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SUMMARY
The emergence of the SARS-CoV-2 Omicron variant is dominant in many countries worldwide. The high num-
ber of spike mutations is responsible for the broad immune evasion from existing vaccines and antibody
drugs. To understand this, we first present the cryo-electron microscopy structure of ACE2-bound SARS-
CoV-2 Omicron spike. Comparison to previous spike antibody structures explains how Omicron escapes
these therapeutics. Secondly, we report structures of Omicron, Delta, and wild-type spikes bound to a pa-
tient-derived Fab antibody fragment (510A5), which provides direct evidence where antibody binding is
greatly attenuated by the Omicron mutations, freeing spike to bind ACE2. Together with biochemical binding
and 510A5 neutralization assays, our work establishes principles of binding required for neutralization and
clearly illustrates how the mutations lead to antibody evasion yet retain strong ACE2 interactions. Structural
information on spike with both bound and unbound antibodies collectively elucidates potential strategies for
generation of therapeutic antibodies.
INTRODUCTION

The emergence of severe acute respiratory syndrome coronavi-

rus 2 (SARS-CoV-2) variants associated with increased virulence

or infectivity that occurred during the late months of 2020 has

caused massive outbreaks in different regions (Tao et al.,

2021; Wu et al., 2020; Zhou et al., 2020). The Delta variant (line-

age B.1.617.2, first detected in India), which has become a domi-

nant strain around theworld sincemid-2021 (Del Rio et al., 2021),

has been gradually surpassed by the fast-spreading B.1.1.529

variant that was first identified on November 9, 2021. Due to

the high level of genetic mutations, particularly in spike, the

B.1.1.529 variant was classified as a variant of concern (VOC)
This is an open access article under the CC BY-N
and designated as Omicron by the World Health Organization

on November 26, 2021. The US Centers for Disease Control

and Prevention (Christensen et al., 2022) estimated 95.4% of

COVID-19 cases between December 26, 2021, and January 1,

2022, were Omicron, barely one month after the first case was

reported in the United States.

The epidemiology and transmission dynamics studies sug-

gests that the Omicron variant spreads more rapidly and has a

higher rate of asymptomatic infection than other VOCs (Christen-

sen et al., 2022; Garrett et al., 2022). Of note, groups from

different research institutions found that Omicron reduces or

abrogates neutralization titers by sera from Pfizer-BioNTech or

AstraZeneca vaccines and convalescent patients (Cao et al.,
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2021; Carreno et al., 2021; Dejnirattisai et al., 2022; Garcia-Bel-

tran et al., 2022; Hoffmann et al., 2022; Planas et al., 2021).

Additionally, a panel of the potent receptor-binding domain

(RBD)-directed monoclonal antibodies (mAbs) were shown to

completely or partially lose neutralizing activity against Omicron

(Cameroni et al., 2021; Liu et al., 2021a). Unlike the Delta variant,

Omicron has attenuated viral fusogenicity and relatively low

pathogenicity, which may explain the fact that Omicron patients

were younger with milder clinical symptoms (Halfmann et al.,

2022; Maslo et al., 2021; Shuai et al., 2022; Suzuki et al.,

2022). The immune evasion attributed to the high number of

spike mutations undoubtedly correlates with Omicron’s rapid

dissemination. However, these antigenic changes are not suffi-

cient to explain the hyper-transmissibility of Omicron. Although

accumulating evidence indicates that the Omicron variant repli-

cates more readily in human bronchus tissue than lung tissue

(McMahan et al., 2022; Peacock et al., 2022), the underlying

mechanisms remain unclear.

SARS-CoV-2 uses its homotrimeric glycosylated spike protein

to enter host cells (Walls et al., 2020). Spike is composed of two

functional fragments S1 and S2 after proteolytic cleavage by

furin-like proteases. The subunit S1 contains the N-terminal

domain (NTD, residues14–305),which recognizesattachment fac-

tors (Wangetal., 2021b), and theRBD (residues328–531),which is

responsible for engagement with the host receptor angiotensin-

converting enzyme 2 (ACE2) (Walls et al., 2020). The RBD is the

most important target for neutralizing antibodies elicited by either

vaccination or viral infection (Piccoli et al., 2020; Wec et al., 2020).

Human neutralizingmonoclonal antibodies (NAbs) targeting the

RBD can be categorized into four classes according to their bind-

ing region as well as their neutralizing mechanisms (Barnes et al.,

2020; Liu et al., 2021a). Class 1 and 2 include the most potent an-

tibodies that bind to the RBD with epitopes that overlap or are

close to RBD residues K417, E484, and N501. Class 3 NAbs

bind outside the ACE2-binding site, comprising residues 440-

450, and result in a relatively condensed epitope on RBD. Class

4 NAbs also do not overlap with the ACE2 binding site, and their

highly conserved cryptic epitope can only be accessed when at

least two RBDs on the spike protein are in the ‘‘up’’ state (Tortorici

et al., 2021; Yuan et al., 2020). Several studies have shown that

most of the substitutions that contribute to decreased antibody

binding and immune escape are located on the RBD, which indi-

cates the immunodominance of RBD (Harvey et al., 2021).

Compared to the original wild-type (WT) strain of SARS-CoV-2

(strain Wuhan-Hu-1) (Wu et al., 2020), the Omicron variant has

anunusuallyhigh60mutations,37ofwhichare inspike (Figure1A).

15 amino acid substitutions are located on the RBD (Viana et al.,

2022). Some of these mutations are shared by previously circu-

lating VOCs and have been proved to be associated with

increased replication and transmission. For instance, the globally

prevalent spike D614G mutant is responsible for enhanced bind-

ing toACE2and increased replication inanimalmodelsof infection

(Weissmanet al., 2021; Zhouet al., 2021). TheN501Ysubstitution,

present in the Alpha, Beta, and Gamma variants, increases ACE2

affinity and exhibits adaptive fitness gains for transmission (Liu

et al., 2021b). Other mutants including K417N and E484A/K

reduce the neutralization potency of vaccinated or convalescent

plasma (Wang et al., 2021a, 2021c). Hence, understanding how
2 Cell Reports 39, 110770, May 3, 2022
these concerning mutations affect Omicron’s biological function

and howSARS-CoV-2 establishes a balance between transmissi-

bility, virulence, and immune escape is urgently needed.

In this study, we present the cryo-electron microscopy (cryo-

EM) structure of the Omicron spike complexed with ACE2 to

analyze how Omicron can evade certain NAbs while maintaining

RBD affinities to the receptors through new interactions. We

also determined the cryo-EM structures of Omicron, WT, and

Delta spikes in complex with one particular anti-WT/Beta RBD

NAb to demonstrate how Omicron specifically evades the anti-

body neutralization. Our structural data are likely to contribute to

the understanding for the rapid spread of the Omicron variant

and help guide strategies for the development of broadly neutral-

izing antibodies.

RESULTS

Cryo-EM structure determination of Omicron spike in
complex with ACE2
The recombinant spike trimers including WT, Delta (B.1.617.2),

and Omicron variants were expressed and purified to homoge-

neity. The properties of proteins were compared by using differ-

ential scanning fluorimetry (DSF) (Figure S1). The rapid DSF

assay measures the inflection temperature (Ti) indicating the

transition of the folding state of a protein, to demonstrate the

thermal stability of the sample (Figure S1J). Ti of the Omicron

spike shifted to lower temperatures compared to the WT and

Delta, suggesting reduced protein stability.

