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Abstract

Corona viruses hijack human enzymes to assembly sugar coat on Spike glycoproteins. The
mechanism that human antibodies may uncover the antigenic viral peptide epitopes hidden by
sugar coat are unknown. In this study, we analyzed recombinant SARS-CoV-2 Spike protein
secreted from BTI-Tn-5B1-4 cells, by trypsin and chymotrypsin digestion followed by mass
spectrometry analysis. We acquired MS/MS spectrums for glycopeptides of all 22 predicted N-
glycosylated sites. We further analyzed the surface accessibility of Spike proteins according to
Cryo-EM and homolog-modeled structures, and available antibodies that bind to SARS-CoV-1.
The results showed that all 22 N-glycosylated sites of SARS-CoV-2 are modified by high-
mannose type of N-glycans. MS/MS fragmentation clearly established the glycopeptide identities.
Electron densities of glycans cover most of the Spike receptor binding domain of SARS-CoV-2,
except YQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQ, similar to a region
FSPDGKPCTPPALNCYWPLNDYGFYTTTGIGYQ in SARS-CoV-1. Other surface-exposed
domains included those located on Central Helix, between amino acids 967 and 1016 of SARS-
CoV-1, and 985 to 1034 of SARS-CoV-2 Spike protein. As the majority of antibody paratopes
bind to peptide portion with or without sugar modification, we propose a snake-catcher model
that a minimal length of peptide is first clamped by a paratope, and the binding is either

strengthened by sugars close to peptide, or not interfered by sugar modification.

Key words: SARS-CoV?2; corona virus; glycopeptide; N-linked glycans; mass spectrometry;

antibody; cryo-EM structure; crystal structures; epitope prediction
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Introduction

Spike proteins are located on the surface of corona viruses and serve as entry proteins for
infection (1). The Spike molecule forms trimers, which must be cleaved by cellular proteases so
that the fusion peptide can facilitate the fusion of virus membrane with the infected cells. The
proteases generate S1 and S2 subunits from Spike molecule, and the S1 subunit contains the
critical receptor binding domain (RBD) to bind ACE2 of host cells. The receptor binding motif
(RBM) of the receptor binding domain, rich in tyrosine, forms direct contacts with ACE2. The
fusion of the virus with the host cells involves several other critical structures of the Spike

protein, including Central Helix (CH) and heptad repeat 1 and 2 (HR1 and HR2) domains.

Spike glycoproteins are major targets for vaccine design and antibody-based therapies for corona
viruses. Several antibodies targeting Spike proteins of SARS-CoV showed promising efficacy in
preclinical trials (2-18). Besides the crucial RBD, structural studies suggest that other domains
including fusion peptide, HR1 and Central Helix are also potential targets for antibody binding
(19). In all corona viruses, Spike glycoproteins are densely glycosylated, with more than 20
predicted sites for N-glycosylation. The function of these glycans in immune escape of virus

remain unknown.

In this study, we analyzed recombinant SARS-CoV-2 Spike protein expressed by insect cells.
We acquired MS/MS spectrum for all glycopeptides generated by sequential digestion using
trypsin and chymotrypsin. We further analyzed the cryo-EM structure of Spike proteins, to

identify surface-exposed epitopes for antibody recognition as well as vaccine design.
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Results

N-glycosylation sites for coronal viruses

A total of 22 N-glycosylation sites were found in the recombinant Spike protein of SARS-CoV-2
secreted from BTI-Tn-5B1-4 cells (Figure 1). All 22 N-glyco-sites were confirmed by fragment
ions of glycan moieties and characteristic b/y ions derived from peptide backbones
(Supplemental Figure 1). Among them 8 are located in N-terminal domain (NTD), 2 are located
in receptor-binding domain (RBD), 3 are located in the rest of S1 subunit. 9 are located in the S2
subunit. The glycosylation pattern of Spike protein is highly conserved in SARS-CoV-1, MERS,
and SARS-CoV-2 corona viruses. The NTD and HR2 domains are densely glycosylated. The
fusion peptide (FP) domain is neighbored by N-glyco-site N657. In contrast, the receptor binding
motif, the CH domain and the HR1 domain are free of glycosylation. The majority of N-glycan
moieties are high-mannose type (Supplemental Table 1&2), which is consistent with the
glycosylation pathway of the BTI-Tn-5B1-4 insect cell line used to produce recombinant Spike

protein.

