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The Omicron (B.1.1.529) variant of SARS-CoV-2, first reported 
in November 2021, was quickly identified as a variant of con-
cern with potential to spread rapidly across the world. This 
concern is heightened as the Omicron variant is currently cir-
culating even amongst doubly vaccinated individuals. SARS-
CoV-2 relies on a trimeric spike protein for host cell entry via 
recognition of the angiotensin converting enzyme 2 (ACE2) 
receptor. The Omicron variant spike protein has 37 mutations 
as compared to 12 mutations in the Gamma variant, the most 
mutated variant to emerge before Omicron (1). Understand-
ing the consequences of these mutations for ACE2 receptor 
binding and neutralizing antibody evasion is important in 
guiding the development of effective therapeutics to limit the 
spread of the Omicron and related variants. 

The spike protein comprises 2 domains, the S1 domain, 
which contains the receptor binding domain (RBD) and the S2 
domain responsible for membrane fusion. The Omicron vari-
ant has 37 mutations (Fig. 1A) in the spike protein relative to 
the initial Wuhan-Hu-1 strain, with 15 of them present in the 
receptor binding domain (RBD) (1). The RBD mediates attach-
ment to human cells through the ACE2 receptor and is the pri-
mary target of neutralizing antibodies (2, 3). The Delta variant, 
which was the predominant SARS-CoV-2 lineage until the 
emergence of Omicron, has 7 mutations in the spike protein 
relative to the Wuhan-Hu-1 strain, with 2 mutations falling 
within its RBD. Of the Delta spike mutations, two (T478K in 
the RBD and D614G at the C terminus of S1) are shared with 
the Omicron strain. Analysis of the sequence of the Omicron 
genome suggests that it is not derived from any of the currently 
circulating variants, and may have a different origin (4). 

Cryo-EM structural analysis of the Omicron spike protein 
ectodomain shows that the overall organization of the trimer 
is similar to that observed for the ancestral strain (5–7) and 
all earlier variants (8–10) (Fig. 1B and table S1). The RBD in 
one of the protomers (protomer 1) is well-resolved and is in 
the “down” position, while the other two RBDs are less well-
resolved because they are flexible relative to the rest of the 
spike protein polypeptide. Similarly, the amino terminal do-
main (NTD) is poorly resolved, reflecting the dynamic and 
flexible nature of this domain. The mutations in the Omicron 
variant spike protein are distributed both on the surface and 
the interior of the spike protein (Fig. 1C), including NTD and 
RBD regions. The mutations in the RBD are predominantly 
distributed on one face of the domain (Fig. 1D), which spans 
regions that bind ACE2 as well as those that form epitopes 
for numerous neutralizing antibodies (11). 

The Omicron variant shares RBD mutations in common 
with previous variants of concern (K417N, T478K, and 
N501Y). The N501Y and K417N mutations impart increased 
and decreased ACE2 binding affinities respectively (8, 12–16). 
These mutational effects preserve the same general impact 
on ACE2 affinity when present in isolation or in combination 
with other RBD mutations (12). However, the Omicron RBD 
contains additional mutations, the majority of which have 
been shown to decrease receptor binding in a high-through-
put assay (table S2) (17), with the exception of G339D, N440K, 
S447N, and Q498R (17, 18). To measure the impact of Omi-
cron spike protein mutations on human ACE2 binding affin-
ity, we performed surface plasmon resonance studies and 
compared the resulting apparent binding affinities (KD,app) to 
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wild-type and Delta spikes (Fig. 2). Wild-type (WT) is used in 
this work to refer to the ancestral Wuhan-Hu-1 strain with 
the addition of the D614G mutation. While the Omicron spike 
protein exhibits a measurable increase in apparent affinity 
for ACE2 relative to the wild-type spike [in agreement with a 
recent preprint (19)], the apparent ACE2 affinity is similar for 
Delta and Omicron variants (Fig. 2D). Despite harboring sev-
eral RBD mutations which decrease ACE2 binding (fig. S2) 
(12, 16, 17), the preservation of overall ACE2 binding affinity 
for the Omicron spike protein suggests there are compensa-
tory mutations that restore higher affinity for ACE2. Such 
mutational effects should be possible to visualize in a high-
resolution structure of the spike protein-ACE2 complex. 

