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ABSTRACT Understanding the evolutionary strategies of the SARS-CoV-2 omicron 
variant is crucial for comprehending the COVID-19 pandemic and preventing future 
coronavirus pandemics. In this study, we determined the crystal structures of the 
receptor-binding domains (RBDs) from currently circulating omicron subvariants XBB.1 
and XBB.1.5 (also the emerging XBB.1.9.1), each complexed with human ACE2. We 
studied how individual RBD residues evolved structurally in omicron subvariants, 
specifically how they adapted to human ACE2. Our findings revealed that residues 493 
and 496, which exhibited good human ACE2 adaptation in pre-omicron variants, evolved 
to poor adaptation in early omicron subvariants (but with good adaption to mouse 
ACE2) and then reverted to good adaptation in recent omicron subvariants. This result 
is consistent with the hypothesis that non-human animals facilitated the evolution of 
early omicron subvariants. Additionally, residue 486, which exhibited good human ACE2 
adaptation in early omicron subvariants, evolved to poor adaptation in later omicron 
subvariants and then returned to good adaptation in recent omicron subvariants. This 
result is consistent with the hypothesis that immune evasion facilitated the evolution of 
later omicron subvariants. Thus, our study suggests that both non-human animals and 
immune evasion may have contributed to driving omicron evolution at different stages 
of the pandemic.

IMPORTANCE The sudden emergence and continued evolution of the SARS-CoV-2 
omicron variant have left many mysteries unanswered, such as the origin of early 
omicron subvariants and the factors driving omicron evolution. To address these 
questions, we studied the crystal structures of human ACE2-bound receptor-binding 
domains (RBDs) from omicron subvariants XBB.1 and XBB.1.5 (XBB.1.9.1). Our in-depth 
structural analysis sheds light on how specific RBD mutations adapt to either human 
or mouse ACE2 and suggests non-human animals and immune evasion may have 
influenced omicron evolution during different stages of the pandemic. These findings 
provide valuable insights into the mechanisms underlying omicron evolution, deepen 
our understanding of the COVID-19 pandemic, and have significant implications for 
preventing future coronavirus pandemics.

KEYWORDS COVID-19, omicron subvariants, receptor-binding domain (RBD), receptor-
binding motif (RBM), angiotensin-converting enzyme 2, surface plasmon resonance, 
X-ray crystallography

T he sudden emergence of the SARS-CoV-2 omicron variant in the fall of 2021 marked 
a significant turning point in the COVID-19 pandemic (1–4). Compared to pre-omi­

cron strains like the prototypic strain, the early omicron subvariants BA.1 and BA.2 
contained many new mutations and spread more rapidly, quickly replacing them as 
the dominant strain in human populations (1–4). Presently, XBB.1 and XBB.1.5 are the 
omicron subvariants circulating in humans (5–7), while XBB.1.9.1 is emerging (8, 9). 
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Understanding the evolution of the omicron subvariants is crucial for comprehending 
the COVID-19 pandemic and preventing potential future coronavirus pandemics.

The binding interface between coronavirus receptor-binding domains (RBDs) and 
their host receptor has been established as an excellent structural platform for studying 
coronavirus evolution at the atomic level (10, 11). Both SARS-CoV-2 and the related 
SARS-CoV-1 recognize human ACE2 (hACE2) as their entry receptor (12–14). Previously, 
we determined the crystal structures of hACE2-bound RBDs from SARS-CoV-1, the 
prototypic SARS-CoV-2 strain, and the early omicron subvariants BA.1 and BA.2 (15–18). 
These structures revealed that both SARS-CoV-1 and SARS-CoV-2 RBDs contain a core 
structure and a receptor-binding motif (RBM), with the latter mediating receptor binding. 
Three virus-binding hotspots have been discovered at the RBM/ACE2 interface for both 
viruses, which center on Lys31 and Lys353 in hACE2 and a receptor-binding ridge in the 
RBD (named hotspot-31, hotspot-353, and hotspot-ridge, respectively) (10, 11, 16, 18). 
These hotspots are also the hotpots for viral mutations. The concept of the hotspots 
has been instrumental to understanding how RBM mutations affect ACE2 binding, and 
consequently, how SARS-CoV-1 and SARS-CoV-2 adapt to host infections.

