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Abstract

Epitopes that are conserved among SARS-like coronaviruses are attractive targets for

design of cross-reactive vaccines and therapeutics. CR3022 is a SARS-CoV neutralizing

antibody to a highly conserved epitope on the receptor binding domain (RBD) on the spike

protein that is able to cross-react with SARS-CoV-2, but with lower affinity. Using x-ray crys-

tallography, mutagenesis, and binding experiments, we illustrate that of four amino acid dif-

ferences in the CR3022 epitope between SARS-CoV-2 and SARS-CoV, a single mutation

P384A fully determines the affinity difference. CR3022 does not neutralize SARS-CoV-2,

but the increased affinity to SARS-CoV-2 P384A mutant now enables neutralization with a

similar potency to SARS-CoV. We further investigated CR3022 interaction with the SARS-

CoV spike protein by negative-stain EM and cryo-EM. Three CR3022 Fabs bind per trimer

with the RBD observed in different up-conformations due to considerable flexibility of the

RBD. In one of these conformations, quaternary interactions are made by CR3022 to the N-

terminal domain (NTD) of an adjacent subunit. Overall, this study provides insights into anti-

genic variation and potential cross-neutralizing epitopes on SARS-like viruses.

Author summary

The ongoing COVID-19 pandemic is caused by SARS-CoV-2. Due to the genetic similar-

ity of SARS-CoV-2 and SARS-CoV, which caused an epidemic in 2003, a few of the

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009089 December 4, 2020 1 / 18

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

OPEN ACCESS

Citation:WuNC, YuanM, Bangaru S, Huang D,

Zhu X, Lee C-CD, et al. (2020) A natural mutation

between SARS-CoV-2 and SARS-CoV determines

neutralization by a cross-reactive antibody. PLoS

Pathog 16(12): e1009089. https://doi.org/10.1371/

journal.ppat.1009089

Editor:Michael S. Diamond, Washington

University School of Medicine, UNITED STATES

Received: September 20, 2020

Accepted:October 21, 2020

Published: December 4, 2020

Copyright: © 2020Wu et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: The X-ray

coordinates and structure factors have been

deposited to the RCSB Protein Data Bank under

accession code: 7JN5. The EMmaps have been

deposited in the Electron Microscopy Data Bank

(EMDB) under accession codes: EMD-22858

(nsEM, one bound), EMD-22859 (nsEM, two

bound), EMD-22860 (nsEM, three bound), EMD-

22861 (cryo-EM, class 1), EMD-22862 (cryo-EM,

class 2), EMD-22863 (cryo-EM, class 3), and

EMD-22864 (cryo-EM, class 4).

https://orcid.org/0000-0002-9078-6697
https://orcid.org/0000-0001-9754-4503
https://orcid.org/0000-0001-7994-4693
https://orcid.org/0000-0002-6989-639X
https://orcid.org/0000-0002-6021-3740
https://orcid.org/0000-0002-5470-2484
https://orcid.org/0000-0002-4745-8057
https://orcid.org/0000-0001-5602-4157
https://orcid.org/0000-0001-7153-3769
https://orcid.org/0000-0002-6469-2419
https://doi.org/10.1371/journal.ppat.1009089
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009089&domain=pdf&date_stamp=2020-12-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009089&domain=pdf&date_stamp=2020-12-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009089&domain=pdf&date_stamp=2020-12-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009089&domain=pdf&date_stamp=2020-12-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009089&domain=pdf&date_stamp=2020-12-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009089&domain=pdf&date_stamp=2020-12-16
https://doi.org/10.1371/journal.ppat.1009089
https://doi.org/10.1371/journal.ppat.1009089
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


SARS-CoV antibodies have now been found to also cross-react with SARS-CoV-2. One

such antibody is CR3022, which was isolated from a convalescent SARS patient 14 years

ago. However, the 100-fold lower binding to SARS-CoV-2 does not enable neutralization

of SARS-CoV-2 compared to SARS-CoV. This study shows that one (P384A) of the four

mutational differences in the CR3022 epitope between SARS-CoV and SARS-COV-2 fully

accounts for the differences in CR3022 binding affinity and neutralization. These findings

advance our understanding of antibody cross-reactivity among SARS-like CoVs with

implications for vaccine and therapeutic design.

Introduction

The ongoing COVID-19 pandemic, which is caused by the new coronavirus SARS-CoV-2,

continues to escalate. Investigating the immunogenicity and antigenicity of SARS-CoV-2 is

germane to vaccine and therapeutic development. The major antigen of coronavirus is the

spike (S) glycoprotein, which is expressed as a homotrimer on the virus surface. Since the S

protein is essential for virus entry through engaging the host receptor and mediating virus-

host membrane fusion, many antibodies to the S protein are neutralizing [1–12]. The S pro-

teins of SARS-CoV-2 and SARS-CoV, which caused a global outbreak in 2003, have an amino-

acid sequence identity of around 77% [13] that leads to differences in antigenicity in serology

studies [14,15]. Although a few monoclonal antibodies have been discovered that can cross-

neutralize SARS-CoV and SARS-CoV-2 [6,7,16,17], they seem to be relatively rare in COVID-

19 patients [1,3,4,14]. Thus, the molecular determinants that define the antigenic differences

and similarities between SARS-CoV-2 and SARS-CoV need further exploration.

