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Dear Editor,
Tremendous efforts have been made globally to develop thera-
peutics and prophylactics against severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) which has caused thousands 
of millions of infections and deaths worldwide. A series of potent 
neutralizing antibodies with defined epitopes targeting RBD have 
been recently identified with different strategies. However, being 
an RNA virus, the instability of the SARS-CoV-2 genome results in 
numerous S-protein variants with altered viral phenotypes. For 
example, the dominant variant D614G shifts the S-protein con-
formation to a receptor-binding competent state with increased 
infectivity (Yurkovetskiy et al., 2020). Meanwhile, many natu-
rally occurring mutant strains have been proven to be resistant 
to neutralizing antibodies or convalescent sera (Li et al., 2020). 
Recently, a newly emerged variant, B.1.351, which contains a 
E484K mutation, has been reported to escape neutralizing anti-
bodies and first-generation vaccines (Chen et al., 2021; Wang et 
al., 2021). Though the cocktail strategies appear to be promising 
in the REGN-CoV-2 case, which was composed of two structur-
ally well-defined antibodies targeting noncompeting epitopes 
(REGN10933 + REGN10987) (Baum et al., 2020; Hansen et al., 
2020), novel escaping mutants may occur under selective pres-
sure during long-term neutralizing antibody treatment. Indeed, 
a previous deep mutational scanning study showed that RBD is 
well tolerant to mutations (Starr et al., 2020), suggesting the need 
for the development of new antibodies to minimize viral escape.

To overcome this potential risk and understand the immune 
escaping mechanism of SARS-CoV-2 neutralizing antibodies, we 
performed comprehensive interface analyses of ACE2 receptor as 

well as structurally-resolved neutralizing antibodies. We grouped 
the antibodies into five classes based on their epitopes (Figs. S1 
and S2): (i) Epitopes generally confined to the receptor-binding 
motif (RBM). (ii) Epitopes comprised of RBM and residues 403–421 
and antibodies lean toward the buried side buried in the closed 
state (Wrapp et al., 2020). (iii) Epitopes primarily anchored to 
RBM and antibodies lean to the exposed face exposed in both the 
closed and open states (Wrapp et al., 2020). (iv) Epitopes located 
at the exposed side while antibodies minimally interact with 
RBM. (v) Epitopes located at the buried side while antibodies have 
almost no interactions with RBM.

We further validated the function of the structurally eluci-
dated binding residues (Fig. S3A) of ACE2 receptor by calculating 
the binding affinities of mutated RBD proteins to ACE2 systemati-
cally. Mutations in residues F456 and N487 significantly weakened 
the binding affinity of ACE2 (Fig. S3B and S3D). Meanwhile, muta-
tions in other residues spatially close to ACE2 (<4 Å) did not affect 
ACE2 binding (Fig. S3C and S3D), though they were thought to be 
responsible for receptor-binding (Lan et al., 2020). Newly emerged 
mutations, K417N, E484K, and N501Y, did not affect the binding of 
RBD to the ACE2 (Fig. S3B–D). Consistent with these results, few 
variants occurred in F456 and N487, while a series of mutations 
have been observed in other residues of RBM in natural strains 
(Fig. S3E). More surprisingly, we found that the core residues, F456 
and N487, were also involved in the binding of Class I–II antibod-
ies (Figs. S1 and S4A). We hypothetically defined this region as 
a “core epitope” and supposed that binding residue mutations 
outside of this core might result in an immune escape without 
compromising the infectious of viruses since these mutations 
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dismissed the binding ability of antibodies but not ACE2. To 
support this idea, we chose REGN10933 (Class I) (Hansen et al., 
2020), CB6 (Class II) (Shi et al., 2020) and BD368-2 (Class III) (Cao 
et al., 2020) as positive control antibodies and tested their affinity 
change by mutational scanning. Structure of REGN10933 in the 
complex of RBD revealed several binding residues outside of the 
core epitope (Fig. S4B) (Hansen et al., 2020). ELISA assay showed 
that mutations at Y453, L455, E484, and F486 weakened the bind-
ing ability of REGN10933 but not ACE2 (Fig. S4C–E), and mutants 
occurring in these residues have been reported to induce immune 
escape (Baum et al., 2020). Similar results were observed for CB6 
and BD368-2 (Fig. S4C–E). These mutants did not affect the bind-
ing of ACE2 and consequently resulted in immune escape (Du et 
al., 2020; Li et al., 2020). We further tested the neutralizing activ-
ities of these antibodies against newly emerged variants, B.1.1.7 
and B.1.351 (Chen et al., 2021; Wang et al., 2021). Results showed 
that B.1.351 variant, which contains K417N, E484K, and N501Y 
mutations, was immune escaping (Fig. S4F and S4G). Collectively, 
mutants outside of core residues were responsible for immune 
escape, which functionally support our “core epitope” hypothesis.