There are two theories that explain how the omicron variant evolved (19). The 
first theory proposes that the RBD mutations in early omicron subvariants occurred in 
immunocompromised people, where the virus was unable to be cleared and instead 
developed mutations to evade the immune system. The second theory suggests that the 
mutations took place in non-human animals, where the virus developed mutations to 
adapt to its host and then transmitted to humans. Recently, we examined the crystal 
structure of BA.2 RBD bound to mouse ACE2 (mACE2), which showed that several 
mutations in BA.2 RBM were viral adaptations to mACE2 but were incompatible with 
hACE2. This finding suggested that rodents might have played a role in the emergence of 
early omicron subvariants. This hypothesis was supported by the discovery that 16.5% of 
rats in New York City had been infected with SARS-CoV-2 (20). The pre-omicron variants 
and early omicron subvariants have had their receptor recognition well documented 
(15–18, 21, 22), but little information is available for the structural evolution of recent 
omicron subvariants. To date, omicron subvariants have evolved at four RBM residues: 
486, 490, 493, and 496 (Fig. 1A) (5, 6, 23). Understanding the structural roles of each of 
these four residues and their mutations in receptor binding is crucial for comprehending 
the evolutionary history and future of the omicron variant.

In this study, we analyzed the crystal structures of the RBDs from two recent omicron 
subvariants, XBB.1 and XBB.1.5, each bound to hACE2. It should be noted that emerging 
XBB.1.9.1 shares the same RBD as XBB.1.5. Our goal was to understand how these 
subvariants have evolved to bind hACE2 and mACE2. Specifically, we aimed to achieve 
the following three objectives: shed light on the evolutionary tactics employed by 
omicron, gain insight into the origins of early omicron subvariants, and identify the 
factors driving the evolution of later and more recent omicron subvariants.

RESULTS

To investigate the interactions between omicron RBM and hACE2, we created two 
chimeric RBDs (Fig. 1B). These RBDs contained the core structure from SARS-CoV-1 and 
the RBM from XBB.1 and XBB.1.5 (XBB.1.9.1), respectively. This chimeric RBD design has 
been previously described in detail and repeatedly proven successful for studying how 
SARS-CoV-2, SARS-CoV-1, and related viruses recognize receptors (15–18, 24). In essence, 
to design these chimeric RBDs, we took advantage of the easy formation of high-quality 
crystals of the SARS-CoV-1 RBD/hACE2 complex. We preserved the crystal contact 
regions involving the SARS-CoV-1 RBD core structure and modified the non-crystal 
contact regions to include the omicron RBM. As expected, both chimeric RBDs bound to 
hACE2 and formed high-quality crystals under the same conditions as the hACE2-bound 
SARS-CoV-1 RBD. We determined the structures of both chimeric RBDs using molecular 
replacement and refined them to a resolution of 2.7 Å and 3.1 Å for XBB.1 and XBB.1.5, 
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respectively (Fig. 1B; Table 1; Fig. S1 and S2). These structures serve as the foundation for 
comprehending omicron mutations.