By Cryo-EM structure modeling (PDB: 5X58), 14 sites of N-glycosylation were observed. The
GIcNAc (NAG) groups were identified at the reducing end of glycans, and the density map of
extending glycan chains are still visible although the density is relatively weak (Figure 2A, B,
and C). The RBD region of SARS-CoV Spike protein is covered by glycan density except
FSPDGKPCTPPALNCYWPLNDYGFYTTTGIGYQ, which overlaps with an “Achilles heel”

for antibody binding as pointed out by Berry et al (9).
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The Spike protein of SARS-CoV-2 contain 22 N-glycosylation sites (displayed in yellow in
Figure 2D). When trimer structures of S protein of SARS-CoV-1 and SARS-CoV-2 are aligned
(RMSD~1.32 for single chain), the structures are very similar except few loops, such as those at
the N-terminal of NTD (Supplemental Figure 2). The predicted glycosylation sites are most
conserved by sequence alignment and structure comparison. Fourteen of 22 sites are observed by
Cryo-EM for SARS-CoV-1 S protein, and most predicted sites of SARS-CoV-2 are located
similarly to SARS-CoV (Figure 2E). The RBD domain are overall highly conserved with
sequence identity (74.5%), structure (RMSD~1.14A), and two identical glycosylation-sites near
the N terminal (Figure 2F), while the sequence specificity of epitopes remains unique in some
region (Tables 1&2). A similar surfaced exposed region, or “Achilles heel”,
YQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQ, was identified in RBD of SARS-CoV-
2. Interestingly, the “Achilles heel” for both SARS-CoV-1 and SARS-CoV-2 is also free of
glycosylation, while its neighbor fragments are covered or interacted by glycosylation. This

region free of glycosylation is favorable for ACE2 and other protein binding (Figure 2G).

Accessible surface area (ASA) calculated according to electron density of glycans on Spike
proteins of SARS-CoV-1 and SARS-CoV-2

The ASA profiling was used for mAb epitopes prediction (Supplemental Figure 3). Candidate
epitopes were listed in Table 1 and Figure 3. In addition to RBD domains, multiple potential
candidate epitopes from amino acid sequences at FP, HR1 and CH domains. Figure 4 shows the
alignment of epitopes of Spike proteins of SARS-CoV-1 and SARS-CoV-2. Similar sites were
found in RBD domains and CH domains of both viruses. However, unique sites were also found

for each virus (Table 2 and Supplemental Figure 4). A unique epitope only existing in SARS-
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CoV-2, but not in SARS-CoV-1, is the RARR (682-685) site for furin recognition (Supplemental

Figure 5).

Discussion

Neutralizing antibodies toward Spike proteins are critical for protective immunity. Traggiai et al.
reported Spike-specific monoclonal antibodies isolated from a patient who recovered from
SARS-CoV infection, with in vitro neutralizing activity ranging from 10°M to 10 M (2).
Several other groups reported monoclonal antibodies targeting Spike (3-15). Spike protein has
also been the focus for vaccine development (20). High titers of 1gG antibodies were reported to
protect mice from SARS-CoV or MERS-CoV viral infection in mice vaccinated by DNA or
subunit vaccines composed by Spike proteins (or RBD of Spike proteins) and adjuvants (21-29).
TLR ligands, delta inulin, monophosphoryl lipid A were reported as effective adjuvants to be
combined with subunit vaccines. To avoid the use of adjuvant, inactivated SARS-CoV viruses or
recombinant adeno-associated virus encoding RBD of SARS-CoV spike protein have been
studied, which induced potent protective antibody responses against infection (30-33). The safety
and efficacy of antibody therapeutics and vaccines in human clinical trials remain to be studied,
as well as the mechanism for specific vaccine component and formulation. For example,
pulmonary pathology was reported when alum was used as adjuvant for Spike protein subunit
vaccine (34). Antibody-induced lung injury was also reported in macaque model of SARS-CoV

infection (35), which highlights the importance to avoid antibody-medicated inflammation.

RBD domain has been a main focus for antibody and vaccine studies. Three antibodies

complexed with RBD of SARS-CoV has been co-crystalized, including 80R, m396, F26G19
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(16-18). All three antibodies recognize non-continuous, conformational epitopes (Supplemental
Table 3). Several mADb clones that recognize linear continuous peptide sequences have been

reported (4D5, 17H9, F26G18, and 201), although co-crystal structures are not available yet.

In this study, we have identified the ASA profiling of RBD of SARS-CoV-2, and found a
vulnerable region, YQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQ. Previously, the
structural counterpart of this region is termed as “the Achilles heel” of SARS-CoV (9). Itis
mostly overlapped with the interface between ACE2 and S protein (Figure 1G). For SARS-CoV,
multiple mAbs targeting the “the Achilles heel” of SARS-CoV have been generated, including
F26G18, 4D5, CR3006, m396, FM39, CR3014, F26G19 and 80R (Supplemental Table 3).
Ongoing studies are being focused on the epitopes at “the Achilles heel” of SARS-CoV-2 for

antibody and vaccine development.