CR3022 was previously isolated from a SARS survivor and neutralizes SARS-CoV [18],

CR3022 was recently found to also be a cross-reactive antibody that can bind to both SARS--

CoV-2 and SARS-CoV [19]. Our recent crystal structure demonstrated that CR3022 targets a

highly conserved cryptic epitope on the receptor binding domain (RBD) of the S protein [20].

The CR3022 epitope is exposed only when the RBD is in the “up” but not the “down” confor-

mation on the S protein [20]. A few SARS-CoV-2 antibodies from COVID-19 patients have

also recently been shown to target the CR3022 epitope [12,17,21], suggesting that it is an

important site of vulnerability for the antibody response in SARS-CoV-2 infection. Out of 28

residues in the CR3022 epitope, 24 are conserved between SARS-CoV-2 and SARS-CoV,

explaining the cross-reactive binding of CR3022. However, CR3022 has a higher affinity to

SARS-CoV than to SARS-CoV-2 (>100-fold difference), and can neutralize SARS-CoV, but

not SARS-CoV-2, in a live virus neutralization assay [20]. Therefore, CR3022 provides a good

case study to probe antigenic variation between SARS-CoV-2 and SARS-CoV and the effects

on antibody cross-neutralization.

We therefore aimed to dissect the molecular basis underlying the difference in binding

affinity and neutralization potency of CR3022 to SARS-CoV-2 and SARS-CoV. The crystal

structure of SARS-CoV RBD in complex with CR3022 was determined to compare with the

corresponding SARS-CoV-2 RBD structure [20]. In combination of mutagenesis and binding

experiments, we demonstrate that a single amino-acid difference at residue 384 (SARS-CoV-2

numbering) between the RBDs of SARS-CoV-2 and SARS-CoV can fully explain the affinity

difference with CR3022. Moreover, CR3022 is now able to neutralize SARS-CoV-2 P384A

with a similar potency to SARS-CoV. We further investigated the molecular recognition of

CR3022 to the SARS-CoV-2 spike protein by electron microscopy and found that rotational

flexibility of the RBD resulted in antibody binding to different variants of up-conformations of
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the RBD relative to the spike trimer. Our findings validate the CR3022 epitope as a major site

of vulnerability for a cross-neutralizing antibody response. Throughout this study, residues on

RBD are numbered according to SARS-CoV-2 numbering unless otherwise stated.

Results

P384A increases binding affinity of SARS-CoV-2 RBD to CR3022

The epitopes of CR3022 in SARS-CoV-2 and SARS-CoV differ by four residues. We aimed to

determine whether amino-acid variants in these four non-conserved residues influence the

binding affinity of CR3022 to RBD. Four SARS-CoV-2 RBDmutants, namely A372T, P384A,

T430M, and H519N (SARS-CoV-2 numbering), were recombinantly expressed and examined

(Fig 1A). These mutants converted the amino-acid sequence of the CR3022 epitope in the

SARS-CoV-2 RBD to that of SARS-CoV at each of the four non-conserved residues. While

binding of CR3022 mutants A372T (KD = 66 nM), T430M (KD = 64 nM), and H519N (KD =

60 nM) was comparable to wild type (WT) SARS-CoV-2 RBD (KD = 68 nM), binding of

CR3022 to the P384A mutant (KD = 1.4 nM) was greatly increased (Fig 1B), akin now to that

with the SARS-CoV RBD (KD = 1.0 nM) [20]. Thus, the difference in binding affinity of

CR3022 to SARS-CoV-2 RBD versus SARS-CoV RBD can be attributed due to a single amino-

acid difference at residue 384.

Fig 1. A single P384A substitution increases CR3022 affinity to the SARS-CoV-2 RBD. (A) Epitope residues on
SARS-CoV RBD are colored in cyan and green. The CR3022 CDR loops that contact the RBD are shown and labeled.
Cyan: epitope residues that are conserved between SARS-CoV-2 and SARS-CoV. Green: epitope residues that are not
conserved between SARS-CoV-2 and SARS-CoV. Orange: CR3022 heavy chain. Yellow: CR3022 light chain. (B-C)
Binding of CR3022 Fab to (B) wild-type (WT) SARS-CoV-2 RBD and (C) different mutants was measured by biolayer
interferometry with RBD loaded on the biosensor and Fab in solution. Y-axis represents the response. Dissociation
constants (KD) for the Fab were obtained using a 1:1 binding model, respectively, which is represented by the red
curves. Representative results of two replicates for each experiment are shown. Of note, mammalian cell-expressed
RBD was used in the binding experiments in this study, whereas insect cell-expressed RBD was used in our previous
study [20]. This difference may explain the slight difference in the KD of CR3022 Fab to SARS-CoV-2 RBDWT
between this study and our previous study [20].

https://doi.org/10.1371/journal.ppat.1009089.g001
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CR3022 neutralizes SARS-CoV-2 P384A but not WT

While CR3022 can neutralize SARS-CoV [18,20], multiple groups have shown that it does not

neutralize SARS-CoV-2 [3,5,20,22]. One possibility is that the affinity of CR3022 to SARS-

CoV-2 RBD is not sufficient to confer neutralizing activity. To test this hypothesis, we com-

pared neutralization of SARS-CoV-2 WT and the P384A mutant by CR3022. Consistent with

previous studies [3,5,20,22], CR3022 failed to neutralize SARS-CoV-2 WT (Fig 2). However,

CR3022 is now able to neutralize the SARS-CoV-2 P384A mutant at an IC50 of 3.2 μg/ml,

which is comparable to its neutralizing activity to SARS-CoV (IC50 of 5.2 μg/ml). This finding

validates the CR3022 epitope as a neutralizing epitope in both SARS-CoV-2 and SARS-CoV,

provided that the antibody affinity can surpass a threshold for detection of neutralization.