RBM residue 486 is situated in the hotspot-ridge area (Fig. 1C). In both pre-omicron 
variants and early omicron subvariants, it was a phenylalanine, which evolved into a 
valine in later omicron subvariants, then a serine in XBB.1, and finally a proline in XBB.1.5 
(Fig. 1A). When RBM residue 486 is a phenylalanine, it strongly interacts with Leu79 and 
Met82 from hACE2 through hydrophobic interactions (Fig. 2A). However, when it is a 
serine, there are no interactions with Leu79 and Met82 (Fig. 2B). The proline also interacts 
hydrophobically with Leu79 and Met82 from hACE2 (Fig. 2C), but these interactions are 
not as strong as those formed by a phenylalanine. This is because a phenylalanine makes 
more extensive hydrophobic contacts than a proline does. To verify the above structural 
analysis, we conducted surface plasmon resonance (SPR) experiments to determine the 
binding affinity between hACE2 and RBDs containing different residues at position 486 
(Fig. 2D; Table S1; Fig. S3). The binding affinity increased from XBB.1 RBD, which had 
Ser486, to XBB.1.5 RBD, which had Pro486, and then to XBB.1.5 RBD, which had Phe486. 
Therefore, both structural and biochemical data reveal that a phenylalanine is best 
adapted to hACE2 at position 486, followed by a proline and then a serine.

RBM residue 493 is located in the hotspot-31 area (Fig. 1C). It was a glutamine in pre-
omicron variants, including the prototypic strain. Then, it changed to an arginine in early 
omicron subvariants but reverted to a glutamine in later and recent omicron subvariants 
(Fig. 1A). In pre-omicron variants and recent omicron subvariants, Gln493 forms favorable 
hydrogen bonds with Lys31 and Glu35 from hACE2 (Fig. 3A). However, in early omicron 
subvariants, Arg493 creates unfavorable charge repulsion with Lys31 from hACE2 (Fig. 
3B) while forming favorable bifurcated hydrogen bonds with Asn31 from mACE2 (Fig. 
3C). Previously, we used SPR to demonstrate that the Q493R mutation decreased the 

FIG 1 Overview of omicron evolution in the receptor-binding motif. (A) Four residues in the RBM have undergone evolution from early omicron subvariants to 

recent ones and are listed here. (B) Overall structures of the chimeric XBB.1 RBD complexed with human ACE2 (left) and of the chimeric XBB.1.5 RBD complexed 

with human ACE2 (right). Human ACE2 is in green. The core structures in the two RBDs (in cyan) are from SARS-CoV-1 and the RBMs (in magenta) are from 

XBB.1 and XBB.1.5, respectively. (C) Structure of the interface between XBB.1 RBM and human ACE2. RBM residues that have undergone mutations from the early 

omicron subvariants to the recent one are shown as sticks. Three mutational hotspots are highlighted: hotspot-353 centers on Lys353 in human ACE2, hotspot-31 

centers on Lys31 in human ACE2, and hotspot-ridge centers on the receptor-binding ridge in the RBD.
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binding affinity of prototypic RBD for hACE2 but increased its binding affinity for mACE2 
(18). Here, also using SPR, we further demonstrated that the Q493R mutation decreased 
the binding affinity of XBB.1 RBD for hACE2 (Fig. 3D; Table S1; Fig. S4). Therefore, both 
structural and biochemical data reveal that Gln493 is better adapted to hACE2 than 
Arg493 is, while Arg493 is better adapted to mACE2 than Gln493 is.

RBM residue 490 is also situated in the hotspot-31 area (Fig. 1C). It has gone through 
evolution from a phenylalanine in pre-omicron and early/later omicron subvariants to a 
serine in recent omicron subvariants (Fig. 1A). Structural data revealed that the main 
chain of residue 490, but not its side chain, directly interacts with hACE2 (Fig. 3A), 
suggesting that its side chain does not play a crucial role in hACE2 binding. The SPR data 
supported that the S490F mutation did not cause a significant effect on the binding 
affinity of XBB.1 RBD for hACE2 (Fig. 3D; Table S1; Fig. S4). Therefore, Phe490 and Ser490 
are comparably adapted to hACE2.