To understand how Omicron spike engages ACE2, we

analyzed the complex by cryo-EM. During preparation of the

EM grids, the Omicron spikes appeared unstable compared to

the WT and Delta spike trimers, as there was a much lower pro-

portion of intact particles valid for further data collection (Fig-

ure S2A), which is consistent with the DSF results. We observed

that the majority of classes containing ACE2 are bound to one or

two RBDs from the spike trimer in the ‘‘up’’ conformation, with

the other RBD in the ‘‘down’’ conformation (Figures 1B and

S2B). No particles of spike trimer lacking ACE2 could be classi-

fied. The final asymmetric cryo-EM reconstruction of the

Omicron spike-ACE2 complex was determined to an overall res-

olution of 2.8 Å (Figures S2B–S2G, Table S1). Local refinement

resulted in clearly observed side chains of the ACE2-RBD inter-

acting residues and reliable model building (Figures 1C–1F).

The overall architecture of the Omicron spike ECD is similar to

WT and all earlier variants. The cryo-EM density of the Omicron

spike clearly shows many of the mutations present in this variant

(Figure 2A). Consistent with recent reports during ourmanuscript

preparation (Cui et al., 2022;Mannar et al., 2022;McCallumet al.,

2022; Ni et al., 2021), the mutations are distributed mostly on the

surface andsome in the interior of theOmicron spike. The 15RBD

mutations are majorly clustered at one side of the domain, and

someare involved inRBD-targeting antibody evasion (Figure 2A).

Structural analysis reveals the molecular mechanism of
Omicron mutations evading antibody recognition while
retaining efficient ACE2 binding
The interface between ACE2 and the receptor-binding motif

(RBM) on RBD has been extensively studied, which mainly



Figure 1. Cryo-EM structure of the SARS-CoV-2 Omicron spike in complex with ACE2
(A) An overview diagram of the domain arrangement of the Omicron spike protein.

(B) Cryo-EM structures of Omicron spike with double- (left) and single (right)-bound ACE2, with three protomers shown in different colors.

(C) Cryo-EM map of the Omicron spike RBD in complex with human ACE2 after local refinement.

(D) Cryo-EM density at the Omicron RBD-ACE2 interface. The fitted atomic model is shown as sticks with oxygen colored in red, nitrogen colored in blue, and

sulfurs colored in yellow.

(E and F) Comparison of the RBD-ACE2 interface between WT and the Omicron variant. Residues forming hydrogen bonds and ionic interactions are shown as

sticks. Yellow and black dashed lines represent interactions between ACE2 and Omicron or WT RBDs, respectively. The hydrogen bond formed between

Omicron RBD mutations G496S and N501Y is shown as a blue dashed line.

See also Figures S1 and S2; Table S1.
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involves polar interactions, particularly between ACE2 D30 and

RBD K417, ACE2 K31/E35, and RBD Q493, and between

ACE2 D38/Q42/K353 and RBD G496/Q498/N501 (Figure 1D).

The ACE2 residues mostly lie on a long helix at the interface,

with their side chains moving freely to interact with the RBD res-

idues at the loop regions, most of which are not conserved in
different variants, such as K417N, Q493R, G496S, Q498R, and

N501Y in Omicron RBD (Figures 1E and 1F).

The absence of a strictly fit interface between ACE2 and RBD

allows for higher tolerance tomutations. For example, in the Om-

icron RBD, the Q493R mutation forms a new salt bridge to ACE2

E35 (Figure 1E). Q498R forms a hydrogen bond and a new salt
Cell Reports 39, 110770, May 3, 2022 3



Figure 2. Analysis of the Omicron spike RBD mutations in ACE binding and antibody evasion

(A) Model of Omicron spike protein with Ca of all mutated residues shown as red spheres.

(B–D) SPR analysis of the WT (B), Delta (C), and Omicron (D) spike protein affinities for human ACE2. The dissociation constant (KD) indicates mean ± SD of three

independent replicates. Raw data is colored in black, and the red lines represent the fit to the raw data.

(legend continued on next page)
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bridge with ACE2 Q42 and D38, respectively (Figure 1E). G496S

adds new hydrogen bonds to ACE2 K353 and D38 at the inter-

face and also stabilizes N501Y by a hydrogen bond (Figure 1F).

We confirmed the importance of these interactions by surface

plasmon resonance (SPR) assays using spike trimers of WT,

Delta, and Omicron variants to ACE2. Unlike the reported sce-

nario for other variants such as Alpha with a much lower dissoci-

ation constant (kd) (Han et al., 2021; Tanaka et al., 2021), here all

three spikes assayed showed approximately similar binding af-

finity (Figures 2B–2D), which agrees with other previous studies

(Cao et al., 2021; Mannar et al., 2022; Ni et al., 2021).

The spike RBD is the major target for NAbs from convalescent

plasma from individuals recovering from SARS-CoV-2 (Hoff-

mann et al., 2022). Among the many mAbs in various develop-

ment stages, current therapeutic antibodies bind to the RBD

and effectively neutralize SARS-CoV-2 (Barnes et al., 2020;

Greaney et al., 2021; Kim et al., 2021; Wheatley et al., 2021).

We analyzed these antibodies with published structures,

including those used as single agents or combination therapies

(CB6, the parent mAb of JS016 etesevimab [Du et al., 2021];

COV2-2196 and COV2-2130, the parent mAbs of AZD8895

and AZD1061 [Zost et al., 2020]; LY-CoV555 [Starr et al.,

2021b], REGN10933 and REGN10987 [Baum et al., 2020],

S2X259 [Tortorici et al., 2021], etc.) by superposing the Fab-

RBD structures on that of the Omicron RBD. The mutations

clearly cluster at the NAb epitope sites (Figure 2E).

To explain the significantly reducedbinding affinity and potency

of NAbs against RBD, we analyzed those Omicron mutations

involved inACE2binding.Theseantibodiesbindusingheavychain

complementarity determining regions that form a snug fit to RBD,

such as CDRH3 loops in CB6 (Figures 2F and 2G), CDRH2 and

CDRH3 loops in LY-CoV555 (Figures 2H and 2I), and CDRH2

and CDRH3 loops in REGN-10987 (Figures 2J and 2K). Mutations

on the interfaceare likely to introducestericclashesand/or abolish

specific hydrogen bonds. K417N could be responsible for

reducing the activity of CB6 (class 1) due to the lost hydrogen

bonds toD104 inCDRH3 (Figure 2F). Q493Rcould also contribute

to the disruption of CB6 binding due to the large side chain of argi-

nine clashing with the closely embedded CDRH3 and failing to

form a hydrogen bond with the mainchain NH group of Y102 (Fig-

ure 2G). A similar situation could also be observed in LY-CoV555

(class 2) where Q493R loses the hydrogen bonds to the main-

chainNHgroupsofA103andR104 inCDRH3 (Figure2H). Thepre-

viously known E484A mutation (Laurini et al., 2021; Shruti et al.,

2021) also abolishes the hydrogen bond to the side chain of R50

inCDRH2 (Figure 2I).Q498Rcould account for the escape against

REGN10987 (class 3) as themutation disrupts thewell-fitting con-

tact and the hydrogen bonds between RBD Q498 and Y59 in

CDRH2 (Figure 2J). N440K additionally contributes to the resis-

tance to REGN10987 by steric hindrance and the loss of bonding

to the mainchain NH group of G103 in CDRH3 (Figure 2K). For

S2X259 (class 4), the mutations from serine to other bulkier side

chains such as S375F and S371L cause a conformational change
(E) Structural depiction of summarized Abs binding the RBD epitopes. A represe

Omicron variants are marked with stars.