In the past, it is well known that the predicted epitopes of protein antigens may be masked by
glycosylation. Complex dataset and algorithm have been developed, which are based on training
parameters related to interactions of glycans and surrounding amino acids, such as SEPPA 3.0
(36). However, no experimental data is available on the effect of glycosylation sites on epitope
surface. With the recent breakthrough by high-resolution Cryo-EM, many glycoproteins can be
solved and modeled with glycosylation sites. Here we directly exploit experiment data of SARS-
CoV Spike protein from high resolution Cryo-EM, and screened epitopes for SARS-CoV2 Spike
protein by ASA profiling based on homology-modeled structure. By this approach, we have
identified the “Achilles heel” of SARS-CoV-2 virus, as well as multiple other surface-exposed

epitopes within and outside of RBD. For example, in NBD domain of SARS-CoV-1 Spike
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protein, mAbs specific for linear epitopes have been reported (3, Supplemental Table 3). MAbs
specific to other regions of S1 subunit and S2 subunits of SARS-CoV Spike protein were also
reported (6). As summarized in Table 1, promising antibody binding sites within RBD and
outside of RBD have been identified for SARS-CoV-2, future studies will be focused on
vaccination studies to validate their function as neutralizing epitopes with preventive and

therapeutic effects in virus challenge experiments.

Dense glycosylation of glycoproteins is a well-known strategy used by viruses to conceal surface
peptide epitopes which elicit antibody responses, as exemplified by Env protein of HIV-1 virus.
However, after decades of effort, monoclonal antibodies which bind to conformational epitopes
on surface of the Env protein have been identified (36-38). Most of these antibodies bind to N-
glycan portion neighboring the peptide epitopes, while some antibodies such as mAb 8ANC195
have evolved to recognize peptide epitope with no dependence on glycan binding (36). For
antibodies specific to Spike glycoproteins, there is no data available whether their recognition is
interfered by the glycosylation of Spike. We propose a “snake catcher” model that a minimum
length of peptide portion, either linear continuous, or conformational, must first be first clamped
by a paratope. This clamping effect may either be strengthened by sugars close to the peptide
epitope, or not interfered by sugar modification. Clearly, the availability of surface-exposed

glycopeptide motifs are critical for inducing antibody responses.

In summary, our study clearly identified all of the 22 N-glyco-sites of SARS-CoV2 Spike protein
by mass spectrometry. We have identified a list of linear surface exposed epitopes in Spike

proteins of SARS-CoV-1 and SARS-CoV-2, and demonstrated the advantages to study
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glycosylation effect with real Cryo-EM data. These epitopes are critical for screening of
monoclonal antibody therapeutics to treat SARS-CoV-2 viruses, as well as mechanistic studies

on vaccine development.

Methods
Prediction of glycosylation sites

Spike proteins for SARS-CoV-2 (GenBank Accession Number: MN908947), SARS-CoV-1
(AB263618), MERS (KM027290) were predicted by NetNGlyc.

The sequence identity of the spike proteins between SARS-CoV-2 and SARS-CoV-1 is as high
as 84%, which is sufficient to build an accurate homolog model. The sequence of MN908947
was submitted and the structure model was built against all available homolog structures as
templates by SWISS-MODEL. One stable conformation of trimer structure models for SARS-
CoV-2 is very close to Spike protein structure from SARS-CoV-1 (PDB: 5X58), and their
RMSD of single protein chain is about 1.32 A after two structures are super-imposed and

compared in PyMol (Figure 2D&E).

Expression of a recombinant SARS-CoV-2 secreted by insect cells

Recombinant baculovirus was generated as by a Fastbac.1 donor vector and DH10Bac E. coli
strain. The signal peptide and secretion signal of Spike protein (GenBank Accession Number:
MN908947) were directly used in recombinant protein. The cDNA sequence containing the
encoding region of aal to 1224, fused with a 9-histine tag at C-terminal, was cloned into

pFastbac.1 vector. The recombinant baculoviruses were generated by transposon-mediated


https://doi.org/10.20944/preprints202002.0381.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 April 2020 d0i:10.20944/preprints202002.0381.v2

recombination, and used to infect BTI-Tn-5B1-4 insect cells. Recombinant protein was purified

by affinity chromatography.