RBM residue 496 is located in the hotspot-353 area (Fig. 1C) and has been a glycine in 
all pre-omicron variants and omicron subvariants except BA.1, where it was a serine (Fig. 
1A). In pre-omicron variants and XBB.1, the main chain of Gly496 and the side chain of 
Lys353 from hACE2 both form a favorable hydrogen bond with Tyr501 in the RBM (Fig. 
4A). In BA.1, Tyr501 forms two hydrogen bonds with both the main chain and side chain 
of Ser496 and can no longer form a hydrogen bond with Lys353 from hACE2, forcing 

TABLE 1 Crystallography data collection and refinement statisticsa

XBB.1 XBB.1.5

Data collection
  Space group P1211 P1211
  Unit cell dimensions
  a, b, c (Å) 79.74, 116.37, 111.66 78.37, 116.21, 108.77
  α, β, γ (°) 90, 92.81, 90 90, 96.60, 90
  Resolution (Å) 80.5–2.7 (2.8–2.7) 77.9–3.1 (3.2–3.1)
  Rsym or Rmerge 0.152 (0.930) 0.121 (0.881)
  I/σI 5.3 (1.7) 6.8 (1.6)
  Completeness (%) 85.5 (67.2) 86.8 (52.6)
  Redundancy 4.1 (3.8) 3.9 (3.8)
  CC1/2 0.993 (0.549) 0.995 (0.653)
  CC*b 0.998 (0.910) 0.999 (0.914)
Refinement
  Resolution (Å) 80.5–2.7 (2.8–2.7)* 77.9–3.1 (3.2–3.1)
  No. of reflections 24,960 (178) 24,811(100)
  Rwork/Rfree 0.219/0.283 0.190/0.241
  No. of atoms 13,162 13,107
   Protein 12,772 12,765
   Ligand/ion 361 339
   Water 29 3
  B-factor 71.67 78.35
   Protein 71.24 77.60
   Ligand/ion 88.72 106.87
   Water 49.54 38.48
  Ramachandran plot
   Favored (%) 94.45 94.82
   Allowed (%) 5.42 4.80
   Outliers (%) 0.13 0.38
  RMSc deviations
   Bond lengths (Å) 0.004 0.002
   Bond angles (°) 0.61 0.49
aStatistics for the highest-resolution shell are shown in parentheses.
bCC*, correlation coefficient calculated between final merged dataset and unknown true intensities
cRMS, root mean square
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Lys353 to be oriented toward a different direction (Fig. 4B). In mACE2, however, residue 
353 becomes a histidine, which is compatible with Ser496 and Tyr501 from BA.1 RBD (Fig. 
4C and D). Using SPR data, we further demonstrated that the S496G mutation increased 
the binding affinity of BA.1 RBD for hACE2 but had no significant impact on its binding 
affinity for mACE2 (Fig. 4D; Table S1; Fig. S5). Hence, Gly496 is better adapted to hACE2 
than Ser496 is, while both Gly496 and Ser496 are comparably adapted to mACE2.

In addition to the detailed characterization of how individual omicron mutations 
affected receptor recognition, we conducted analyses of the RBM/ACE2 interfaces for 
omicron subvariants. First, we conducted an electrostatic analysis of these interfaces. We 
observed that, compared to the prototypic strain, the RBMs of omicron subvariants (BA.1, 
BA.2, XBB.1, and XBB.1.5) exhibit a higher positive charge around hotspot-31 and 
hotspot-353 but a lower negative charge around hotspot-ridge (Fig. S6). On the virus-
binding surface of hACE2, hotspot-31 and hotspot-353 display a negative charge, 
whereas hotspot-ridge shows a slightly positive charge (Fig. S6). Consequently, it is 

FIG 2 Structural evolution of RBM residue 486. (A) Structural interface between the RBM of omicron subvariant BA.2 and human ACE2 (PDB 7UFK). Black double 

arrows indicate favorable hydrophobic interactions. (B) Structural interface between the RBM of omicron subvariant XBB.1 and human ACE2. (C) Structural 

interface between the RBM of omicron subvariant XBB.1.5 and human ACE2. (D) Surface plasmon resonance assay for the binding of RBDs to human ACE2. The 

data are presented as mean ± SEM (n = 3). A Student’s two-tailed t-test was performed to analyze the statistical difference between the XBB.1 RBD and XBB.1.5 