To further validate this hypothesis, we performed SARS-
CoV-2 neutralizing antibodies screening experiment to dis-
cover core epitope targeting antibodies. We generated a 
phage-display library derived from PBMCs of seven COVID-19 
recovered patients (Table S1). The capacity of individual pri-
mary libraries derived from each patient was between 8 × 106 
and 6 × 107 (Fig. S5A). Sequence analyses indicated that more 
than 94.2% of variants in this library were effective (Fig. S5B). 
3,840 single phage clones were picked randomly and analyzed 
by phage ELISA, and 420 clones exhibited positive ELISA sig-
nals and negative BSA signals (Fig. S5C). After sequencing 220 
clones, we identified five re-emerged clones: 1F, 5E, 2B1, 2B8, 
and 2D1 (Fig. 1A; Table S4). These five antibodies were further 
tested for their RBD binding ability using ELISA. 1F exhibited 
the highest effectiveness, with EC50 value of 1.63  ng/mL (Fig. 
1B). The KD value was determined as 77 pmol/L using surface 
plasmon resonance (SPR) (Fig. 1C). We further tested the bind-
ing ability of 1F to mutated RBD proteins, and only the core 
residue mutation, N487A, could weaken the binding affinity 
of 1F (Fig. 1D–F). Mutations at other positions, including the 
new worrying mutation, E484K, did not affect the binding affin-
ity (Fig. 1D–F). ACE2 competition using ELISA showed that 1F 
could block RBD-ACE2 binding efficiently, with an IC50 value of 
0.69 μg/mL (Fig. 1G), consistent with the SPR result (Fig. 1H). 
Furthermore, 1F neutralized SARS-CoV-2 effeciently, with the 
IC50 values of 46.36 and 18 ng/mL against lentivirus-vectored 
SARS-CoV-2 pseudovirus and authentic virus, respectively (Fig. 
1I and 1J). 1F also inhibited SARS-CoV-2 S-protein-mediated 
cell membrane fusion significantly at both 12 and 24 h, with 
IC50 values of 0.24 and 0.71 μg/mL, respectively (Figs. S6 and 
1K). Finally, 1F possessed low neutralizing efficiency against 
SARS-CoV pseudovirus (Fig. 1L), indicating the specificity of the 
antibody.

We then solved the cryo-EM structure of the 1F Fab in com-
plex with the S-trimer. The SARS-CoV-2 spike ectodomain and 
1F fab were expressed and purified (Fig. S7). After cryo-EM data 
collection and processing, we solved the cryo-EM structure of 1F 
Fab in complex with the S-trimer at an overall resolution of 3.8 Å 
(Figs. S8 and S9). A single 1F Fab binding to RBD at the open state 
was observed (Fig. 2A). Superimposition of the 1F–S complex 
structure over the ACE2-RBD complex structure revealed clashes 
between the ACE2 and 1F (Fig. 2B). To further improve the local 
resolution at the binding interface, we performed “block-based” 

local refinement and improved the local resolution up to 4.4 Å 
(Figs. S8 and S9D), allowing reliable tracing of the main chain 
at the interface. Only the heavy-chain of 1F was responsible 
for the antigen recognition and all the CDRs targeted the “core 
epitope” precisely (Fig. 2C). Since the resolution limited the anal-
ysis at the residue level, we predicted the spatially close resi-
dues (Fig. 2C) and performed mutation experiments to validate 
their role on antigen binding. Results showed that mutations at 
R102 or D114 (CDR3) dismissed the binding ability (Fig. 2D and 
2E), indicating the critical role of these residues for RBD bind-
ing. We then tested the ability of 1F to avoid existing mutational 
immune escape (Baum et al., 2020; Du et al., 2020; Li et al., 2020). 
We first measured the neutralizing activities of 1F against the 
mutated pseudoviruses with previously reported escaping muta-
tions (Li et al., 2020). Results showed that 1F could neutralize 
these escaping mutations effectively (Fig. 2F and 2H). The activ-
ities of 1F against several mutated pseudoviruses were signifi-
cantly increased, such as V483A and F490L, which dismissed the 
effects of BD368-2 (Cao et al., 2020; Du et al., 2020). We further 
tested the effect of 1F against several other naturally occurred 
mutations. As expected, 1F neutralized these mutated pseudovi-
ruses efficiently (Fig. 2G and 2H), including the dominant variant 
D614G (Yurkovetskiy et al., 2020). We then tested the neutralizing 
activity of 1F against newly emerging variants, B.1.1.7, B.1.351, 
and related RBD mutants. 1F inhibited B.1.1.7 efficiently (Fig. 
2I and 2J). However, the neutralizing abilities of 1F against E484K 
and B.1.351 were significantly reduced (Fig. 2I and 2J). Since the 
binding of 1F to RBD was not affected by E484K mutation (Fig. 1D 
and 1F), we then performed ACE2 binding competition assay, and 
results showed that the E484K affected the dose-response curve 
slopes (Hill coefficient, 0.57 vs. 2.38) rather than the competing 
IC50 value of 1F (Fig. S10). These results indicated an underlying 
escaping mechanism that E484K mutation changed the inhibi-
tion slope of neutralizing antibodies.

