-tagged proteins or on Protein A column
for Fc-tagged proteins, and purified further on Superdex200 gel filtration
column (Cytiva).

Chimeric omicron RBD-His, hACE2-His, and chimeric mACE2-His were pre-
pared from sf9 insect cells using the Bac-to-Bac system (Life Technologies) (18).
Briefly, the His-tagged proteins were harvested from cell culture medium, puri-
fied on Ni-NTA column, and purified further on Superdex200 gel filtration col-
umn (Cytiva).

Table 1. Structural adaptions of omicron RBD residues to mACE2 or hACE2

Omicron RBD residues Omicron residues are adapted to which ACE2 residues?

Arg493 Adapted to Asn31 in mACE2
(Incompatible with Lys31 in hACE2)

His505 Adapted to His353 in mACE2
(Incompatible with Lys353 in hACE2)

Arg498 Adapted to His353 in mACE2
(Incompatible with Lys353 in hACE2);
Adapted to Asp38 in both hACE2 and mACE2

Tyr501 Adapted to Tyr41 in both hACE2 and mACE2;
Adapted to Lys353 in hACE2 and His353 in mACE2

Asn477 Adapted to N-terminal residues in hACE2
(Neutral with N-terminal residues in mACE2)

Lys478 Largely neutral with hACE2 and mACE2
Ala484 Largely neutral with hACE2 and mACE2
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SPR Assay. Binding interactions between RBDs and ACE2 molecules were mea-
sured by SPR using a Biacore S200 system (Cytiva) (17). Briefly, ACE2-Fc was
immobilized to a protein A chip (Cytiva). Serial dilutions of purified recombinant
RBD-His flowed through (protein concentrations ranging from 20 to 3,200 nM)
in a running buffer composed of 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid, pH 7.4, 150 mM NaCl, 3 mM ethylenediaminetetraacetic acid, and
0.05% tween 20. Biacore Evaluation Software (Cytiva) was used for calculating
the binding kinetics.

Pseudovirus Entry Assay. Pseudovirus entry assay was performed as
described previously (41). Briefly, HEK293T cells were cotransfected with a plas-
mid encoding the omicron spike protein or one of its mutants, a helper plasmid
(encoding HIV-1 gag and pol proteins), and a reporter plasmid (encoding a lucif-
erase reporter gene). Pseudoviruses were collected 72 h after transfection and
then were used to infect HEK293T cells stably expressing mACE2. The pseudovi-
ruses and target cells were incubated together at 37 °C for 2 h. Subsequently,
the medium was changed to fresh medium, followed by incubation for another
48 h. Cells were then washed with phosphate-buffered saline buffer and lysed.
Aliquots of cell lysates were transferred to plates, followed by the addition of
luciferase substrate. Relative light units were measured using an EnSpire plate
reader (PerkinElmer). The amounts of pseudovirus particles were quantified
through Western blot analysis of p24 levels and used to calibrate pseudovirus
entry efficiencies.

Crystallization and Structure Determination. The complexes of the chime-
ric omicron RBD and hACE2 and of the chimeric omicron RBD and chimeric

mACE2 were each purified on gel filtration chromatography. Crystals of each of
the complexes were grown at room temperature over wells containing 100 mM
Tris (pH 8.5), 20 to 26% PEG 6000, and 100 mM NaCl. X-ray diffraction data
were collected at beamline 12–1 of Stanford Synchrotron Radiation Lightsource
(SSRL). HKL2000 was used for data processing (42). Both of the structures were
determined by molecular replacement using the structure of prototypic chimeric
RBD complexed with hACE2 as the search template (Protein Data Bank [PDB]
accession code 6VW1). PHENIX and CCP4 were used for molecular replacement
and model refinement (43, 44). COOT was used for model building (45). PYMOL
(The PyMOL Molecular Graphics System, Version 2.0 Schr€odinger, LLC.) was used
for making structural figures. Structure data and refinement statistics are shown
in SI Appendix, Table S1.

Data, Materials, and Software Availability. Crystal structure data have
been deposited in the Protein Data Bank (www.rcsb.org): PDB accession No.
7UFK (46) is for chimeric omicron RBD (strain BA.2) complexed with hACE2 and
PDB accession No. 7UFL (47) is for chimeric omicron RBD (strain BA.2) com-
plexed with chimeric mACE2. All study data are included in the article and/or
SI Appendix.
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