RBD (which differ from each other only at position 486) and between XBB.1.5 RBD and XBB.1.5 RBD containing a P486F mutation. ***P < 0.001; *P < 0.05.
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possible that the omicron subvariants have evolved to recognize hACE2 through 
stronger electrostatic interactions, which are long range and potentially enable virus 
particles to more rapidly attach to the receptor (25). Second, we calculated the buried 
surface areas and contact residues for the RBM/ACE2 interfaces. Comparing the omicron 
subvariants to the prototypic strain, we observed slightly smaller buried surface areas 
and slightly fewer ACE2-contacting residues in the RBMs (Tables S2 and S3). However, 
BA.1 and BA.2 RBDs both exhibited a slightly stronger binding affinity to hACE2 than the 
prototypic RBD did (17, 18). These findings suggest that the omicron subvariants might 
have undergone changes to reduce their receptor-binding surface area and the number 
of receptor-contacting residues but managed to maintain, or even slightly increase, their 
affinity for hACE2, potentially by enhancing the strengths of these receptor-binding 
interactions. It is important to note that the above observations were based on structural 
models and would require further investigation through in-depth computational 
analysis.

FIG 3 Structural evolution of RBM residues 493 and 490. (A) Structural interface between the RBM of omicron subvariant XBB.1 and human ACE2. Black dotted 

lines indicate favorable hydrogen bonds. (B) Structural interface between the RBM of omicron subvariant BA.2 and human ACE2 (PDB 7UFK). Red double arrow 

indicates unfavorable charge repulsion. (C) Structural interface between the RBM of omicron subvariant BA.2 and mouse ACE2 (PDB 7UFL). (D) Surface plasmon 

resonance assay for the binding of RBDs to human ACE2. The data are presented as mean ± SEM (n = 3). A Student’s two-tailed t-test was performed to analyze 

the statistical difference between the XBB.1 RBD and XBB.1 RBD containing an S490F mutation and between XBB.1 RBD and XBB.1 RBD containing a Q493R 

mutation. ***P < 0.001; ns, not significant.
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DISCUSSION

Since it first emerged in the fall of 2021, the omicron variant has continued to evolve 
within human populations. In order to understand how omicron has been evolving, we 
conducted an investigation into the structural changes of the omicron subvariants in the 
RBM region. Specifically, we analyzed the crystal structures of the XBB.1 RBD and XBB.1.5 
RBD, each complexed with human ACE2. It should be noted that emerging XBB.1.9.1 
shares the same RBD as XBB.1.5. The omicron subvariants have evolved at four RBM 
residues (486, 490, 493 and 496), which are located at three virus-binding hotspots within 
the RBM/ACE2 interface. Two of these hotspots, known as hotspot-31 and hotspot-353, 
involve stabilizing two lysines from human ACE2 (Lys31 and Lys353). The third hotspot, 
known as hotspot-ridge, involves interactions between the N-terminal helix from human 
ACE2 and a receptor-binding ridge from the RBM. At hotspot-ridge, Phe486 is the 
most compatible with Leu79 and Met82 from human ACE2, followed by Pro486, with 

FIG 4 Structural evolution of RBM residue 496. (A) Structural interface between the RBM of omicron subvariant XBB.1 and human ACE2. Black dotted lines 

indicate favorable hydrogen bonds. (B) Structural interface between the RBM of omicron subvariant BA.1 and human ACE2 (PDB 7U0N). (C) Structural interface 

between the RBM of omicron subvariant BA.2 and mouse ACE2 (PDB 7UFL). (D) Surface plasmon resonance assay for the binding of RBDs to mouse ACE2 (top) or 

to human ACE2 (bottom). The data are presented as mean ± SEM (n = 3). A Student’s two-tailed t-test was performed to analyze the statistical difference between 

the RBDs in each graph. *P < 0.05; ns, not significant.
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Ser486 being the least compatible with human ACE2. At hotspot-31, Gln493 is more 
compatible with Lys31 from human ACE2 than Arg493 is, whereas Phe490 and Ser490 are 
equally compatible with human ACE2. At hotspot-353, Gly496 is more compatible with 
Lys353 from human ACE2 than Ser496 is. Therefore, of the four RBM residues that have 
undergone evolution, residues 493 and 496 have become better adapted to human ACE2 
over time, residue 486 first became less compatible with human ACE2 before evolving to 
become more compatible, and the evolution of residue 490 has no significant impact on 
its compatibility with human ACE2.