(F–M) Structural details of the interface between neutralizing antibody Fabs and R

E484A (I), Q493R (G and H), and Q498R (J) are likely to introduce steric clashes
to disorder the interactions mediated by neighboring residues

(Figures 2L and 2M). Due to indirect interference, the potency of

the antibody in class 4 was reported to be reduced but not elimi-

nated (Cameroni etal., 2022; Liuet al., 2021a). Thesestructural an-

alyses reveal that specific antibody recognition to RBD epitopes

appears strict and less tolerable to RBD mutations compared to

receptor engagement. These analyses are verified by several

research groups that report RBD-targeting neutralizing antibodies

showed abolished or impaired potency against the Omicron

variant, including antibodies of all four classes (Barnes et al.,

2020; Liu et al., 2021a; Ni et al., 2021).

To sum up, we show that Omicron RBD mutations effectively

interrupt the snug fit of the Fab binding regions to RBD. Remark-

ably, thesemutations form newhydrogen bonds and salt bridges

with ACE2 without disrupting the binding interface, showing that

the mutations have dual roles. However, due to the large variety

of antibody interactions and the approach angles in each class,

the selected antibodies from different classes may not represent

the entire classes of NAbs. This analysis may only explain the

escape mechanism for these specific antibodies.

Cryo-EM structures of Omicron spike in complex with
antibody 510A5 againstWT and Beta showhowOmicron
maintains ACE2 binding
In our previous work, we have reported one potent RBD-target-

ing mAb derived from a patient’s serum with remarkable neutral-

izing efficacy against theWT and Beta variants, named 510A5 (Li

et al., 2021). In both the spike ECD and RBD binding assays,

510A5 showed a significant reduction in the binding affinity for

Omicron compared to WT and Delta (Figures 3A and 3B). Using

a pseudovirus neutralization assay, we probed whether 510A5

could also block entry of Omicron and Delta pseudoviruses

into ACE2-expressing host cells and found that 510A5 failed to

efficiently cross-neutralize Omicron, in contrast to its retained

potency against Delta (Figure 3C). Loss of RBD antibody binding

due to attenuated affinity could majorly result in the loss of Om-

icron neutralization activity of 510A5.

To understand the structural basis of how 510A5 fails to

neutralize only Omicron, we solved cryo-EM structures of the

510A5Fab in complexwith eitherWT (FiguresS3AandS3B), Delta

(Figures S4A and S4C), or Omicron (Figures S4B and S4D) spike

ECD trimers. All spike trimers in the cryo-EM reconstruction

were decorated with 510A5 Fabs, including the Omicron spike,

albeit with different conformational states and Fab recognition

modes.

For Fab-boundWT spike complexes, twomajor classes of par-

ticles could be identified,whichwenameWTclass I andclass II, at

a global resolution of 3.2 Å and 3.4 Å, respectively (Figures S3C–

S3F). InWTclass I, three Fabsbind to three ‘‘down’’ RBDs, preser-

ving the 3-fold symmetric conformation (Figure 3D).WTclass II re-

vealedanasymmetricconformationwith fourFabsboundto the ‘‘1

up, 2 down’’ RBDconformation, with two Fabs attached to one up

RBDand twoFabsbound to the other twodownRBDs (Figure 3E).
ntative Ab from each class is shown. The Abs reported to be escaped by the

BD. The Omicron RBD mutations S371L (M), S375F (L), K417N (F), N440K (K),

and/or abolish the specific hydrogen bonds.

Cell Reports 39, 110770, May 3, 2022 5



Figure 3. Cryo-EM structures of 510A5 mAbs binding to SARS-CoV-2 WT, Delta, and Omicron spike protein

(A and B) The binding capabilities of 510A5 against spike protein (A) and RBD protein (B) of WT, Delta, or Omicron measured by ELISA. Data are presented as

mean values ± SEM of three independent experiments.

(C) The neutralizing potencies of the 510A5 against WT, Delta, and Omicron measured by pseudovirus neutralization assay. Data are presented asmean values ±

SEM of three independent experiments. Dashed line indicates a 50% reduction in viral neutralization.

(D and E) Cryo-EM densities for the 510A5 Fab-WT spike complex observed in two classes. (D) WT class I, 3.2 Å, revealing binding of 510A5 to RBDs in the ‘‘3

down’’ state; (E) WT class II, 3.4 Å, revealing binding of 510A5 to RBDs in ‘‘1 up, 2 down’’ state.

(F) Superposition of the local refined RBD-ACE2 model to that of WT RBD-510A5 model shows binding of two Fabs on both epitopes 1 and 3 completely blocks

the ACE2 binding.

(G and H) Cryo-EM densities for the 510A5 Fab-Omicron spike complex observed in two classes with RBDs in a ‘‘1 up, 2 down’’ state. (G) Omicron class I, 3.7 Å,

three Fabs bound; (H) Omicron class II, 3.7 Å, two Fabs bound.

(I) Superposition of the local refinedOmicron RBD-ACE2model to that of the 510A5-Omicron RBDmodel shows no steric hindrance between 510A5 Fab and ACE2.

See also Figures S3 and S4; Table S2.
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The up RBD occupied by two Fabs simultaneously occludes the

ACE2 binding site (Figure 3F). In the Fab-bound Delta spike com-

plexes, only one dominant particle class was observed with a

global resolution of 3.6 Å, which is identical to WT class I

(Figures S4E and S4H). In both WT class I and Delta, the Fabs

lock spike in the ‘‘three down’’ RBD conformation, which would

also contribute to prohibiting ACE2 binding.

Despite the low binding affinity, we were able to capture a

structure with 510A5 Fabs binding to Omicron spike. In the sce-

nario where the Fab binds Omicron, all the spike trimers adopted

the ‘‘1 up, 2 down’’ conformation, and no particles with the ‘‘three

down’’ RBD conformation could be classified (Figures 3G and

3H). Omicron spike relieves the conformational restriction caused

by 510A5binding. Two particle classes (Omicron class I and class

II) could be obtained with three or two Fabs bound, respectively,

at a global resolution of 3.7 Å (Figures S4F–S4J). In both classes,

there was only one Fab bound to the up RBD, and other Fabs

bound with the down RBDs. Superimposition of the up RBDs in

the structures of Fab-Omicron spike and ACE2-Omicron spike

complexes suggested no significant overlap between the Fab

and ACE2 (although only a fewminor clashesmay occur between

side chains), which could also be one of the possible explanations

for the loss of 510A5 potency to Omicron when the Fab is able to

bind spike (Figure 3I).

To validate the neutralizing mechanism of 510A5 we proposed

basedonour cryo-EMstructures,we investigated the affinities be-

tween 510A5 and either WT spike or RBD using bio-layer interfer-

ometry (BLI) (Figure S5A). The affinity (KD values) of 510A5 for

WT spike wasmore than 200 times higher thanRBD. The off-rates

(kd values) of 510A5 for WT spike and RBD exhibited more than a

1000-fold difference. The kinetic differences between 510A5 and

either WT spike or RBD support our structural observation that

the conformation of RBD in the context of spike, and likely avidity

due to trimerization,playa role in510A5affinity. Incontrast, theBLI

dataof510A5binding to theOmicronspikeshowed that theaffinity

is 2000 timesweaker thanWTspike, and there is a 7000-fold faster

off-rate than theWT spike (Figure S5B). This is consistent with our

ELISA experiments that the binding of 510A5 to Omicron spike is

significantly reduced compared to the WT. Next, we compared

the ability of 510A5 to compete with ACE2 for binding to the WT

or Omicron spike. In our BLI assay, 510A5 exhibited strong

inhibition of ACE2-WT spike binding (Figure S5C) as we reported

previously (Li et al., 2021),while it failed toefficientlyblock the inter-

actionbetweenACE2andOmicronspike (FigureS5D). The fast-off

rate characterization of 510A5 binding to Omicron spike should

contribute mainly to the lack of competition with ACE2.