Previous studies have indicated IgG bivalent binding can play an important role in mediat-

ing neutralization of SARS-CoV-2, since the neutralization potency for many antibodies is

much greater as an IgG compared to an Fab [21,23]. Subsequently, we also tested the neutraliz-

ing activity of CR3022 Fab. Interestingly, the CR3022 Fab neutralized SARS-CoV-2 P384A

mutant with an IC50 of 4.4 μg/ml, which is similar to that of CR3022 IgG (3.2 μg/ml) (Fig 2).

This finding indicates that CR3022, unlike many other SARS-CoV-2 antibodies [21,23], does

not act bivalently with the S proteins on the virus surface and, hence, neutralization is related

to the Fab binding affinity rather than IgG avidity.

Sequence conservation of residue 384

We then examined the sequence conservation of residue 384 in other SARS-related coronavi-

ruses (SARSr-CoV) strains. Most SARSr-CoV strains have Pro at residue 384, as in SARS-

Fig 2. Pseudovirus neutralization assay. The neutralizing activity of CR3022 IgG or Fab to SARS-CoV, SARS-CoV-2,
and SARS-CoV-2 P384Amutant was measured in a pseudovirus neutralization assay.

https://doi.org/10.1371/journal.ppat.1009089.g002
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CoV-2. Only those strains that are phylogenetically very close to SARS-CoV, such as bat

SARSr-CoVWIV1 and bat SARSr-CoVWIV16, have Ala at residue 384 (Figs 3A and S1). Phy-

logenetic analysis implies that P384A emerged during the evolution of SARSr-CoV in bats

(Figs 3A and S1), which is the natural reservoir of SARSr-CoV [24]. However, it is unclear

whether the emergence of P384A is due to neutral drift or positive selection in bats or other

species. In addition, given that residue 384 is proximal to the S2 domain when the RBD is in

the “down” conformation (Fig 3B), whether P384A can modulate the conformational dynam-

ics of the “up and down” configurations of the RBD in the S trimer and influence the viral rep-

lication fitness will require additional studies.

Crystal structure reveals the impact of P384A in CR3022 binding

We further determined the x-ray structure of SARS-CoV RBD in complex with CR3022 to 2.7

Å resolution (Figs 4A and S2 and S1 Table). The overall structure of CR3022 in complex with

SARS-CoV RBD is similar to that with SARS-CoV-2 RBD [20] (Cα RMSD of 0.5 Å for 343 res-

idues in the RBD and Fab variable domain, cf. Fig S2A and S2B of [20]) (S3 Fig). Nonetheless,

the CR3022 elbow angles, which are distant from the antibody-antigen interface, differ in the

two structures, as we mutated the elbow region (as described in [25]) of CR3022 to promote

crystallization with SARS-CoV RBD. The conserved binding mode of CR3022 to SARS-CoV-2

RBD and SARS-CoV RBD indicates that the difference in binding affinity of CR3022 between

SARS-CoV-2 RBD and SARS-CoV RBD is therefore due only to a very subtle structural

difference.

To investigate how P384 and A384 lead to differential binding of CR3022, we compared

RBD structures from SARS-CoV and SARS-CoV-2 when bound to CR3022. The RBDs have a

Cα RMSD of only 0.6 Å (0.7 Å for CR3022 epitope residues). At residue 384, the backbone of

SARS-CoV-2 is further from CR3022, as compared to that of SARS-CoV (Fig 4B). This differ-

ence in backbone positioning (~1.3 Å shift) affects the interaction of the RBD with CR3022 VH

S96, which is encoded by IGHD3-10 gene segment on CDR H3 [18,20]. While CR3022 VH S96

forms a hydrogen bond (H-bond) with the T385 side chain in both SARS-CoV-2 RBD and

SARS-CoV RBD, it can form a second H-bond with the backbone amide of T385 in

Fig 3. Sequence conservation and location of residue 384. (A) A phylogenetic tree was constructed based on the amino-acid
sequences of RBDs from SARS-CoV-2, SARS-CoV, and SARS-related coronavirus (SARSr-CoV) strains. Branches corresponding to
strains that have A384 are colored in red on the phylogenetic tree. Scale bar represents 0.07 amino-acid substitutions per position.
(B) The location of P384 is shown on the SARS-CoV-2 S protein (PDB 6VXX [31]). S1 domain is represented by the white surface
and the S2 domain by the black cartoon. The location of residue 384 is indicated by the red sphere on the RBD in the “down”
conformation (blue cartoon). CR3022 is not shown in this figure.

https://doi.org/10.1371/journal.ppat.1009089.g003
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SARS-CoV RBD (Fig 4C), but not SARS-CoV-2 RBD (Fig 4D). In addition, CR3022 VH S96

adopts different side-chain rotamers when binding to SARS-CoV-2 and to SARS-CoV. Conse-

quently, VH S96 can make an intramolecular H-bond with VH T31 when CR3022 binds to

SARS-CoV RBD (Fig 4C), but not to SARS-CoV-2 (Fig 4D). In summary, VH S96 forms three

H-bonds when CR3022 binds to SARS-CoV RBD, as compared to only one when CR3022

binds to SARS-CoV-2 RBD. This observation indicates why binding of CR3022 to the SARS--

CoV RBD is energetically more favorable than to the SARS-CoV-2 RBD.