As RBM residues 493 and 496 evolved, an evolutionary gap emerged between 
pre-omicron variants and early omicron subvariants (Fig. 5). At these two positions, 
the residues well adapted to human ACE2 in pre-omicron variants abruptly became 
less adapted in early omicron subvariants. Two other RBM residues, 498 and 505, 
also underwent this transition. However, residues 493 and 496 have since reverted 
to the same residues as in pre-omicron variants that are better adapted to human 
ACE2. Residues 498 and 505, in contrast, have remained unchanged across all omicron 
subvariants. Our previous structural study showed that Arg493, Arg498, and His505 
in early omicron subvariants are well adapted to mouse ACE2 but are incompatible 
with human ACE2; the structural data were confirmed using both RBD/ACE2-binding 
assay and SARS-CoV-2 pseudovirus entry assay (18). These data together led to the 
hypothesis that rodents played a role in the evolution of early omicron subvariants. The 
current study demonstrated that Ser496 is also better adapted to mouse ACE2 than to 
human ACE2, further supporting the hypothesis. The hypothesis is also supported by 
a surveillance study, which revealed that 16.5% of rats in New York City were infected 
by SARS-CoV-2 and indicated that the virus has been evolving in rodents (20). The 
hypothesis is further bolstered by the reversion mutations observed at residues 493 and 
496, indicating that the virus, which had previously adapted for rodent infectivity, is 
now undergoing changes to enhance its ability to infect humans once again. Addition­
ally, another report demonstrated that some of these mutated residues are involved in 
stabilizing interactions within and between RBDs in the spike protein (26); this suggests 
that the aforementioned mutations may impact the function of the spike protein in more 
ways than one, extending beyond their impact on receptor recognition alone.

As RBM residues 486 and 490 evolved, an evolutionary gap appeared not between 
the pre-omicron variants and early omicron subvariants but rather between early 
omicron subvariants and more recent ones (Figure 5). At these positions, the residues 
that had been well adapted to human ACE2 in pre-omicron variants and early omicron 
subvariants became less adapted in later and recent omicron subvariants. There could be 
two possible mechanisms for this evolution: either non-human animals were involved in 
the evolution of recent omicron subvariants or there is another driving force for viral 
evolution besides host ACE2 adaptation. Unlike early omicron subvariants, where 
numerous mouse ACE2-adapted mutations appeared abruptly and simultaneously, 
evolution of later and recent omicron subvariants appeared to be gradual and sporadic, 
making the second scenario more likely. The second scenario is supported by reports 
indicating that the F486S and F490S mutations enabled the omicron variant to evade 
pre-existing neutralizing antibody responses (Table S4) (5, 27). While these mutations did 
not improve the affinity of the RBD for human ACE2, they still benefited the virus through 
immune evasion. On the contrary, the R493Q mutation in the XBB.1 subvariant increased 
its vulnerability to pre-existing neutralizing antibodies, aligning with our previous 
argument that the R493Q mutation emerged through the receptor recognition mecha­
nism rather than immune evasion (Table S4) (5). Notably, in recent omicron subvariants, 
the S486P mutation partially restored the binding affinity of the RBD to human ACE2; this 
implies that the virus is adapting to strike a balance between maintaining a strong 
receptor-binding affinity and evading immune detection.

In conclusion, the structural evolution of the omicron RBM has disclosed multiple 
evolutionary strategies employed by the virus. These include reinforcing the three virus-
binding hotspots at the RBM/receptor interface to improve adaptation to human ACE2 
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and striking a balance between high receptor-binding affinity and immune evasion. 
These strategies work together to drive the evolution of the RBM. It will be intriguing to 
observe how the omicron variant will continue to evolve in the future.