Protein digestion by trypsin and chymotrypsin

S Protein was precipitated with trichloroacetic acid solution (6.1N). The protein pellet was
subsequently dissolved in 8 M urea in 2100mM Tris-HCI, pH 8.5. TCEP (tris(2-
carboxyethyl)phosphine, 5 mM) was added and incubated for 20 minutes at room temperature to
reduce the protein, and iodoacetamide (10mM) were subsequently added and incubated for 15
minutes to alkylate the protein. The protein mixture was digested with chymotrypsin (Wako) at

1:100 ratio at 25°C, followed by trypsin (Promega) at 1:50 ratio (w/w) at 37°C. The reaction was

terminated by adding formic acid, and the peptide mixture was desalted with mono-Spin C18

column (GL Sciences).

LC/MS/MS analysis

The desalted peptide mixture was loaded onto a homemade 30 cm analytical column (ReproSil-
Pur C18-AQ 1.9 um resin, Dr. Maisch GmbH, 360pum ODx 75um ID) connected to an Easy-nLC
1000 system (Thermo Scientific, San Jose, CA) for mass spectrometry analysis. The mobile
phase and elution gradient used for peptide separation were set as follows: 0-1 min, 0%-2 % B;
1-10 min, 2-7% B; 10-90 min, 7-27% B; 90-112 min, 27-35% B; 112-115 min, 35-95% B;115-
125 min, 95% B;125-127 min, 95-2% (buffer A: 0.1% FA in water and buffer B: 0.1% FA in
Acetonitrile ) at a flow rate of 300 nL/min. Peptides eluted from the LC column were directly
electro-sprayed into the mass spectrometer with the application of a distal 1.8-kV spray voltage.

Survey full-scan MS spectra (from m/z 800-2000) were acquired in the orbitrap analyzer (Q

10
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Exactive mass spectrometer, Thermo Scientific, San Jose, CA), with resolution r =70,000 at m/z
400. Top 20 MS/MS events were sequentially generated from the full MS spectrum with a
resolution of 35, 000, step-NCE (20, 30, 40), intensity threshold of 1.2 x 10%, AGC target 2 x 10°

and maximum injection time 250 ms of the ions, using an isolation window of 2.0 m/z.

Mass spectrometry data processing
All acquired MS/MS and MS data were interpreted and analyzed as described (39) by the pGlyco

2.0 (version 2019.01.01, http://pfind.ict.ac.cn/software/pGlyco/index.html) glycopeptide

identification, and by Byologic v3.5 for quantification . Parameters for database search of intact
glycopeptide were as follows: mass tolerance for precursors and fragment ions were set as = 7
and = 20 ppm, respectively. The enzyme were trypsin and chymotrypsin. Maximal missed
cleavage was 2. Fixed modification was carbamidomethylation on all Cys residues (C +57.022
Da). Variable modifications contained oxidation on Met (M +15.995 Da). The N-glycosylation
sequon (N-X-S/T, X # P) was modified by changing “N” to “J” (the two shared the same mass).

The glycan database was extracted from GlycomeDB (www.glycome-db.org). All identified

spectra could be automatically annotated and displayed by the software tool gL.abel embedded in
pGlyco2.0, which facilitates manual verification. Parameters setting in Byonic were same as that
in pGlyco2.0 except the built-in N-glycan database (N-glycan 38 insect glycan) was used for
database searching. The identified N-glycopeptides were further examined manually to verify the
accuracy of identification. The glycopeptides were quantified by Byologic based on XIC AUC

(the extracted ion chromatogram area under the curve).

Calculation according to electron density of glycans on SARS-CoV Spike protein

11
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Glycosylation sites were solved and determined from high-resolution Cryo-EM density map,
while only N-Acetyl-D-glucosamine (NAG, GIcNAC) is determined to represent a whole glycan
due to the glycan flexibility and disorder. The SARS spike protein structure (PDB:5X58),
together with the NAG (GIcNAC) sites, were applied for molecular interface calculation with

PISA (http://www.ccp4.ac.uk/pisa/). All the amino acids linking or interacting with NAG

(GIcNAC) were selected and excluded in epitope prediction. Besides the interaction between
NAG (GIcNAc at reducing end) and amino acids, the effects of larger structure of glycans
extending from every NAG (GIcNAc) may also need to be considered, as shown as in Figure 2C,

although their electron densities are weak.