Since reported, vast numbers of SARS-CoV-2 variants have 
occurred and some of them resulted in antigenic drift and 
immune escape (Li et al., 2020). Scientists have developed anti-
body cocktails to overcome this risk (Baum et al., 2020; Du et al., 
2020; Hansen et al., 2020; Tortorici et al., 2020). However, RBD is 
well tolerated to mutations with respect to ACE2 binding as well 
as protein folding (Starr et al., 2020), and new escaping mutants 
may still occur under the selective pressure during long-term 
treatment. Here, by comprehensive structural analyses and 
extensive functional validation, we defined a core epitope avoid-
ing viral escape. On the basis of this concept, we further identified 
an ultrapotent core epitope targeting antibody, 1F, which precisely 
binds to the core epitope and is tolerated to most of circulating 
mutations. However, the worrying mutant, E484K, which reduces 
the efficiency of neutralizing antibodies and first-generation vac-
cines (Chen et al., 2021; Wang et al., 2021), dismisses the neutral-
izing activity of 1F. Our data show that the reduced neutralizing 
activity of 1F against E484K result from reduced dose-response 
curve slope (Hill coefficient) (Fig. S10) rather than loss of bind-
ing affinity (Fig. 1D and 1F). A similar escaping mechanism has 
been observed in HIV (Sampah et al., 2011; Webb et al., 2015). Our 
results suggest distinct escaping mechanisms of E484 mutated 
SARS-CoV-2 variants.
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Figure 1. Discovery and SARS-CoV-2 neutralization of 1F. (A) Occurrence frequency of sequenced clones. (B) ELISA binding assay of selected antibodies 
to RBD protein. Experiments were performed in triplicate. (C) Representative SPR sensorgrams of 1F with RBD. (D and E) Binding ELISA assays of mutated 
RBD proteins on 1F. Experiments were performed in triplicate. (F) Summary of EC50 values in ELISA assays performed in (D) and (E). NC means EC50 
cannot be calculated due to poor binding ability. (G) ACE2 competition of 1F by ELISA assay. Experiments were performed in quadruplicate. (H) ACE2 
competition of 1F by SPR. Representative sensorgram of two independent experiments is shown. (I) Neutralization of 1F against lentivirus-vectored 
SARS-CoV-2 pseudovirus. (J) Neutralization of 1F on authentic SARS-CoV-2 virus. (K) Inhibition of 1F on SARS-CoV-2 spike mediated cell-cell fusion. (L) 
Neutralization of 1F against lentivirus-vectored SARS-CoV pseudovirus. All the experiments were performed in triplicates.
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Figure 2. 1F binds to the core epitope and neutralize most of SARS-CoV-2 mutations. (A) Overall structure of 1F Fab in complex with S-trimer. The 
structure is shown as a molecular surface with a different color for each S monomer as labeled, and the 1F Fab in red and pink (heavy-chain) and (light 
chain). (B) Clashes between 1F Fab and ACE2 on binding to SARS-CoV-2 S-trimer. ACE2 is shown in yellow. Inset shows close up of the interactions of 
1F Fab and ACE2 in the clashed region, showing RBM in cyan. (C) The binding interface between 1F and S-protein, the spatially close residues were 
colored as indicated. (D) Binding ELISA assays of mutated 1F on RBD. Experiments were performed in triplicate. (E) Summary of EC50 values in ELISA 
assays performed in (D). NC means EC50 cannot be calculated due to poor binding ability. (F and G) The inhibitory dose curve of 1F on reported immune 
escape mutants (F) and naturally occurred mutants (G). (H) Summary of IC50 values of 1F in (F) and (G). (I) The inhibitory dose curve of 1F on recently 
emerged variants and related mutants. (J) Summary of IC50 values of 1F in (I), NC means IC50 cannot be calculated due to poor activity. Experiments were 
performed in triplicates.
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