CR3022-bound SARS-CoV S protein exhibits a rare three-up conformation

To understand the binding of CR3022 to the RBD in the context of the homotrimeric S pro-

tein, we previously proposed a structural model where CR3022 could only access its epitope

on the S protein when at least two RBD are in the “up” conformation and the RBD is rotated

relative to its unliganded structure [20]. To further evaluate and expand on this model, nega-

tive-stain electron microscopy (nsEM) was performed on CR3022 in complex with a stabilized

version of the SARS-CoV homotrimeric S protein (Fig 5A, see Materials and Methods). The

3D nsEM reconstruction revealed that one SARS-CoV S protein could simultaneously bind to

three CR3022 Fabs with all three RBDs in the “up” conformation (Fig 5B). Consistent with the

structural model that we previously proposed [20], the CR3022-bound RBD was indeed

rotated compared to that in the unliganded S protein [26–28], such that, in this conformation,

steric hinderance between CR3022 and the N-terminal domain (NTD) is minimized.

While our results here demonstrate that CR3022 Fab could form a stable complex with

SARS-CoV S protein in a prefusion conformation, a recent study reported that prefusion

SARS-CoV-2 S protein fell apart upon binding to CR3022 Fab as indicated by cryo-EM

[29]. It should be noted that the three-up conformation is much more rarely observed than

the other RBD conformations (all-down, one-up, and two-up) in SARS-CoV by cryo-EM

[26–28], or SARS-CoV-2 by cryo-EM [30–32] and cryo-electron tomography [33,34], and

could relate to differences in the stability of S trimers in SARS-CoV versus SARS-CoV-2

when CR3022 is bound. Further studies will be required to investigate whether such a dif-

ference between SARS-CoV-2 and SARS-CoV is related to stability differences in the

recombinant spike proteins, or to different dynamics of the RBD on the virus or infected

cells.

Fig 4. Crystal structure of CR3022 in complex with SARS-CoV RBD. (A) Crystal structure of CR3022 Fab in complex
with SARS-CoV RBD. CR3022 heavy chain is colored in orange, CR3022 light chain in yellow, and SARS-CoV-2 RBD in
light grey. (B) Structures of CR3022 in complex with SARS-CoV-2 RBD and with SARS-CoV RBD were aligned using the
CR3022 heavy chain variable domain and the region around residue 384 is shown. Orange: CR3022 heavy chain. White:
SARS-CoV RBD. Dark gray: SARS-CoV-2 RBD. The Cαs of S96 on CR3022 heavy chain, A384 on SARS-CoV RBD, and
P384 on SARS-CoV-2 RBD are shown in sphere representation. (C-D) Interaction between CR3022 and residue 384 on
(C) SARS-CoV RBD, and (D) SARS-CoV-2 RBD. Hydrogen bonds are represented by dashed lines.

https://doi.org/10.1371/journal.ppat.1009089.g004
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RBD flexibility and quaternary interactions in CR3022-bound SARS-CoV S
protein

To address some of these issues, we performed cryo-EM analysis to interrogate the binding of

CR3022 to SARS-CoV S protein at higher resolution (S4 Fig and S2 Table). Focused 3D

Fig 5. Negative-stain EM and cryo-EM analysis of SARS spike bound to CR3022 Fab. (A) Representative 2D nsEM
class averages of the trimeric SARS-CoV spike glycoprotein complexed with three CR3022 Fabs. (B) Side and top view
of the 3D reconstruction showing CR3022 Fabs bound to all 3 RBDs on the SARS-CoV spike. The SARS-CoV
RBD-CR3022 complex from the crystal structure is fitted into the nsEM density with the RBD shown in pink and
CR3022 Fab in blue. (C) Side views of the B-factor-sharpened cryo-EMmaps (transparent gray surface representation)
representing three different classes of SARS spike with CR3022 Fab with different RBD-Fab orientations. While four
different classes were identified, only three classes are shown here because classes 2 and 4 are very similar (S5 Fig). The
RBD-Fab complex model is fit into the densities with the RBDs shown in pink and CR3022 Fabs represented in blue.
The atomic model of the apo SARS-CoV spike (PDB 6ACD) [35] is also fit into density with one RBD removed for
clarity. The protomers are colored in purple, magenta and deep magenta. (D) Top view of the class 2 cryo-EMmap
depicting potential quaternary contacts between the RBD-bound Fab and the spike NTD in this conformation. In this
RBD-Fab conformation, the Fab would clash with the “down” RBD of the adjacent protomer (magenta) and, therefore,
the adjacent RBD can only exist in an “up” conformation. (E) A close-up view of the Fab-spike interface showing the
superimposition of CR3022 Fab and adjacent RBD. The residues that can contribute to quaternary interactions
between CR3022 light chain and the NTD in two of the four classes (2 and 4) are shown.

https://doi.org/10.1371/journal.ppat.1009089.g005
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classification yielded 4 different structural classes with classes 2 and 4 being nearly identical at

the given resolution (Figs 5C and S5). Class 3 is the most similar to the model from nsEM,

although the total particle number for classes 2 and 4 together exceed that for class 3 (S5 Fig).