Calculation according to homology-modeled structure of SARS-CoV-2 protein

The same molecular interface calculation procedure described above was applied to calculate the
ASA and screen the corresponding antigen epitopes, except the glycosylation effect could not be
measured due to structure unavailable so far. As most glycosylation sites are conserved due to
high similarity of these two spike proteins, we could predict the glycosylation site effects in
SARS-CoV-2 spike structure as well. When predicted epitopes collide with the amino acid
residues interacting with NAG (GIcNAc), they were removed from the candidates by cross-

reference of the SARS-CoV data.
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Figure legends:
Figure 1. N-glycosylation sites of SARS-CoV-2. NTD, N-terminal domain; RBD, receptor

binding domain; FP, fusion peptide; HR1, helix region 1; CH, central helix; HR2, helix region 2.

Figure 2. The spike structures of SARS-CoV-1 and SARS-CoV-2

A. The SARS-CoV spike protein structure (green, PDB:5X58) and its density map (yellow) with
glycosylation (pink) from the solvent side view;

B. Bottom view with surface area of RBD (the “Achilles Heel”, AH, blue) exposed in solvent; C.
The typical NAG and its density map, indicated with arrows, extending to outside solvent or
neighbor amino acids;

D. The SARS-CoV-2 spike protein structure (cyan) with glycosylation amino acids (yellow) and
RBD highlighted;

E. Structure comparison between The SARS-CoV-1 (middle) and SARS-CoV-2 protein;

F. The comparison of RBD domains ( dash line circled on SARS-CoV-2 S protein) between
SARS-CoV-1 S protein (RBD: Orange) and SARS-CoV-2 protein( RBD: deep blue) with AH
surface map (blue); notes: the glycosylation sites from SARS-CoV-1 and SARS-CoV-2 S protein
are surrounding the RBD domain;

G. AH fragment (sphere) of RBD domain (orange) in closeup view ( dash line circled part); The
interface (blue) between SARS -CoV S protein (wheat) and ACE2 (yellow) from the complex
structure (PDB:6ACJ);notes: the interface is exactly located on the AH fragment of the complex

structure (4.2 angstroms Cryo-EM structure).
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Figure 3. Surface-exposed amino acid sequences predicted by ASA profiling and
glycosylation effect with Cryo-EM structure. Furin site (Red pentagram), N-glycosylation

sites (*); epitopes for SARS-CoV-1 (green) and SARS-CoV-2 (cyan).

Figure 4. Alignment of epitopes on the spike protein structure of SRAS-CoV-1 and SARS-
CoV-2.

A. The comparison of the protein chain A between SARS-CoV-1 trimer (in green, chain A
specifically in sky blue) and SARS-CoV-2 trimer (cyan), with glycosylation sites (pink at chain
A, light pink from other Chains) and their interacting amino acids (yellow) for Chain A of
SARS-CoV-1;

B. Four epitope pairs S1/n1, S2/n2, S3/n3, and S4/n4 compared between SARS-CoV-1 (epitopes
in red) and SARS-CoV2 S protein (epitopes in grey or light blue for site n3), and SARS-CoV-2
S protein cartoon shown individually on right panel; the conserved fragments at FP (red), HR1
(yellow) and CH (orange) shown by small cartoon of SARS-CoV trimer (grey) in the middle.
The epitopes pairs are listed in the Table 2.

C. Bottom solvent view of the RBD domain located at one side of trimer structure bottom;

D. Comparison of epitopes in RBD domains from SARS-CoV-1 (epitopes in red) and SARS-
CoV-2 trimer (epitopes in light blue, RBD cartoon in cyan), together shown with AH (dark blue
for whole AH, partially overlapping with AH/ah for epitopes predicted), glycosylation sites (pink)
and their interacting amino acids (yellow).

E. The epitopes pairs I/i~1VV/iv, AH/ah and g1/g2 are compared and listed in the Table 2.
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Supplemental Online Materials

Supplemental Table 1: Peptide and Glycopeptide mixtures of trypsin and chymotrypsin-
digested SARS-CoV-2 Spike protein identified by LC-MS. Red bars indicate molecular ions
identified by the software in pGlyco2.0. A total of 22 N-glyco-sites were identified and further

confirmed by MS-MS analysis (Supplemental Figure 1).

Supplemental Table 2: List of trypsin and chymotrypsin-digested glycopeptides of SARS-

CoV-2 Spike protein identified by LC-MS. The majority of N-glycans are high mannose type.