Cryo-EM structural analysis of the human ACE2-Omicron 
spike protein complex shows strong density for ACE2 bound 
to the RBD of one of the protomers in the “up” position (Fig. 
3A and table S1). Weaker density is observed for a second 
bound ACE2, suggesting partial occupancy of a second RBD 
under our experimental conditions. We focus on the structure 
of the ACE2-spike protein interface in the most strongly 
bound ACE2 molecule. Focused refinement of the RBD-ACE2 
region resulted in a density map with a resolution of 2.66 Å 
at the spike protein-ACE2 interface (Fig. 3B), allowing visual-
ization of sidechains involved in the interface (Fig. 3C). In 
Fig. 3, D to F, we compare the key interactions at this inter-
face in the Omicron variant with corresponding interactions 
that we have reported recently for the Delta variant (20). In 
the Delta variant-ACE2 complex, there are hydrogen bonds 
formed by residues Q493 and Q498 on the spike protein with 
residues E35 and Q42, respectively, on ACE2 (Fig. 3D). In the 
Omicron variant, three mutations are observed in this 
stretch: Q493R, G496S and Q498R. Residue R493 replaces 
the hydrogen bond to ACE2 residue E35 with a new salt 
bridge, while residue R498 forms a new salt bridge with ACE2 
residue D38 while maintaining a hydrogen bond interaction 
with ACE2 residue Q42. RBD residue S496 adds a new inter-
action at the interface by forming a hydrogen bond with 
ACE2 residue K353 (Fig. 3D). Additionally, the mutated resi-
due Y501 in the Omicron RBD makes pi stacking interactions 
with Y41 in ACE2 as previously seen in the Alpha (B.1.1.7), 
Beta (B.1.351), and Gamma (P.1) variants (8, 12), while mu-
tated residue H505 is not hydrogen-bonded to E37 in ACE2 
in contrast to what we reported previously for the Y505 resi-
due (Fig. 3E) (20). 

These new interactions are offset by the loss of a key salt 
bridge between spike protein residue K417 and ACE2 residue 
D30 that is present in the Delta variant (Fig. 3F). In isolation, 
the K417N mutant displays reduced ACE2 binding affinity 
(12, 16), but our findings suggest that the new mutations in 
the Omicron interface have a compensatory effect on the 
strength of ACE2 binding, providing an explanation for the 
similar ACE2 binding affinities observed (Fig. 2). 

We next investigated the effects of Omicron mutations on 
neutralization by (i) a selection of monoclonal antibodies, (ii) 
sera obtained from 30 doubly vaccinated individuals with no 
prior history of COVID-19 infection and (iii) sera obtained 
from a set of 68 unvaccinated convalescent patients who re-
covered from infection by either Alpha, Gamma or Delta var-
iants (summary of patient demographics is in table S3). We 
performed neutralization experiments using pseudoviruses 
that incorporate the wild-type, Delta, or Omicron variant S 
proteins and compared the ability of these pseudovirions to 
evade antibodies. We compare evasion relative to the Delta 
variant given that the Omicron variant is rapidly supplanting 
the Delta variant in global prevalence, and to wild-type SARS-
CoV-2 given that the majority of current SARS-CoV-2 vaccine 
immunogens are based on this sequence (21). 

We used a panel of neutralizing monoclonal antibodies 
that include RBD-directed antibodies [ab1, ab8, S309, S2M11; 
(22–25)] and two NTD-directed antibodies [4-8 and 4A8; (26, 
27)] to investigate the impact of Omicron RBD and NTD mu-
tations on monoclonal antibody escape. In contrast to the 
wild-type, Alpha (B.1.1.7), Gamma (P.1), Kappa (B.1.617.1), and 
Delta (B.1.617.2) variants of SARS-CoV-2, the Omicron variant 
could not be completely neutralized at maximum concentra-
tions of five of the six antibodies tested (Fig. 4A and fig. S4) 
(20, 28). The loss of neutralizing activity for both the NTD-
directed antibodies (4-8 and 4A8) against Omicron is likely 
due to the Δ144-145 deletion which falls within the footprint 
of both of these antibodies (Fig. 4B). The escape from RBD 
directed antibodies S2M11, ab8 and ab1 is likely due to the 
numerous Omicron mutations which lie within their respec-
tive footprints (Fig. 4B). In contrast, S309 (an antibody un-
dergoing evaluation in clinical trials for treating patients 
with COVID-19) was able to fully neutralize the Omicron var-
iant, consistent with previous reports showing retained neu-
tralization capacity of S309 despite a mild decrease in 
potency (19, 29–31). The unusually high number of mutations 
in the Omicron variant spike protein thus appear to confer 
broad antibody escape relative to previously emerged vari-
ants of SARS-CoV-2, consistent with emerging reports (19). 