MATERIALS AND METHODS

Plasmids

The genes encoding the spike protein of SARS-CoV-2 prototypic strain (GenBank 
accession number: QHD43416), human ACE2 (GenBank accession number: NM_021804), 
and mouse ACE2 (GenBank accession number: NM_027286) were synthesized (Gen­
Script Biotech). The genes encoding the spike protein of SARS-CoV-2 omicron subvar­
iants (XBB.1—GISAID: EPI_ISL_14917652; XBB.1.5—GISAID: EPI_ISL_15921922; XBB.1.9.1
—GISAID: EPI_ISL_16093023) were constructed by site-directed mutagenesis of the gene 
encoding the spike protein of SARS-CoV-2 prototypic strain.

For biochemical assays, the genes encoding the RBDs of omicron subvariants 
(residues 319–535) and their mutants, human ACE2 (residues 1–615) and mouse ACE2 
(residues 1–615), were constructed from the above full-length genes, respectively. The 
RBDs of omicron subvariants and their mutants were subcloned into pLenti-transfer 
vector (Addgene) with an N-terminal tissue plasminogen activator signal peptide and a 
C-terminal His tag. Human ACE2 and mouse ACE2 were subcloned into the same vector 
except that a C-terminal human IgG4 Fc region replaced the His tag.

For crystallography studies, the genes encoding the RBDs of chimeric omicron 
subvariants (residues 319–535) were constructed by site-directed mutagenesis of the 
genes encoding the chimeric prototypic RBD (16, 17). They were then subcloned into 
pFastBac I vector (Life Technologies) with an N-terminal honeybee melittin signal peptide 
and a C-terminal His tag. Human ACE2 (residues 1–615) was subcloned in the same way 
as the chimeric RBDs.

Protein expression and purification

For biochemical assays, the RBDs of omicron subvariants and their mutants, human 
ACE2 and mouse ACE2, were prepared from 293F mammalian cells (28). Briefly, lentiviral 

FIG 5 Proposed mechanisms for structural evolution of omicron RBM and potential driving forces for the evolution. The 

values in this graph are not drawn to scales.
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particles were packaged for the construction of stable cell lines expressing one of the 
above proteins. These stable cell lines 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 Superdex 200 gel filtration column (Cytiva).

For crystallography studies, the RBDs of chimeric omicron subvariants and human 
ACE2 were prepared from sf9 insect cells using the Bac-to-Bac system (Life Technologies) 
(16). Subsequently, the His-tagged proteins were harvested from cell culture medium, 
purified on Ni-NTA column, and purified further on Superdex 200 gel filtration column 
(Cytiva).

Surface plasmon resonance assay

Binding interactions between RBDs and ACE2 molecules were measured by surface 
plasmon resonance using a Biacore S200 system (Cytiva) (17). Briefly, ACE2 was 
immobilized to a CM5 sensor chip through chemical cross-linking (Cytiva). Serial dilutions 
of purified recombinant RBD were injected at different concentrations. Binding kinetics 
were calculated using Biacore Evaluation Software (Cytiva).

Crystallization and structure determination

The complexes of the chimeric omicron XBB.1 RBD and human ACE2 and of the chimeric 
XBB.1.5 RBD and human ACE2 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), 18%–24% PEG 6000, and 100 mM NaCl. X-ray diffraction data 
were collected at NECAT (24-IDC and 24-IDE) beamlines. HKL2000 was used for data 
processing (29). Both of the structures were determined by molecular replacement using 
the structure of prototypic chimeric RBD complexed with human ACE2 as the search 
template (PDB 6VW1). PHENIX and CCP4 were used for molecular replacement and 
model refinement (30, 31). COOT was used for model building (32). PYMOL (The PyMOL 
Molecular Graphics System, Version 2.0 Schrödinger, LLC.) was used for making structural 
figures. Structure data and refinement statistics are shown in Table 1.
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