In the scenario where 510A5 does bind to Omicron, our struc-

tural studies reveal that Omicron spike presents distinct confor-

mations and Fab recognition modes that lead to an exposed

RBM and potentiated ACE2 binding. The fast-off rate and low

binding affinity together with these structural differences may

explain the loss of neutralization activity of 510A5 against Omi-

cron but not other variants.

Omicron mutations greatly disrupt 510A5 binding and
allow for spike to bind ACE2
To understand how Omicron, but not WT, spike can expose an

up RBD in the presence of 510A5, we examined interfaces
between the Fab variable domains and the RBD of WT and

Omicron, respectively. In both WT and Omicron classes, we

identified two epitopes (1 and 2) for 510A5 bound to the down

configuration of RBD, as one Fab could span two RBDs, so

one RBD could associate simultaneously with two Fabs

(Figures 4A–4C). One Fab is associated with a down RBD

through epitope 1, mainly via residues from CDRH1 and

CDRH3 to RBD residues T345, R346, D442, K444, V445, and

Y451 (Figures 4D and 4I). A small region of Fab light chain

complementarity determining regions 1 and 3 (CDRL1 and

CDRL3) also contacts RBD residues of N439, N440, and T500

(Figures 4D and 4I). These surface residues were fully solvent

exposed even when the RBD was in the down conformation. In

any particle class containing ‘‘down’’ RBDs, irrespective of

whether they are WT, Delta, or Omicron spike, 510A5 engaged

epitope 1 with a buried surface area of 719 Å2 (Figures 4D and

4G). Based on the location of epitope 1 and the binding mode

of 510A5 to RBD, we infer 510A5 as a class 3 NAb. Epitope 2,

comprised of RBD residues Y449, Q498, T500, and N501, bound

light chain framework regions 1 and 3 (FRL1 and FRL3) on the

adjacent down RBD, which contributed an additional 272 Å2

(Figures 4E and 4J).

In WT class I and Delta, three Fabs coordinate in turns to lock

all three RBDs in the down conformation (Figure 4A). Here, the

receptor-blocking activities of 510A5 are straightforward

because it inhibits receptor recognition by preventing any up

RBDs and subsequent exposure of the ACE2 binding site. We

noticed that there is one Omicron mutation (N440K) in epitope

1, which could disrupt the local interactions between 510A5

and RBD. In the structure, it shows that there might be extra

space for the larger lysin side chain, which could potentially

tolerate the mutation to some extent. Since N440K is the only

Omicron mutation on epitope 1 and is only involved in the inter-

actions with the light chain of 510A5, it might explain the residual

binding of 510A5 to epitope 1 of Omicron RBD (Figures 4H and

4I). Moreover, Q498R and N501Y in the Omicron variant were

positioned at the center of epitope 2 of 510A5 andwould weaken

interactions and/or clash with S65 from the FRL3 and 510A5

binding from this region of RBD. This would explain the absence

of the ‘‘three down’’ RBD conformation for Fab-Omicron spike

complexes (Figures 4H and 4J).

In WT class II and two Omicron classes, 510A5 still occupied

RBD epitope 1 in the up conformation. The up conformation of

RBD exposed extra space for ACE2 binding (Figures 3G–3I). In

WT class II, we observed another Fab-RBD interacting interface

on the up conformation of RBD, named epitope 3 with a buried

surface area of 670 Å2 and comprising RBD residues K417,

Y449, Y453, E484, Q493, Q498, and Y505 (Figure 4F). The inter-

face features extensive hydrogen bonding and salt bridge inter-

actions between heavy chain framework regions 1 and 3 (FRH1

and FRH3) of 510A5 and the RBD residues (Figures 4F and 4K).

The interface partially overlapped with the RBD-ACE2 binding

surface. Thus, binding of two Fabs to the RBD in the up confor-

mation to both epitopes 1 and 3 completely blocks the binding of

ACE2, which could also contribute to the high potency of 510A5

to WT SARS-CoV-2. Our competitive ELISA and SPR assays

support this mechanism where 510A5 also directly inhibits the

interaction of WT RBD and ACE2 (Li et al., 2021). However,
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Figure 4. Structural mechanism of Omicron spike escaping 510A5

(A) Left, a close-up view of 510A5 light-chain-mediated contacts on adjacent protomer ‘‘down’’ RBD, preserving a 3-fold symmetric conformation in WT class I.

Right, a close-up view of an asymmetric conformation with four Fabs bound to the ‘‘1 up, 2 down’’ RBD conformation in WT class II.

(B) 510A5 shares inter-protomer contacts via binding to an adjacent down RBD to form the effective epitope 1 in all five classes of complexes observed.

(C) An extra 510A5 Fab binds to the up RBD to form epitope 3 in WT class II.

(D–F) Surface representations of 510A5 epitope 1 (purple and pink, D), epitope 2 (pink, E) and epitope 3 (purple, F) on the WT RBD surface (gray). RBD epitope

residues (defined as residues forming potential hydrogen bonds with 510A5 Fab residues) are labeled in black.

(G) Surface representations of 510A5 epitope 1 (purple and pink) on the Delta RBD surface (green). RBD epitope residues are labeled in black. Two Delta

mutations are labeled in green.

(H) Surface representations of the Omicron RBD (blue). Mutations on the Omicron RBD surface region corresponding to the WT epitope 3 are labeled in blue.

(I and J) Composite model of 510A5 Fab-WT RBD overlaid with the 510A5 Fab-Omicron RBD model. Potential hydrogen bonds on epitope 1 (I) and epitope 2

(J) are illustrated by dashed yellow (Omicron) or black (WT) lines, respectively. Omicron mutations are highlighted with red underlines.

(K) Composite model of 510A5 Fab-WT RBD overlaid with the Omicron RBDmodel. Potential hydrogen bonds are illustrated by dashed yellow (Omicron) or black

(WT) lines, respectively. Omicron mutations (highlighted with red underlines) disrupt numerous interactions to 510A5 and exclude the epitope 3.

See also Figure S5.
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Omicron mutations in epitope 3, such as K417N, E484A, Q493R,

Q498R, and Y505H, would disrupt interactions to Fab heavy

chain residues R19, D62, R87, N84, and S85, and this would

exclude binding of the second Fab to epitope 3 (Figures 4H

and 4K). Structural analysis reveals that Delta RBD mutations

(T487K and L452R) would lead to minimal disturbance to epi-

topes 1, 2, and 3 (Figure 4G), which is consistent with our obser-

vation of the potent neutralization activity of 510A5 against Delta.

In all, the structure of Omicron spike in complex with an anti-

body with minimal neutralizing activities has provided direct ev-

idence captured by structural studies to uncover the molecular

mechanism of antibody escape by Omicron.

DISCUSSION

The high level of mutations in the Omicron variant have led to

serious concerns over vaccine failure, immune escape, and

increased transmissibility that have not been previously reported

in any other VOC of SARS-CoV-2. Although many mutations

emerged in Omicron, especially clustered in RBD, and most of

them were not observed in the previous variants, the cryo-EM

structures we determined and those reported by other groups

recently demonstrate no large conformational changes (Cui

et al., 2022; Mannar et al., 2022; Ni et al., 2021). It is of great in-

terest and value to see the impact and details of mutations on

ACE2 binding and antibody interactions to give a molecular

explanation for the sweeping immune evasion of Omicron.