Sera obtained from patients not exposed to SARS-CoV-2 
(pre-pandemic) showed negligible neutralization activity 
against wild-type SARS-CoV-2 and both Delta and Omicron 
variants (fig. S5). Sera from either vaccinated or convalescent 
patients exhibited potent neutralization of wild-type pseudo-
viruses (figs. S6 to S9); sera from convalescent patients dis-
played on average a 6.3x decrease in ability to neutralize the 
Omicron variant relative to wild-type (Fig. 4C, top). Sera from 
the vaccinated cohort also displayed reduced neutralization 
ability (4.4x decrease on average) with a wider variation 
driven by some individuals that showed greater loss of neu-
tralization ability against Omicron. The comparison of 
change in neutralization potential between Delta and 
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Omicron variants is perhaps more relevant given the previous 
world-wide dominance of the Delta variant. Sera from conva-
lescent patients shows an even greater drop in neutralization 
potency relative to the Delta variant (8.2x decrease) while the 
vaccinated group also shows reduction in potency, although 
to a lesser extent (3.4x decrease) (Fig. 4C, bottom). 

A finer analysis of the unvaccinated convalescent cohort 
stratified into those who recovered from infection by either 
Delta, Alpha, or Gamma variants (Fig. 4D) highlights the re-
duction in neutralization potency against the Omicron vari-
ant relative to the Delta variant in all populations, with 
especially striking drops for patients who recovered from in-
fection from the earlier Alpha and Delta variants. The find-
ings we report here are consistent with several other recent 
reports (19, 32–34) supporting the finding that the Omicron 
variant is more resistant to neutralization dependent on prior 
infection with an earlier variant or vaccination than any 
other variant of concern that has emerged over the course of 
the COVID-19 pandemic. 

The large number of mutations on the surface of the spike 
protein including the immunodominant RBD (Fig. 1) would 
be expected to help the virus escape antibodies elicited by 
vaccination or prior infection. It is interesting that the Omi-
cron variant evolved to retain its ability to bind ACE2 effi-
ciently despite these extensive mutations. The cryo-EM 
structure of the spike protein-ACE2 complex provides a struc-
tural rationale for how this is achieved: interactions involving 
the new mutations in the Omicron variant at residues 493, 
496, 498, and 501 appear to restore ACE2 binding efficiency 
that would be lost due to other mutations such as K417N. The 
Omicron variant thus appears to have evolved to selectively 
balance an increase in escape from neutralization with its 
ability to interact efficiently with ACE2. The increase in anti-
body evasion and the retention of strong interactions at the 
ACE2 interface are thus factors that likely contribute to the 
increase in transmissibility of the Omicron variant. 
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  Fig. 1. Cryo-EM structure of the Omicron spike protein. (A) A schematic diagram illustrating the 