Supplemental Table 3: List of monoclonal antibodies for Spike protein of SARS-CoV-1

Supplemental Figure 1: MS-MS spectrum of glycan moieties and b/y ions for glycopeptides
of 22 N-glycosites. MS? spectrum was automatically annotated and displayed by the software
tool gLabel embedded in pGlyco2.0. “J” indicates the N-glycosylation site “N”. Colored circles
indicate the number of sugars in attached glycan: green circle, hexose (H); blue square, N-
acetylglucosamine (N); red triangle, fucose (F). Colored peaks in MS? spectrum include: green
peaks representing the fragment ions of a glycan moiety; blue peaks representing a diagnostic
glycan ion; red peaks representing the Y ions from glycan fragmentation; and yellow/cyan peaks
representing the b/y ions from peptide backbone fragmentation. Mass deviations of the annotated

peaks are shown in the lower box.
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Supplemental Figure 2: Structure-based alignment of SARS-CoV-2 (2019-nCoV) and
SARS-CoV-1 Spike proteins. The sequences are directly extracted from PDB 5X58 and 2019-
nCoV homology model, and the sequence alignment was based on above two structures by
ENDscript and ESPRIPT with default settings

(‘http://espript.ibcp.fr/ESPript/ENDscript/index.php ).

Supplemental Figure 3: Accessible surface area profiling of Spike proteins of SARS-CoV-2
(2019-nCoV) and SARS-CoV-1. A) The epitopes predicted on the S protein structure for
SARS-CoV, Epi (yellow) denotes the epitopes screened by simple ASA profiling (the same for
nCoV), and EpiS (red) denotes the epitopes were calculated by excluding the glycosylation sites
and the glyco-interacting amino acids; B) The epitopes predicted for nCoV. The values of Y

axis means nm? of ASA.

Supplemental Figure 4: Connecting region (CR) of SARS-CoV-2 (2019-nCoV) and SARS-

CoV-1 Spike proteins.

Supplemental Figure 5: Furin recognition site of SARS-CoV-2 (2019-nCoV) Spike protein.
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Table 1. Surface exposed amino acid sequences of SARS-CoV-1 and SARS-CoV2 (2019-nCoV)
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Sites Epitope details  Nearby N-glycosite Mab clone Ref