Here we present the cryo-EM structure of Omicron spike in

complex with ACE2. The mutations on RBD contribute collec-

tively to ACE2 binding, with some such as K417N inhibiting bind-

ing, while others such as N501Y enhance affinity. We speculate

that the many newly emerged mutations subsequently result in

retained ability to efficiently engage ACE2 while escaping the

recognition by neutralizing antibodies.

To achieve this, viruses seem to evolve a distinct structural

framework for the two types of binding activity. The ACE2

engagement involves a less compact interaction mediated by a

long helical region in ACE2, leaving adequate space for side-

chain interactions between RBD and ACE2. Such structural

arrangement allows for high tolerance to mutations to compen-

sate for the otherwise lost interactions or risk of steric hindrance.

In contrast, a snug fit formed between Fabs and RBD leads to

specific interactions between antibodies and RBD, with a conse-

quence of tighter binding affinities for antibodies (Li et al., 2021;

Wang et al., 2020) and competitive binding to ACE2. This rigid

conformational feature results in a fastidious nature for anti-

bodies toward RBD mutations. Thus, Omicron takes advantage

of its malleable ACE2 binding to harbor mutations in spike that

escape the strict antibody epitopes while simultaneously gener-

ating new ACE2 interactions to retain infectivity. Structural su-

perposition of the Fab-WT RBD structures for several antibodies

to that of the Omicron RBD depicts the potential influence of the

RBD mutations on antibody binding. Due to the plasticity of the

antigen surface, more quantitative studies are needed to further

elucidate how individual mutations drive Omicron to escape.

In addition, we present the cryo-EM structure of one patient-

derived SARS-CoV-2 NAb 510A5, which fails to neutralize the

Omicron variant. It provides direct structural evidence for Omi-
cron antibody evasion. The action modes of RBD-directed anti-

bodies tested in different labs could bemost generally described

as two types: (1) blocking ACE2-RBD interactions through

competitive binding to prevent viral entry and (2) targeting to

RBD without occluding receptor binding. Some of the latter

participate in conformational restrictions that prevent the binding

of ACE2 and/or virus fusion. In our work, the antibody 510A5

functions in WT, Delta, and Beta variants, using both of the

modes with up to four Fabs bound to the spike trimer, on three

epitopes. We classified distinct conformational states for Omi-

cron in complex with 510A5 in contrast to those observed for

the WT and Delta. Our structures highlight the effect of N501Y,

Q498R, Q493R, Y505H, K417N, and E484A on Fab interactions.

We noted that although there are a few structures reported hav-

ing two Fab molecules bind to the same protomer RBD, such as

C144, C002, S2M11, 2-4, and others (Barnes et al., 2020; Liu

et al., 2020; Tortorici et al., 2020), it is uncommon to observe

either this situation in most other reported antibody-spike struc-

tures or several FR residues involved in interaction with RBD. Our

structural data allows for unambiguous modeling of the interface

between RBD and 510A5 in the WT structure (Figures S4I and

S4J), enabling confident structural interpretation given the

observed specific interactions. However, nonspecific binding

may also exist to contribute to the contact between RBD and

the Fab molecule given that some FR residues are involved. In

summary, no structures of spike in complex with an antibody

escaped by Omicron have been reported previously in the pub-

lished work. Our findings provide the molecular basis for anti-

body evasion of Omicron due to extensive mutations that

emerged on RBD while retaining the ability for ACE2 binding

and high transmissibility.

The strategy for 510A5 neutralization and Omicron evasion re-

vealed from our structural studies shows that binding alone is

insufficient for neutralization as reported previously in several

other cases (Beaudoin-Bussières et al., 2022; Brouwer Philip

et al., 2020; Ilinykh et al., 2020). We identified key epitopes of

spike that result in 510A5 inactivation. When composing a muta-

tional landscape of RBD colored with varied mutation

frequencies observed in all the variants (Figure 5A), most high-

frequency mutations localize to regions related to the receptor

binding site, tending to complicate drug and vaccine develop-

ment. As reported recently, some existing therapeutic antibodies

preserve their protection against Omicron, such as S309 (class

3, the parent mAb of VIR-7831 [sotrovimab]), S2H97 (class 4),

S2X259 (class 4), and COV2-2196/COV2-2130 combination

(class 2 and 3, the parent mAbs of AZD8895 [tixagevimab] and

AZD1061 [cilgavimab]) (Pinto et al., 2020; Starr et al., 2021a; Tor-

torici et al., 2021; Zost et al., 2020). We analyzed the epitopes

and the action modes of these antibodies and found that binding

regions for class 3 and class 4 antibodies have fewer Omicron

mutations (Figures 5C–5F). Therapies targeting these most high-

ly conserved regions could be broadly and potently effective.

Indeed, S309 of class 3 that retained substantial inhibitory activ-

ity against Omicron was originally discovered during SARS-CoV-

1 natural infection and does not bind the ACE2-binding site

(Pinto et al., 2020). 510A5 also acts similar to class 3 antibody

epitope regions on Omicron RBD (Figure 5B). The dual-mode

of action observed for 510A5 against WT RBD highlights the
Cell Reports 39, 110770, May 3, 2022 9



Figure 5. Potential epitope regions on the spike RBD for effective antibody design

(A) Epitope footprints of four RBD-directed antibodies. The RBD is shown as surface, with mutations within theOmicron RBD highlighted from dark red to light red

according to the mutation frequency among different variants so far. Different epitopes are labeled by color.

(B) Surface representation of RBD in complex with 510A5 Fab.

(C–F) Surface models of RBD in complex with four representative antibodies that remain some neutralizing ability against the Omicron variant. RBD is colored in

gray, and the four Fab fragments are colored as follows: S309, purple (C); 2-7, yellow (D); S2H97, navy (E); S2X259, green (F).

Article
ll

OPEN ACCESS
importance of antibody combination therapies. Though we

noticed that 510A5 epitopes 2 and 3 are escaped by Omicron

mutants, it shows the potential for increased neutralization

when combined with antibodies in class 1 or 2 that block

ACE2. As reported previously, S309 has shown enhanced

SARS-CoV-2 neutralization when in combination with other anti-

bodies (McCallum et al., 2022; Pinto et al., 2020). Targeting these

epitopes simultaneously through a cocktail of antibodies may

yield a broad SARS-CoV-2 therapy against Omicron and future

variants, which recent studies have shown that the COV2-

2196/COV2-2130 combination preserved considerable potency

against Omicron (Liu et al., 2021a; Zost et al., 2020). The Omi-

cron variant promotes the development of new interventions

focusing on more conserved viral elements.

Given the slippery nature of the spike-ACE2 interface, which is

highly tolerant to mutations, strategies of combination therapies

with antibodies targeting different spike epitopes are likely to be

greatly beneficial and of high value.