domain arrangement of the spike protein. Mutations present in the Omicron variant spike protein are 
labeled. (B) Cryo-EM map of the Omicron spike protein at 2.79 Å resolution. Protomers are colored 
in different shades of purple. (C) Cryo-EM structure of Omicron spike protein indicating the locations 
of modeled mutations on one protomer. (D) The Omicron spike receptor-binding domain (RBD) 
shown in two orthogonal orientations with Cα positions of the mutated residues shown as red 
spheres. 
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Fig. 2. SPR analysis of the wild-type, Delta, and Omicron spike protein affinities for human ACE2. 
(A to C) Representative traces of single-cycle kinetic analyses of S protein-ACE2 binding. The raw 
data (black) is fit (red) to a model using a 1:1 binding stoichiometry from which apparent dissociation 
constants were derived. The curves were obtained by injecting 6.25, 31.25, 62.5, 125, 250 nM of each 
spike protein in successive cycles. (RU: Response units). (D) Quantitation of apparent dissociation 
constants (KD,app) for the wild-type, Delta, and Omicron S protein-ACE2 interaction. The standard 
deviation obtained from at least three technical replicates is shown. Horizontal dotted lines are 
plotted for mutants carrying only K417N (top) or N501Y + E484K (bottom) mutations to 
demonstrate the range of this assay (see fig. S2 for binding data). A Tukey’s multiple comparisons 
test was performed on the wild-type, Delta, and Omicron binding affinities (*P≤0.05, ns = not 
significant). A table highlighting the fold changes in KD,app for the Delta and Omicron S protein-ACE2 
interactions relative to WT is shown. 
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Fig. 3. Cryo-EM structure of the Omicron spike protein-ACE2 complex. (A) Cryo-EM map of the 
Omicron spike protein in complex with human ACE2 at 2.45 Å resolution after global refinement. The 
three protomers are colored in different shades of purple and the density for bound ACE2 is colored 
in blue. (B) Cryo-EM map of the Omicron spike RBD in complex with ACE2 at 2.66 Å resolution after 
focused refinement. The inset box indicates the region highlighted in (C). (C) Cryo-EM density mesh 
at the Omicron spike RBD-ACE2 interface, with fitted atomic model. Yellow and red dashed lines 
represent new hydrogen bonds and ionic interactions, respectively. (D to F) Comparison of the RBD-
ACE2 interface between the Omicron (upper) and Delta (lower) variants. Compared to the Delta 
variant, new interactions are formed as a result of the mutations Q493R, G496S, and Q498R (D), 
and local structural changes due to the N501Y and Y505H mutations present (E) in the Omicron 
variant. The salt bridge between Delta RBD K417 and ACE2 D30 that is present in the Delta variant 
spike protein but lost in the Omicron variant is highlighted in (F). Yellow and red dashed lines 
represent hydrogen bonds and ionic interactions, respectively. 
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Fig. 4. Monoclonal antibodies and vaccinated and convalescent patient-derived sera exhibit 
decreased Omicron neutralization potency. (A) Maximum neutralization achieved by the indicated 
monoclonal antibodies against wild-type and Omicron pseudoviruses (n = 3 technical replicates). 
Error bars denote standard deviation of the mean. (B) Antibody binding footprints for monoclonal 
antibodies tested in this study. Omicron spike protein mutations falling within each antibody 
footprint are labeled. (C) Log-fold EC50 dilutions for vaccinated and convalescent patient sera for 
either wild-type (WT) versus Omicron variant pseudoviruses (top) or Delta and Omicron variant 
pseudoviruses (bottom). (D) As in (C) with a breakdown of the convalescent patients into previous 
infection with Delta, Alpha, and Gamma variants of concern. A pairwise statistical significance test 
was performed using the Wilcoxon matched pairs test (*P≤0.05, **P≤0.01, ***P≤0.001, 
****P≤0.0001). The fold-change in the geometric mean between the two groups is shown in red text 
at the top of each plot. 
 

D
ow

nloaded from
 https://w

w
w

.science.org on January 23, 2022

https://www.science.org/


Use of think article is subject to the Terms of service

Science (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW, Washington, DC
20005. The title Science is a registered trademark of AAAS.
Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to
original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

SARS-CoV-2 Omicron variant: Antibody evasion and cryo-EM structure of spike
protein–ACE2 complex
Dhiraj MannarJames W. SavilleXing ZhuShanti S. SrivastavaAlison M. BerezukKatharine S. TuttleAna Citlali MarquezInna
SekirovSriram Subramaniam

Science, Ahead of Print • DOI: 10.1126/science.abn7760

View the article online
https://www.science.org/doi/10.1126/science.abn7760
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org on January 23, 2022

https://www.science.org/about/terms-service

	SARS-CoV-2 Omicron variant: Antibody evasion and  cryo-EM structure of spike protein–ACE2 complex