In contrast, class 1 is the least represented. In classes 2 and 4, CR3022 also appears to make

quaternary contacts with the NTD, as suggested by well-defined density in the CR3022-NTD

interface (Fig 5C). The moderate resolution (6 to 7 Å) of the reconstructions precludes
atomic-level descriptions, but the framework region of the CR3022 light chain in classes 2 and

4 is in close proximity to a loop region in NTD corresponding to residues 106–110. In addi-

tion, the constant region of CR3022 appears to contact residue D23 of NTD. Another notable

observation is that the Fab in class 2 and 4 would clash with the adjacent RBD if it were in the

“down” conformation. So, for the Fab to exist in this quaternary conformation, the adjacent

RBD has to be in the “up” conformation. To evaluate the different dispositions of the RBD in

these structures, we compared the cryo-EM structure of an apo form of the SARS-CoV S pro-

tein where one RBD is the “up” conformation (PDB 6ACD) [35]. The RBD in classes 1 to 4 are

rotated by 84.1˚, 54.3˚, -54.7˚, and 53.7˚, respectively, relative to the apo one-up conformation

(see Materials and Methods). Furthermore, the CR3022-bound RBD in class 2 and 4 is more

open than in the apo form (S6 Fig), demonstrating the rotational flexibility of the RBD. In fact,

RBD conformational flexibility has also been noted in an ACE2-bound SARS-CoV S protein.

Three different dispositions (1 to 3) of the RBD were observed in ACE2-bound SARS-CoV S

protein with RBD tilts relative to horizontal top surface of the S trimer of 51.2˚, 73.3˚ and

111.6˚ compared to 68.9˚ for the apo one-up structure [35]. Our classes 2 and 4 appear to be

somewhat intermediate between dispositions 2 and 3 (S7 Fig), whereas the other classes differ

from the RBD dispositions in the ACE2-bound SARS-CoV S structures. Overall, these struc-

tural analyses indicate that RBD rotational flexibility and acquisition of quaternary interac-

tions can play an important role in CR3022 interaction with the S protein. CR3022 adds to the

growing list of neutralization antibodies that can utilize quaternary interactions for binding to

the S protein [12,36].

Despite the flexibility of CR3022-bound RBD, bivalent binding of CR3022 to S protein does

not seem to occur on the virus surface since an IgG avidity effect was not observed in the neu-

tralization assay (see above, Fig 2).

Discussion

While it is now known that SARS-CoV and SARS-CoV-2 differ in antigenicity despite rela-

tively high sequence conservation [1,3,4,14], there is a paucity of understanding of the underly-

ing molecular determinants of these antigenic changes and the structural consequences of

these differences. Through structural analysis of the CR3022-RBD complex and mutagenesis

experiments, we show that a single amino-acid substitution at residue 384 contributes to an

important antigenic difference in a highly conserved (neutralizing) epitope between SARS--

CoV-2 and SARS-CoV.

While CR3022 cannot neutralize SARS-CoV-2 WT in almost all studies [3,5,20,22], it can

neutralize the SARS-CoV-2 P384A mutant. The KD of CR3022 Fab to SARS-CoV-2 WT RBD

is 68 nM, whereas to SARS-CoV-2 P384A RBD is 1 nM (Fig 1B and 1C), indicating that the

affinity threshold for neutralization of SARS-CoV-2 to this epitope is in the low nM range.

However, despite having a low nM affinity to SARS-CoV-2 P384A RBD, CR3022 only weakly

neutralizes SARS-CoV-2 P384A with an IC50 of 3.2 μg/ml and SARS-CoV with an IC50 of

5.2 μg/ml. In contrast, antibodies with similar or less Fab binding affinity to other RBD epi-

topes, such as the receptor binding motif, can neutralize SARS-CoV-2 much more efficiently.

For example, previously characterized SARS-CoV-2 antibodies CC12.1 and CC12.3, which
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have a KD of 17 nM and 14 nM to SARS-CoV-2 RBD, respectively, neutralize SARS-CoV-2 at

an IC50 of ~20 ng/ml [3,37]. Of note, the KD and IC50 of CC12.1 and CC12.3 were measured in

the same manner as this study. The lack of correlation between affinity and neutralizing activ-

ity is therefore not due to the difference in the assays between studies. In fact, a previous study

also demonstrated a lack of correlation between RBD binding and neutralization for monoclo-

nal antibodies [3]. Together, these observations suggest that the affinity threshold for SARS--

CoV-2 neutralization is different for different RBD-targeting antibodies.

The difference in affinity threshold for different epitopes is likely to be related not only in

the ability to block ACE2-binding [3,38], but also in antibody avidity where bivalent binding

can cross-link different RBD domains on the same or different spikes and, hence, substantially

enhance binding and neutralization [23,39]. Since we first reported the structure of CR3022 in

complex with SARS-CoV-2 RBD [20], multiple cross-neutralizing antibodies, including

COVA1-16 [39], EY6A [17], H014 [40], and ADI-56046 [6], have been shown to bind epitopes

that largely overlap with the CR3022 epitope. One of these antibodies, COVA1-16, has a strong

IgG avidity effect in the neutralization assay in contrast to CR3022 [39]. Such a drastic differ-

ence in IgG avidity between CR3022 and COVA1-16 may be due to their very different angles

of approach in binding to RBD, which may in turn accommodate bivalent binding of IgG

COVA1-16 but not CR3022 (S8 Fig). As IgG avidity continues to emerge as an explanation for

the observed potency of SARS-CoV-2 neutralizing antibodies often with little to no somatic

mutations [41], future studies should investigate which epitopes and antibody approach angles

give rise to avidity to the spike protein on the virus.