Limitations of the study
The cryo-EM reconstructions of the Omicron spike trimer solved

in this study using engineered stabilized constructs maintain a

stable and active conformation for receptor and antibody recog-

nition. Future studies on Omicron spike properties with in situ
10 Cell Reports 39, 110770, May 3, 2022
virion structures could provide more insights into the receptor

binding and antibody evasion processes. In addition, the molec-

ular mechanism of Omicron mutations evading antibody recog-

nition is studied exclusively from structural alignments and

immunological data reported in recent research. Moreover, the

authentic virus infection assay, aswell as the animal experiments

need to be further studied since the pseudovirus system only

represents the influence of spike protein, while other viral pro-

teins could also contribute to infectivity and evasion.
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This paper EMDB: EMD-32742

PDB: 7WS3

Cryo-EM structure of SARS-CoV-2 Omicron Spike

in complex with two 510A5 Fabs

This paper EMDB: EMD-32743

PDB: 7WS4

Cryo-EM structure of SARS-CoV-2 Omicron Spike

in complex with three 510A5 Fabs

This paper EMDB: EMD-32744

PDB: 7WS5

Cryo-EM structure of SARS-CoV-2 Omicron down RBD

in complex with one 510A5 Fab local refinement

This paper EMDB: EMD-32748

PDB: 7WS6

Cryo-EM structure of SARS-CoV-2 Omicron Spike in complex

with two ACE2

This paper EMDB: EMD-32750

PDB: 7WS8

Cryo-EM structure of SARS-CoV-2 Omicron Spike in complex

with one ACE2

This paper EMDB: EMD-32751

PDB: 7WS9

Cryo-EM structure of SARS-CoV-2 Omicron up RBD in complex

with ACE2 local refinement

This paper EMDB: EMD-32752

PDB: 7WSA

Experimental models: Cell lines

FreeStyle 293 cells ThermoFisher Scientific Cat# R79007

Recombinant DNA

Vector: pCAG-human ACE2 PD This paper N/A

Vector: pcDNA3.1-SARS-CoV-2 Omicron Spike ECD This paper N/A

Vector: pcDNA3.1-SARS-CoV-2 WT Spike ECD This paper N/A

Vector: pcDNA3.1-SARS-CoV-2 Delta Spike ECD This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

SerialEM (Mastronarde, 2005) https://bio3d.colorado.edu/SerialEM

MotionCor2 (Zheng et al., 2017) https://emcore.ucsf.edu/ucsf-software

RELION 3.0 (Scheres, 2012) https://www3.mrc-lmb.cam.ac.uk/relion

cryoSPARC v2.14.2 (Punjani et al., 2017) https://cryosparc.com/

Coot 0.9.6 (Emsley et al., 2010) https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

PHENIX (Liebschner et al., 2019) http://www.phenix-online.org/

UCSF Chimera (Pettersen et al., 2004) https://www.cgl.ucsf.edu/chimera

UCSF ChimeraX (Pettersen et al., 2021) https://www.cgl.ucsf.edu/

chimeraX

Pymol Schrodinger, LLC https://pymol.org/2/

GraphPad Prism 8 GraphPad https://www.graphpad.com/

Other

Ni Sepharose 6 Fast Flow GE Healthcare Lot# 10289601

Superdex 200 Increase 10/300 column GE Healthcare Lot# 10246673

Superose 6 Increase 10/300 column GE Healthcare Lot# 10290586

30 kDa cutoff concentrators Millipore REF# UFC903096

100 kDa cutoff concentrators Millipore REF# UFC910096

R1.2/1.3 300 mesh Cu holey carbon grids Quantifoil Cat# Q3100CR-1.3
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xiaoyun Ji

(xiaoyun.ji@nju.edu.cn).

Materials availability
Bacterial strains and Antibodies were obtained from the commercial or academic sources described in the STAR Methods key re-

sources table.

Reagents from this study are available upon request.

Data and code availability
d Cryo-EM structure coordinates and electron density maps for the SARS-CoV-2 WT, Delta and Omicron Spike and 510A5 Fab

complexes, and the SARS-CoV-2 Omicron Spike and ACE2 complexes have been deposited with the Protein Data Bank and

Electron Microscopy Data Bank and are publicly available as of the date of publication. Accession numbers are listed here and

also in the key resources table: WT Spike in complex with three 510A5 Fabs: PDB 7WS0, EMD-32739; WT Spike in complex

with four 510A5 Fabs: PDB 7WS1, EMD-32740; WT down RBD in complex with one 510A5 Fab local refinement: PDB 7WS2,

EMD-32741; WT up RBD in complex with two 510A5 Fabs local refinement: PDB 7WS7, EMD-32749; Delta Spike in complex

with three 510A5 Fabs: PDB 7WS3, EMD-32742; Omicron Spike in complex with two 510A5 Fabs: PDB 7WS4, EMD-32743;

Omicron Spike in complex with three 510A5 Fabs: PDB 7WS5, EMD-32744; Omicron down RBD in complex with one

510A5 Fab local refinement: PDB 7WS6, EMD-32748; Omicron Spike in complex with two ACE2: PDB 7WS8, EMD-32750; Om-

icron Spike in complex with one ACE2: PDB 7WS9, EMD-32751; Omicron RBD in complex with ACE2 local refine: PDB 7WSA,

EMD-32752.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

E. coli DH5a competent cells used in this study were from WEIDI. Cells were grown in LB medium.

FreeStyle 293-F cells (ThermoFisher Scientific, Cat# R79007) were maintained in OPM-293 CD05 Medium (OPM Biosciences) at

37�C with 5% CO2 before and after transfection.
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METHOD DETAILS

Protein expression and purification
The gene encoding residues 1-1208 of SARS-CoV-2Omicron Spikewith 6P and furinmutationswas synthesized, fused to a T4 fibritin

trimerization motif, an HRV-3C protease cleavage site, a Twin-Strep-tag, and an 83His-tag at the C terminus according to previous

researches (Li et al., 2021; Mannar et al., 2022), and then cloned into the pcDNA3.1 vector. For the Spike protein production,

the expression vector was transiently transfected into FreeStyle 293-F cells using PEI. Four days after transfection, the Omicron

Spike protein was purified from filtered cell supernatants by affinity and gel filtration chromatography (Figure S1C). The production

of the SARS-CoV-2 WT or Delta Spike protein was described previously (Li et al., 2021) consistent with this study (Figures S1A

and S1B).

The gene encoding human ACE2 PD domain was cloned into a pCAG vector with an HRV-3C cleavage site and an 83His-Tag at

the end. The ACE2 protein was expressed by transient transfection of FreeStyle 293-F cells and purified by affinity and gel filtration

chromatography.

Thermostability assays
The thermal stability was performed using Tycho NT.6 (NanoTemper Technologies). The protein unfolding profile was monitored us-

ing the intrinsic fluorescence at 350 and 330 nm with a temperature gradient from 35 to 95�C at a rate of 30 K/min. Data analysis was

performed using the internal evaluation features of the Tycho instrument.

Cryo-EM sample preparation and data collection
Purified SARS-CoV-2 Omicron Spike protein was diluted to a concentration of 1.2 mg/mL and was incubated with ACE2 at a molar

ratio of 1:3. Purified SARS-CoV-2WT, Delta and Omicron Spike protein were diluted to a concentration of 1.6 mg/mL and were incu-

bated with 510A5 Fab at a molar ratio of 1:3, respectively. To prevent aggregation during vitrification, 0.01% (w/v) n-dodecyl b-D-

maltoside (DDM) was added to the sample before plunge freezing. The mixture sample was applied onto an H2/O2 glow-discharged,

300-mesh Quantifoil R1.2/1.3 copper grid. The grid was then blotted for 2.5 s with a blot force of �1 at 8�C and 100% humidity and

plunge-frozen in liquid ethane using a Vitrobot Mark IV (ThermoFisher Scientific). Cryo-EM datasets were collected at a 300 kV Titan

Krios microscope (ThermoFisher Scientific) equipped with a K3 detector (Gatan). The exposure time was set to 2.4 s for the WT and

Delta datasets, and 2.0 s for the Omicron dataset, with a total accumulated dose of 60 electrons per Å2. Micrographs were collected

using SerialEM (Mastronarde, 2005). The statistics of cryo-EM data collection can be found in Tables S1 and S2.