2019-nCoV

L18-29 18 LTTRTQLPPAYT 29 17NLT

G72-75 72 GTNG 75 TANGT

L110-13 110 LDSK 113 122NAT

Y144-48 144 YYHKN 148 149NKS

W152-58 152 WMESEFR 158 149NKS

A163-66 163 ANNC 166 165NCT

E169-77 169 EYVSQPFLM 177

G181-84 181 GKQG 184

K206-15 206 KHTPINLVRD 215

R246-56 246 RSYLTPGDSSS 256 234NIT

L270-74 270 LQPRT 274 282NGT

L.303-06 303 LKSF 306

P330-36 330 PNITNLC 336 RBD 331NIT

A344-47 344 ATRF 347 RBD 343NAT

P384-87 384 PTKL 387 RBD

G413-16 413 GQTG 416 RBD

S443-51 443 SKVG 446,448 NYNY 451 RBD 4D5 8

L455-463 455 LFRKSNLKP 463 RBD

G476-490 476 GSTPC 480,482 GVEGFNCYF 490 RBD

Q498-506 498 QPTNGVGYQ 506 RBD 201 3

L518-21 518 LHAP 521 RBD

P527-33 527 PKKSTNL 533

S555-62 555 SNKKFLPF 562

Q580-83 580 QTLE 583

N603-07 603 NTSNQ 607 603NTS,616NCT

W633-36 633 WRVY 636 657NNS

E654-62 654 EHVNNSYEC 662

Y674-87 674 YOTQTNSPRRARSV 687

Y707-71 707 YSNN 710 709NNS

S746-51 746 STECSN 751

D808-14 808 DPSKPSK 814 801NFS 5H10 6

T827-83 827 TLAD 830

1834-54 834 IKQYG 838,840 CLGDIAARDLICAQK 854  CR

T866-69 866 TDEM 869 CR

Q920-23 920 QKLI 923 HR1

D936-44 936 DSLSSTASA 944 HR1

K986-91 986 KVEAEV 991 CH

A1070-76 1070 AQEKNFT 1076 1074NFT

T1100-03 1100 THWF 1103 1098NGT

Q1113-18 1113 QIITTD 1118

C1126-29 1126 CDVV 1129 1134NNT

V1133-37 1133 VNNTV 1137 1134NNT
SARS-CoV

R18-31 18 RCTTFDDVQAPNYT 31 29NYT

K142-15 142 KPMG 145,146 QTHT 150 158NCT 68 3

S165-17 165 SDAFSL 170 158NCT

E174-77 174 EKSG 177

V205-08 205 VVRD 208

L257-26 257 LKPT 260 269NGT

1319-23 319 ITNLC 323 RBD 318NIT

A331-34 331 ATKF 334 RBD 330NAT

R342-47 342 RKKISN 347 RBD 357NST

T425-28 425 TRNI 428 RBD

P462-76 462 PDGKPCTPPALNCYW 476 RBD 17H9, F26G18,80R 8,18

Y484-92 484 YTTTGIGYQ 492 RBD F26G19, m396, 80R,201 3,16,17,18

P513-22 513 PKLSTDLIKN 522

N589-94 589 NASSEV 594 589NAS

1610-14 610 IHADQ 614 602NCT F26G8 9

Y622-27 622 YSTGNN 627

E640-48 640 EHVDTSYEC 648

H661-73 661 HT 662,672 KS 673

P789-97 789 PDPLKPTKR 797 783NFS 5H10 6

Q917-26 917 QESLTTTSTA 926 HR1

N935-39 935 NQONAQ 939 HR1

K968-73 968 KVEAEV 973 CH

C1064-69 1064 CHEGKA 1069 1056NFT

G1081-84 1081 GTSW 1084 1080NGT

Q1095-00 1095 QIITTD 1100
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Table 2. Alignment of epitopes on the spike protein structure of SRAS and 2019-nCov based on Cryo-EM structure

HR1 and CH of SARS-CoV HR1and CH of 2019-nCoV
Same position, but the glyco-
E900-904 E(N)QK(Q) S1 interacting AAs in bracket are Q920-23  QKLI nl Glyco-masked
removed
Q917-26  QESLTTTSTA  S2 Similar site D936-44  DSLSSTASA n2 Similar site
. L IKQYGCLGDI . .
. Buried, exposed due to missing o x CR (*connecting region, close
N935-39 NQNAQ s3 fragment in EM structure 1834-54 ﬁARDLICAQ n3 to S3 in the structure)
K968-73 KVEAEV S4 Same site K986-91  KVEAEV n4 Same site
RBD of SARS-CoV RBD of 2019-nCoV
1319-23 ITNLC | Similar site P330-36 PNITNLC i Similar site
A331-34  ATKF 1 Same site A344-47  ATRF ii Same site
} Unique ( 3AA short peptide in ) S
R342-47 RKKISN 1 2019-nCov ) p384-87 PTKL iii Inside trimer
Removed; discrete sequence, and . .
Q401-05 QMGW)I G1 glyco-interacting AA bracketed G413-16 GQTG gl Glyco-interacting
. . . New (discrete AA distribution
T425-28 TRNI \Y Unique ( 3AAs in 2019-nCov ) S443-51 SKVGNYNY iv on SARS-CoV)
. Y(LRH)G(KL Removed; discrete sequence, and ) r .
Y442-50 R)P G2 glycol-interacting AAs bracketed L455-463 LFRKSNLKP 92 Glyco-interacting
PDGKPCTPP I GA476- GSTPCGVEG T
P462-76 ALNCYW AH1  Similar site 490 ENCYE ahl Similar site
I Q498- T
Y484-92 YTTTGIGYQ AH2  Similar site 506 QPTNGVGYQ ah2 Similar site
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Zhou et al., Figure 1

S1 subunit S2 subunit
17 74 149 23 3 603 77 1088 Chios
2om0- (| | [ []] LI i HH |
nCoV o1z 282 343 616657 709 801 1074 1134
NTD RBD FP HR1 CH HR2
S1 subunit S2 subunit
sars || [ [[ | []] I NN
65 109 21 a8 602 601 783 1056 11161155
NTD RBD FP HRL CH HR2
S1 subunit S2 subunit
MERS | | HH | il HHH [ ]
NTD RBD F_P ma I-EZ
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Zhou et al., Figure 3

MNS08947 : MFVFLVLLELVSSQCVN..LTTRTQLPPAYTN..SETRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHAIH : 689
AB263618 : MFIFLLELTLTSGSDLDRCTTEFDDVQAPNYTQHTSSMRGVYYPDEIFRSDTILYLTQDLFLPFYSNVTGFHTIN 73

MN208947 : VSGINGTKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQECNDPFLG : 142
AB263618 : HT....... FGNPVIPFRKDGIYFAATEKSNVVRGWVEFGSTMNNKSQSVIIINNSTNVVIRACNFELCDNPFEA @ 139

MN208947 : VYYHKNNKSWMESEERVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFENIDGYFKIYSKHTPINLVRD : 215
AB263618 : VSKPMG....TQTHTMIFDNAENCTFEYISDAFSLDVSEKSGNFKHLREFVEFKNKDGFLYVYKGYQPIDVVRD : 208

MN908947 : LPQGFSALEFLVDLPIGI&ITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDA : 288

ABZ263618 : LPSGFNTLKPIEKLPLGINITNFRAILTAES...... PAQDIWGTSRAAYFVGYLKPTTFMLKYDENGTITDA : 275
I .