Given the scale of the outbreak, SARS-CoV-2 may persist and circulate in humans for years

to come [42]. A number of SARS-CoV-2 vaccine candidates are currently under clinical trials

(https://clinicaltrials.gov/ct2/who_table) [43], which offer a potential solution to alleviate the

global health and socio-economic devastation bought by SARS-CoV-2. However, whether

SARS-CoV-2 can escape vaccine-induced immunity through antigenic drift remains to be

determined, although escape mutations to many monoclonal antibodies have been tested in

vitro [2]. Identification of the key residues that are responsible for differences in antigenicity

among SARS-CoV-2, SARS-CoV, and possibly other SARS-related viruses, should provide a

starting point to understand the potential for antigenic drift in SARS-like coronaviruses. The

ongoing efforts in SARS-CoV-2 antibody discovery and structural characterization will there-

fore advance our molecular understanding of antigenic variation in SARS-like CoVs, and con-

sequences for vaccine and therapeutic design, especially to cross-neutralizing epitopes, which

could aid in protection against future epidemics or pandemics.

Materials andmethods

Expression and purification of RBD

RBD (residues 319–541) of the SARS-CoV-2 spike protein (GenBank: QHD43416.1) and RBD

(residues: 306–527) of the SARS-CoV spike (S) protein (GenBank: ABF65836.1) were fused

with an N-terminal gp67 signal peptide and a C-terminal His6 tag, and cloned into a custom-

ized pFastBac vector [44]. Recombinant bacmid DNA was generated using the Bac-to-Bac sys-

tem (Thermo Fisher Scientific). Baculovirus was generated by transfecting purified bacmid

DNA into Sf9 cells using FuGENE HD (Promega), and subsequently used to infect suspension

cultures of High Five cells (Thermo Fisher Scientific) at an MOI of 5 to 10. Infected High Five

cells were incubated at 28˚C with shaking at 110 r.p.m. for 72 h for protein expression. The

supernatant was then concentrated using a 10 kDa MW cutoff Centramate cassette (Pall Cor-

poration). For the binding study, constructs were cloned into phCMV3 and transiently trans-

fected into Expi293F cells using ExpiFectamine 293 Reagent (Thermo Fisher Scientific)
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according to the manufacturer’s instructions. The supernatant was collected at 7 days post-

transfection. The RBD proteins were purified by Ni-NTA, followed by size exclusion chroma-

tography, and buffer exchanged into 20mM Tris-HCl pH 7.4 and 150mMNaCl.

Expression and purification of SARS-CoV spike

The SARS-CoV spike construct (Tor2 strain) for recombinant spike protein expression con-

tains the mammalian-codon-optimized gene encoding residues 1–1190 of the spike followed

by a C-terminal T4 fibritin trimerization domain, a HRV3C cleavage site, 8x-His tag and a

Twin-strep tags subcloned into the eukaryotic-expression vector pαH. Residues at 968 and 969

were replaced by prolines for generating stable spike proteins as described previously [28]. The

spike plasmid was transfected into FreeStyle 293F cells and cultures were harvested at 6-day

post-transfection. Proteins were purified from the supernatants on His-Complete columns

using a 250 mM imidazole elution buffer. The elution was buffer exchanged to Tris-NaCl

buffer (25 mM Tris, 500 mMNaCl, pH 7.4) before further purification using Superose 6

increase 10/300 column (GE Healthcare). Protein fractions corresponding to the trimeric

spike proteins were collected and concentrated.

Expression and purification of CR3022 Fab

The CR3022 Fab heavy (GenBank: DQ168569.1) and light (GenBank: DQ168570.1) chains were

cloned into phCMV3. The plasmids were transiently co-transfected into Expi293F cells at a ratio of

2:1 (HC:LC) using ExpiFectamine 293 Reagent (Thermo Fisher Scientific) according to the manu-

facturer’s instructions. The supernatant was collected at 7 days post-transfection. The Fab was puri-

fied with a CaptureSelect CH1-XL Pre-packed Column (Thermo Fisher Scientific) followed by size

exclusion chromatography. For crystallization, a VSRRLP variant of the elbow region was used to

reduce the conformational flexibility between the Fab constant and variable domains [25].

Crystallization and structural determination

Purified CR3022 Fab with a VSRRLPmodification in the elbow region and SARS-CoV RBD

were mixed at a molar ratio of 1:1 and incubated overnight at 4˚C. The complex (7.5 mg/ml) was

screened for crystallization using the 384 conditions of the JCSG Core Suite (Qiagen) on our cus-

tom-designed robotic CrystalMation system (Rigaku) at Scripps Research by the vapor diffusion

method in sitting drops containing 0.1 μl of protein and 0.1 μl of reservoir solution. Optimized

crystals were then grown in 2 M sodium chloride and 10% PEG 6000 at 4˚C. Crystals were grown

for 7 days and then flash cooled in liquid nitrogen. Diffraction data were collected at cryogenic

temperature (100 K) at Stanford Synchrotron Radiation Lightsource (SSRL) beamline 12–2 with

a wavelength of 1.033Å, and processed with HKL2000 [45]. Structures were solved by molecular

replacement using PHASER [46] with PDB 6W41 for CR3022 Fab [20] and PDB 2AJF for SARS--

CoV RBD [47]. Iterative model building and refinement were carried out in COOT [48] and

PHENIX [49], respectively. Ramachandran statistics were calculated using MolProbity [50].