Cryo-EM data processing
All dose-fractioned images were motion-corrected and dose-weighted by MotionCor2 software (Zheng et al., 2017) and their

contrast transfer functions were estimated by cryoSPARC patch CTF estimation (Punjani et al., 2017). The following particle picking,

extraction, 2D classification, Ab-Initio reconstruction, 3D classification, 3D refinements and local resolution estimation were all car-

ried out in cryoSPARC. For the dataset of the SARS-CoV-2 Omicron Spike-ACE2 complex, the final 3D reconstructions were

obtained using non-uniform refinement with C1 symmetry, achieving a resolution of 3.0 Å for double-bound ACE2 and 2.8 Å for sin-

gle-bound ACE2. For the dataset of the SARS-CoV-2 WT Spike-510A5 Fab complex, the final 3D reconstructions were obtained us-

ing non-uniform refinement, achieving a resolution of 3.2 Å for 3-Fabs-bound class, 3.4 Å for 4-Fabs-bound class and 3.3 Å for apo

class. For the dataset of the SARS-CoV-2 Delta Spike-510A5 Fab complex, the final 3D reconstructions were obtained using non-

uniform refinement, achieving a resolution of 3.6 Å for the 3-Fabs-bound class. For the dataset of the SARS-CoV-2 Omicron Spike-

510A5 Fab complex, the final 3D reconstructionswere obtained using non-uniform refinement, achieving a resolution of 3.7 Å for both

3 Fabs-bound and 2 Fabs-bound classes.

To improve the resolution for the binding interface, a local refinement focusing on the RBD-ACE2 region was carried out, achieving

a 3.0 Å map representing the RBD-ACE2 interface. Similarly, the local resolution between 510A5 Fab variable domains and WT or

Omicron RBD were improved to 3.4 Å or 3.9 Å, respectively.

The full cryo-EM data processing workflows are described in Figures S2–S4.

Model building and refinement
The recently reported structural model PDB entry 7T9K (Mannar et al., 2022) was used as an initial template for model building of the

Omicron Spike trimer and ACE2. PDB entry 7K43 was used as an initial template to build the WT Spike trimer. The 510A5 Fab model

was predicted using Phyre2 (Kelley et al., 2015). Manual and automated model building were iteratively performed using real-space

refinement in Phenix 1.19 (Liebschner et al., 2019) and Coot 0.9.6 (Emsley et al., 2010), respectively. The SARS-CoV-2 Delta and Om-

icron Spike-510A5 Fab complexmodels were placed and rigid-body fitted into cryo-EM electron density maps using the already built

WT Spike-510A5 Fab structure, respectively. The statistics of model validation can be found in Tables S1 and S2.

Surface plasmon resonance (SPR) experiments
SPR experiments were performed on the Biacore 8K instrument. Recombinant human ACE2-Fc was immobilized using the Series S

Sensor protein A chip (Cytiva). Increasing concentrations (1.5625 nM, 3.125 nM, 6.25 nM, 12.5 nM, 25 nM, 50 nM) of various Spike
e3 Cell Reports 39, 110770, May 3, 2022
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ECD were flowed over the surface for single-cycle kinetic experiments. The surface was regenerated in 10mM glycine pH 1.0. The

experiments were performed at 25�C, using a running buffer containing 10mMHEPES, 150mMNaCl, and 0.05% v/v Surfactant P20.

ELISA experiments
2 mg/mL of the recombinant Spike or RBD proteins derived from SARS-CoV-2 WT, Delta or Omicron (Sino Biological) were added to

the 384-well plates (Corning) at 4�C overnight. Plates were blocked with blocking buffer (PBS containing 5% BSA) at 37�C for 1 h.

Serially diluted 510A5 was added to the plates and incubated at 37�C for 45 min. Plates were washed with PBS, 0.05% Tween-20

(PBST) and ALP-conjugated Goat (Fab’)2 Anti-Human IgG (Fab’)2 (Abcam, Ab98532) was added into each well and incubated at

37�C for 30 min. Lastly, the PNPP substrate was added, and absorbance was measured at 405 nm by a microplate reader

(ThermoFisher).

Production of pseudovirus bearing spike protein
pVSVG expressing SARS-CoV-2 Spike protein was constructed using the packaging plasmid (VSV-G pseudotypedDG-luciferase). It

encoded either the Spike protein of SARS-CoV-2 WT, Delta or Omicron. Lenti-X293T cells were grown to 80% confluency before

transfection with VSV-G pseudotyped DG-luciferase, pWPXL and pSFAX2. These cells were cultured overnight at 37�C with 5%

CO2. DMEM supplemented with 5% fetal bovine serum and 100 IU/mL of penicillin and 100 mg/mL of streptomycin was added to

the inoculated cells, which were cultured overnight for 72 h. The supernatant was harvested, filtered by 0.45 mm filter and centrifu-

gated at 300 g for 10 min to collect the supernatant, then aliquoted and storied at �80�C.

Pseudovirus neutralization assay
Serially diluted mAbs (30 mL) were incubated with the same volume of the Lenti-X293T cell supernatants containing pseudovirus for

1 h at 37�C. These pseudovirus-antibody mixtures were added to ACE2 expressing Lenti-X293T cells (293T/ACE2). After 6 h, the

wells were removedwith supernatant and eluted with fresh cell culturemediums. The luciferase activities of infected 293T/ACE2 cells

were detected by the One-Lumi luciferase reporter assay kit (Beyotime, RG055M). The IC50 of the evaluatedmAbs were tested by the

Varioskan LUX Microplate Spectrophotometer (ThermoFisher), and calculated by a nonlinear logistic regression using GraphPad

Prism 8.0.

Bio-layer interferometry assays
Bio-layer interferometry assays were conducted on Octet� K2 Protein Analysis System (Fortebio). Protein biotinylation was per-

formed using the EZ-link NHS-PEO Solid Phase Biotinylation Kit (Pierce) and purified using MINI Dialysis Unit (ThermoFisher). After

baseline adsorption of nonspecific binding, SA biosensors (Fortebio) were immersed with biotinylated WT and Omicron RBD to cap-

ture RBD to 0.3 nm and 1 nm, then sensors were immersed in kinetics buffer (0.02%Tween-20, 1mg/mL BSA in PBS) to the baseline.

After association with different concentrations of 510A5 for 180 s, disassociation was conducted for 300 s. For the detection of the

affinity of 510A5 with Spike protein, biotinylated 510A5 Fab was captured to 0.3 nm. Different concentrations of WT and Omicron

Spike were conducted for 180 s, and disassociation was conducted for 300 s. For ACE2 binding competition experiments, bio-

tinylated WT or Omicron Spike protein was loaded at 1 mg/mL to 3 nm in kinetics buffer onto SA biosensors. Association of mAbs

was performed in kinetics buffer at 20 mg/mL for 300 s, and then ACE2-Flag-His was loaded for 300 s at 40 mg/mL in kinetics buffer.

Data were recorded and analyzed using Octet BLI Discovery (12.0).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analyses employed in this publication pertain to the analysis on electronmicroscopy data and the deter-

mination of structures by electron microscopy. In Figures S2–S4, the resolution estimations of cryo-EM density maps are based on

the 0.143 Fourier Shell Correlation (FSC) criterion (Chen et al., 2013; Rosenthal and Henderson, 2003).

Surface plasmon resonance assays and bio-layer interferometry assays were performed in triplicates. Neutralization assays were

performed in biological triplicates.
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Figure S1 | Thermal denaturation analysis of the Spike variants, Related to Figure 1. 