MN908947 : VDCALDPLSETKCTLKSFTIVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNC : 361

AB263618 : VDCSQNPLAELKCSVKSFEIDKGIYQTSNFRVVPSGDVVRFPNITNLCPFGEVFNATKFPSVYAWERKKISNC = 348

MN908947 : VADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVI : 434

AB263618 : VADYSVLYNSTEFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFMGCVL : 421

MN908947 : AWNSNNLDSKVGGNYNYLYRLERKSNLKPFERDISTEIYQAGSTPCNGVEGENCYFPLQSYGFQPTNGVGYQP : 507
AB263618 : AWNTRNIDATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDGKPCT.PPALNCYWPLNDYGEYTTTGIGYQP : 493

_—
MN908947 : YRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQ : 580
AB263618 : YRVVVLSFELLNAPATVCGPKLSTDLIKNQCVNFNFNGLTGTGVLTPSSKRFQPFQQFGRDVSDETDSVRDPK : 566

MN908347 : TLEILDITPCSFGGVSVITPGT&TSNQVAVLYQDV&CTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGA 1 653
AB263618 : TSEILDISPCSFGGVSVITPGTNASSEVAVLYQDVNCTDVSTATHADQLTPAWRIYSTGNNVFQTQAGCLIGA : 639

*

MN908947 : EHVNNSYECDIPIGAGICASYQTOTNS VASQSITAYTMSLGAENSVAYSNNSIATPTNFTISVITEL
AB263618 : EYVDTSYECDIPIGAGICASYHTVS....LLRSTSQKSIVAYTMSLGADSSIAYSNNTIAIPTNFSISITTEV

726
708

MN908347 : LPVSMTKISVDCTMYICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTOQEVEAQVKQIYKTPRPIKDEGG : 799
AB263618 : MPVSMAKTSVDCNMYICGDSTECANLLLQYGSFCTQLNRALSGIAREQDRNTREVFAQVKOMYKTPTLKYFGG : 781

*
MN908947 : FNFSQILPDPSKPSKRSFIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQKFNGLTVLPPLLTDEMIAQ : 872
AB263618 : FNFSQILPDPLEPTKRSFIEDLLFNKVILSDAGFMKQYGECLGDINARDLICAQKFNGLTVLPPLLTDDMIAR : 854
CR HR1

T
MN908%947 : YTSALLAGTITSGWTFGAGAALQIPFAMOMAYRFNGIGVTONVLYENQKLIANQFNSAIGKIQDSLSSTASAL : 945
AB263618 : YTAALVSGTATAGWTFGAGAALQIPFAMQOMAYRFNGIGVTONVLYENQKQIANQFNKAISQIQESLTTTSTAL : 927

CH

MN908947 : GKLQDVVNONAQALNTLVEQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLITGRLOSLOTYVTQOLIRAAEL : 1018
AB263618 : GKLODVVNONAQALNTLVKQLSENFGAISSVLNDILSRLDKVEAEVQIDRLITGRLOSLOTYVTQOLIRAAEL : 1000

*
MN908947 : RASANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPR : 1091
AB263618 : RASANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQAAPHGVVFLHVTYVPSQERNFTTAPAICHEGKAYFPR : 1073

—
MN908947 : EGVFVSNGTHWFVTQRNFYEPQIITTDNTFVSGNCDVVIGIVNNTVYDPLQPELDSFKEELDKYFKNHTSPDV : 1164
AB263618 : EGVFVENGTSWFITQRNFFSPQIITTDNTFVSGNCDVVIGIINNTVYDPLQPELDSFKEELDKYFKNHTSPDV : 1146

HR2

1
MN908947 : DLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQYIKWPWYIWLGFIAGLIAIVMVTIMLCCM : 1237
AB263618 : DEGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQYIKWPWYVWLGFIAGLIAIVMVTILLCCM : 1219

MN908947 : TSCCSCLKGCCSCGSCCKFDEDDSEPVLKGVKLHYT : 1273
AB263618 : TSCCSCLKGACSCGSCCKFDEDDSEPVLKGVKLHYT : 1255
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Zhou et al., Figure 4
nCoV RBD Achilles hill(AH)
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c I DI E SARS-CoV : AWNERNIDATSTGNYNYKYRYLRHGKLRPFERDI SNV P SPBGRPCT. BPRLNCYWPLNDYGFYITTIGIGYQr| : 493
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