Construction of individual mutants

Individual mutants for validation experiments were constructed using the QuikChange XL

Mutagenesis kit (Stratagene) according to the manufacturer’s instructions.

Negative-stain electron microscopy

Six molar excess of CR3022 Fab (unmodified) was added to SARS-CoV spike protein 1 hour

prior to direct deposition onto carbon-coated 400-mesh copper grids. The grids were stained
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with 2% (w/v) uranyl-formate for 90 seconds immediately following sample application. Grids

were imaged on Tecnai T12 Spirit at 120 keV with a 4k x 4k Eagle CCD. Micrographs were col-

lected using Leginon [51] and images were transferred to Appion [52] for particle picking

using a difference-of-Gaussians picker (DoG-picker) [53] and generation of particle stacks.

Particle stacks were further transferred to Relion [54] for 2D classification followed by 3D clas-

sification to select good classes. Select 3D classes were auto-refined on Relion and used for

making figures using UCSF Chimera [55].

Cryo-EM sample preparation

SARS-CoV spike protein was incubated with six molar excess of CR3022 Fab for 2 h. 3.5 μL of

the complex (0.9 mg/ml) was mixed with 0.5 μL of 0.04 mM lauryl maltose neopentyl glycol

(LMNG) solution immediately before sample deposition onto a 1.2/1.3 300-Gold grid (EMS).

The grids were plasma cleaned for 7 seconds using a Gatan Solarus 950 Plasma system prior to

sample deposition. Following sample application, grids were blotted for 3 seconds before

being vitrified in liquid ethane using a Vitrobot Mark IV (Thermo Fisher).

Cryo-EM data collection and processing

Data collection was performed using a Talos Arctica TEM at 200 kV with a Gatan K2 Summit

detector at a magnification of 36,000x, resulting in a 1.15 Å pixel size. Total exposure was split

into 250 ms frames with a total cumulative dose of*50 e-/Å2. Micrographs were collected

through Leginon software at a nominal defocus range of -0.4 μm to -1.6 μm andMotionCor2

was used for alignment and dose weighting of the frames [51,56]. Micrographs were trans-

ferred to CryoSPARC 2.9 for further processing [57]. CTF estimations were performed using

GCTF and micrographs were selected using the Curate Exposures tool in CryoSPARC based

on their CTF resolution estimates (cutoff 5 Å) for downstream particle picking, extraction and

iterative rounds of 2D classification and selection [58]. Particles selected from 2D classes were

transferred to Relion 3.1 for direct C3 refinement, symmetry expansion of particles and itera-

tive rounds of 3D focused classification using spherical masks around the RBD and Fab [54].

Final subsets of clean particles from 4 different classes were each refined with C1 symmetry.

Figures were generated using UCSF Chimera and UCSF Chimera X [55].

Calculation of rotation angles

Comparisons of subunit rotation angles among different structures were performed with a

software ‘Superpose’ in the CCP4 package [59,60]. For each classified conformation, the Cα
atoms of the RBD domain are superimposed to the equivalent atoms of the RBD in “up”-con-

formation in a previously reported spike trimer cryo-EM structure (PDB 6ACD) [35]. The

rotation matrices generated by superposing each pair of structures with ‘Superpose’ were

adopted to calculate the subunit rotation angle following the equation shown as below:

y ¼ cos�1
X

11
þ Y

22
þ Z

33
� 1

2

where θ is the subunit rotation angle, X11, Y22, and Z33 represent the X11, Y22, and Z33 values in

the rotation matrix calculated for the superpose.

Biolayer interferometry binding assay

Binding assays were performed by biolayer interferometry (BLI) using an Octet Red instru-

ment (FortéBio) as described previously [61]. Briefly, His6-tagged RBD proteins at 20 to
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100 μg/ml in 1x kinetics buffer (1x PBS, pH 7.4, 0.01% BSA and 0.002% Tween 20) were loaded

onto Anti-Penta-HIS (HIS1K) biosensors and incubated with the indicated concentrations of

CR3022 Fab. The assay consisted of five steps: 1) baseline: 60 s with 1x kinetics buffer; 2) load-

ing: 300 s with His6-tagged S or RBD proteins; 3) baseline: 60 s with 1x kinetics buffer; 4) asso-

ciation: 120 s with samples (Fab or IgG); and 5) dissociation: 120 s with 1x kinetics buffer. For

estimating the exact KD, a 1:1 binding model was used.