(A-C) SEC profile of the Spike proteins on a Superose 6 increase 10/300 column.  

(D-F) The unfolding profile of Spike proteins (ratio between fluorescence at 350 nm and 

330 nm) in real-time as the temperature is increased from 35°C to 95°C.  

(G-I) The first derivative of the ratio between fluorescence at 350 nm and 330 nm. Maxima 

and minima indicate inflection temperatures, Ti.  

(J) Summary of inflection temperatures for the Spike proteins. 

 

 



 

 

Figure S2 | Cryo-EM data processing for the Omicron Spike protein and human 

ACE2 complex, Related to Figure 1. 

(A) Representative cryo-EM micrograph and 2D classes.  

(B) Workflow for the Omicron Spike-ACE2 3D Reconstructions.  



 

(C and D) The viewing direction distribution plot, gold-standard FSC curves with the 0.143 

cutoff indicated by a horizontal blue line, Global FSC and Histogram, and cryo-EM maps 

colored by local resolution for the double (C) and single (D)-bound hACE2 classes, 

respectively. 

(E-G) Map-to-model FSC curves of the double (E), single (F)-bound hACE2 classes as 

well as the local-refined dataset (G), respectively.  

 

 



 

 



 

Figure S3 | Cryo-EM data processing for the SARS-CoV-2 WT Spike protein in 

complex with 510A5 Fab, Related to Figure 3.  

(A) Representative cryo-EM micrograph and 2D classes.  

(B) Workflow for the WT Spike-510A5 Fab 3D Reconstructions.  

(C and D) The viewing direction distribution plot, gold-standard FSC curves with the 0.143 

cutoff indicated by a horizontal blue line, Global FSC and Histogram, and cryo-EM maps 

colored by local resolution for the WT class I (C) and WT class II (D) datasets, respectively. 

(E-H) Map-to-model FSC curves of the whole or locally refined reconstructions of the WT 

class I (E or G) and WT class II (F or H) datasets, respectively.  

(I) Model-map fitting of the local-refined WT RBD-510A5 structures with RBDs in the 

down (left) and up (right) conformation, respectively. 

(J) Sharpened cryoEM density maps (WT RBD and 510A5 Fab interaction regions) are 

rendered as mesh with the corresponding models shown as sticks. 

 



 

 



 

Figure S4 | Cryo-EM data processing for the SARS-CoV-2 Delta and Omicron Spike 

protein in complex with 510A5 Fab, Related to Figure 3.  

(A and B) Representative cryo-EM micrograph and 2D classes for the Delta (A) or 

Omicron (B) Spike dataset, respectively.  

(C and D) Workflow for the Delta Spike-510A5 Fab (C) and the Omicron Spike-510A5 

Fab (D) 3D Reconstructions.  

(E-G) The viewing direction distribution plot, gold-standard FSC curves with the 0.143 

cutoff indicated by a horizontal blue line, Global FSC and Histogram, and cryo-EM maps 

colored by local resolution for the Delta (E), Omicron class I (F) and Omicron class II (G) 

datasets, respectively. 

(H-K) Map-to-model FSC curves of the whole reconstructions of the Delta (H), Omicron 

class I (I) and WT class II (J) datasets, respectively, as well as the locally refined Omicron 

RBD-510A5 interface reconstructions (K). 

(L) Model-map fitting of the local-refined Omicron RBD-510A5 structures. 

(M) Sharpened cryoEM density maps (Omicron RBD and 510A5 Fab interaction regions) 

are rendered as mesh with the corresponding models shown as sticks. 

 

 



 

 
Figure S5 | Biolayer interferometry assays, Related to Figure 4. 

(A and B) The binding kinetics of 510A5 to WT (A) or Omicron (B) Spike and RBD. 

(C and D) The ability of 510A5 competing with ACE2 for binding to WT (C) or Omicron 

(D) Spike. The competition capacity of 510A5 was indicated by the level of reduction in 

the response unit of ACE2 compared with or without prior antibody incubation. 

 



 

Table S1 | Cryo-EM data collection, models refinement and validation statistics of 

the Omicron Spike-ACE2 datasets, Related to Figure 1. 
 2-ACE2 Bound 1-ACE2 Bound ACE2-RBD Local 

Data collection and processing    

Voltage (kV) 300 300 300 
Detector K3 K3 K3 
Pixel size (Å) 0.832 0.832 0.832 
Electron dose (e-/ Å2) 60 60 60 
Defocus range -1.2 to -2.8 -1.2 to -2.8 -1.2 to -2.8 
Final particles 106,020 220,680 220,680 
Final resolution (Å) 2.84 2.77 2.96 

Model refinement    

Map-model CC (mask) 0.82 0.84 0.71 

Initial model used 7T9K 7T9K 7T9L 
RMSD    
Bond lengths (Å) 0.004 0.003 0.004 
Bond angles (°) 0.548 0.560 0.765 

Molprobity score 1.59 1.53 1.73 
Clash score 8.22 7.93 11.30 
Rotamer outliers (%) 0.00 0.00 0.00 
Cβ outliers (%) 0.00 0.00 0.00 
CaBLAM outliers (%) 1.75 1.76 0.89 
Ramachandran statistics    
Favored (%) 97.26 97.52 97.10 
Allowed (%) 2.74 2.48 2.90 
Outliers (%) 0.00 0.00 0.00 

 

 



 

Table S2 | Cryo-EM data collection, models refinement and validation statistics of the Spike-510A5 Fab datasets, Related to 
Figure 3. 

 WT Spike-3 
Fabs 

WT Spike-4 
Fabs 

WT Down RBD-
1 Fab Local 

WT Up RBD-
2Fabs Local 

Delta Spike-3 
Fabs 

Omicron 
Spike-3 Fabs 

Omicron 
Spike-2 Fabs 

Omicron Down 
RBD-1 Fab Local 

Data collection and 
processing 

        

Voltage (kV) 300 300 300 300 300 300 300 300 
Detector K3 K3 K3 K3 K3 K3 K3 K3 
Pixel size (Å) 0.82 0.82 0.82 0.82 0.82 0.832 0.832 0.832 
Electron dose (e-/ Å2) 60 60 60 60 60 60 60 60 
Defocus range -1.0 to -2.8 -1.0 to -2.8 -1.0 to -2.8 -1.0 to -2.8 -1.4 to -2.8 -1.2 to -2.8 -1.2 to -2.8 -1.2 to -2.8 
Final particles 230,655 143,888 230,655 143,888 141,036 108,540 97,303 108,540 
Final resolution (Å) 3.20 3.39 3.28 3.45 3.56 3.70 3.70 3.80 

Model refinement         

Map-model CC (mask) 0.82 0.79 0.77 0.87 0.77 0.84 0.84 0.74 
Initial model used 7K43 - - - - - - - 
RMSD         
Bond lengths (Å) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.004 
Bond angles (°) 0.575 0.584 0.636 0.586 0.612 0.587 0.591 0.682 

Molprobity score 1.50 1.54 1.62 1.78 1.61 1.59 1.71 1.92 
Clash score 5.91 6.79 7.06 8.95 7.67 9.04 9.17 11.98 
Rotamer outliers (%) 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00 
Cβ outliers (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaBLAM outliers (%) 2.57 2.70 1.91 2.46 2.55 2.15 2.24 1.37 
Ramachandran statistics         
Favored (%) 96.94 97.09 96.47 95.61 96.83 97.46 96.54 95.28 
Allowed (%) 3.06 2.91 3.53 4.39 3.17 2.54 3.46 4.72 
Outliers (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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