Pseudovirus neutralization assay

Pseudovirus preparation and assay were performed as previously described [3]. Briefly, MLV-

gag/pol and MLV-CMV plasmids was co-transfected into HEK293T cells along with full-

length or P384A SARS-CoV-2 spike plasmids using Lipofectamine 2000 to produce pseudo-

viruses competent for single-round infection. The supernatant containing MLV-pseudotyped

viral particles was collected at 48 hours post transfection, aliquoted and frozen at -80˚C until

used. For each well in a 96-well half-area plate, 25 μl of virus was immediately mixed with 25 μl
of serially diluted IgG or Fab, and incubated for 1 hour at 37˚C. For each well, 10,000 HeLa-

hACE2 cells in 50 μl of media supplemented with 20 μg/ml dextran were added to the anti-

body-virus mixture. The 96-well half-area plate was then incubated at 37˚C. At 42 to 48 hours

post-infection, HeLa-hACE2 cells were lysed using 1x luciferase lysis buffer (25 mMGly-Gly

pH 7.8, 15 mMMgSO4, 4 mM EGTA, and 1% Triton X-100). Luciferase intensity was then

measured using Bright-Glo Luciferase Assay System (Promega) according to the manufactur-

er’s instructions. Percentage of neutralization was calculated using the following equation:

% neutralization

¼ 100� 1�
RULs of sample� Average RULs of Background

Average of RULs of Virus only control � Average RULs of Backgroud

� �

Phylogenetic tree construction

RBD protein sequences from SARS-CoV-2, SARS-CoV, and SARS-related coronavirus

(SARSr-CoV) strains were retrieved from the following accession codes:

• GenBank QHD43416.1 (SARS-CoV-2)

• GenBank ABF65836.1 (SARS-CoV)

• GenBank AID16716.1 (Bat SARSr-CoV Longquan-140)

• GenBank AAY88866.1 (Bat SARSr-CoV HKU3-1)

• GenBank AIA62320.1 (Bat SARSr-CoV GX2013)

• GenBank AIA62310.1 (Bat SARSr-CoV HuB2013)

• GenBank ACU31032.1 (Bat SARSr-CoV Rs672)

• GenBank AAZ67052.1 (Bat SARSr-CoV Rp3)

• GenBank AIA62300.1 (Bat SARSr-CoV SX2013)

• GenBank ABD75323.1 (Bat SARSr-CoV Rf1)

• GenBank AVP78031.1 (Bat SARSr-CoV ZC45)

• GenBank AVP78042.1 (Bat SARSr-CoV ZXC21)

• GISAID EPI_ISL_410721 (Pangolin BetaCoV Guandong2019)
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• GenBank QHR63300.2 (Bat CoV RaTG13)

• NCBI Reference Sequence YP_003858584.1 (Bat SARSr-CoV BM48-31)

• GenBank ALK02457.1 (Bat SARSr-CoVWIV16)

• GenBank AGZ48828.1 (Bat SARSr-CoVWIV1)

Multiple sequence alignment of the RBD sequences was performed by MUSCLE version

3.8.31 [62]. Phylogenetic tree was generated by FastTree version 2.1.8 [63] and displayed by

FigTree version 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

Supporting information

S1 Fig. Phylogenetic tree of S proteins from SARS-CoV-2, SARS-CoV, and SARS-related

coronavirus (SARSr-CoV) strains. Branches corresponding to strains that have A384 are col-

ored in red on the phylogenetic tree. Scale bar represents 0.05 amino-acid substitutions per

position.

(PDF)

S2 Fig. X-ray electron density maps for epitope and paratope regions of SARS-CoV RBD

with Fab CR3022. (A) Final 2Fo-Fc electron density maps for the side chains in the epitope

region of SARS-CoV-2 contoured at 1 σ. (B) Final 2Fo-Fc electron density maps for the para-

tope region of CR3022 contoured at 1 σ. The heavy chain is colored in orange, and light chain

in yellow. Epitope and paratope residues are labeled.

(PDF)

S3 Fig. Structural alignment of CR3022-bound SARS-CoV RBD and CR3022-bound

SARS-CoV-2 RBD. Structure of CR3022 in complex with SARS-CoV RBD (this study) is

aligned to that with SARS-CoV-2 RBD (PDB 6W41). Structural alignment was performed

using CR3022 heavy chain variable domain. Red: CR3022 in complex with SARS-CoV RBD.

Blue: CR3022 in complex with SARS-CoV-2 RBD.

(PDF)

S4 Fig. Representative cryo-electron micrograph and 2D class averages of the SARS-CoV

spike in complex with CR3022 Fab. The top panel shows a representative cryo-electron

micrograph of the SARS-CoV spike complexed with CR3022 Fab, whereas the bottom panels

show the 2D class averages.

(PDF)

S5 Fig. Workflow for cryo-EM data processing. Four 3D class averages of complex of the

SARS-CoV spike and CR3022 were found during data processing.

(PDF)

S6 Fig. Comparison of conformations of CR3022-bound and unbound RBDs. The confor-

mation of CR3022-bound RBD in class 2 and 4 is compared to the conformation of RBD on

an unliganded SARS-CoV S protein (PDB 6ACD) [35].

(PDF)

S7 Fig. Comparison of conformations of CR3022-bound and ACE2-bound RBDs. The con-

formation of CR3022-bound RBD in class 2 and 4 is compared to that of dispositions 2 and 3

of ACE2-bound RBD (PDB 6ACJ and 6ACK, respectively) [35].

(PDF)
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S8 Fig. Comparison of the angles of approach of CR3022 and COVA1-16 to RBD. The

angles of approach of CR3022 (blue) and COVA1-16 (wheat, PDB 7JMW) [39] to RBD are

compared. Receptor-binding motif (residues 472–498) on the RBD is colored in pink.

(PDF)

S1 Table. X-ray data collection and refinement statistics.
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S2 Table. Cryo-EM data collection and refinement statistics.
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