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ABSTRACT: The spike (S) protein plays a key role in COVID-
19 (SARS-CoV-2) infection and host-cell entry. Previous studies
have systematically analyzed site-specific glycan compositions as
well as many important structural motifs of the S protein. Here, we
further provide structural-clear N-glycosylation of the S protein at a
site-specific level by using our recently developed structural- and
site-specific N-glycoproteomics sequencing algorithm, StrucGP. In
addition to the common N-glycans as detected in previous studies,
many uncommon glycosylation structures such as LacdiNAc
structures, Lewis structures, Mannose 6-phosphate (MG6P)
residues, and bisected core structures were unambiguously mapped
at a total of 20 glycosites in the S protein trimer and protomer.
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These data further support the glycosylation structural—functional investigations of the COVID-19 virus spike.

he COVID-19 pandemic has caused millions of deaths

worldwide. The spike (S) protein on the surface of the
severe acute respiratory syndrome coronavirus 2 (COVID-19 or
SARS-CoV-2) virus contains 22 potential N-linked glycosyla-
tion sites per protomer (expressed in human cells) and plays
essential roles during COVID-19 infection and host-cell
entry.' ™ The viral glycans, which are fully synthesized by the
host glycosylation biosynthesis system, can help the virus escape
the host immune response.’ Due to the fact that different glycan
structures (instead of glycan compositions) at different
glycosites may have distinctive functions,”® the systematical
analyses of viral glycans at both structural- and site-specific levels
are essential for bringing new insights to immune evasion and
vaccine promotion.

In previous studies, the glycan compositions at each glycosite
of the S protein have been systematically analyzed."*”~"* Some
structural motifs on the S protein such as LacdiNAc and
Mannose 6-phosphate (M6P) have also reported previ-
ously."”'® The structural information on N-glycan released
from the receptor binding domain (RBD) without glycosite
information has also been investigated.'”*" In this study, we
further characterized additional structural features of N-glycans
at each glycosite of the COVID-19 virus S protein (both trimer
and protomer expressed in HEK293 cells) by using our recently
developed glycopeptide interpretation software, StrucGP.”'

The protein samples were digested into peptides using three
individual enzymes followed by triplicate LC-MS/MS analyses
of each peptide sample with two fragmentation energies (low
and high HCD energies) on each glycopeptide peak.”" Using
StrucGP, a total of 304 N-glycans with distinct structures
attached at 19 N-glycosites (1307 unique N-linked intact
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glycopeptides) were identified from the S trimer within 1% false
discovery rates (FDR < 1%) at both peptide and glycan levels
(Figures S1 and S2 and Table S1). These glycan structures
identified by StrucGP could be further sorted into 135 unique N-
glycan compositions. In fact, glycan isoforms were detected at 17
glycosites (Figure S3a and Table S2), and one single
composition, such as N4HSF1, could have up to nine distinct
structural isoforms (Figure S3b, c). Notably, glycans with
uncommon structures were distinguished from their isomers,
which have not been or just partially achieved in previous studies
(Figure S2).

Based on our modular strategy as described in StrucGP, these
N-glycan structures could be divided into four types of core
structures and 11 branch structures with three glycan subtypes
(Figure 1A). Among four types of core structures, the
fucosylated core structures (with and without bisected
GlcNAc), which were detected at all 19 identified glycosites,
accounted for almost two-thirds of all site-specific glycans
(Figure 1B). The core-fucosylation rates were greater than 50%
at eight glycosites and greater than 30% at another seven
glycosites. This is almost the same as previous studies on the
HEK293 expressed S RBD, except that we only identified one
(glyco)peptide-spectra match (PSMs) at N343.'* The common
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Figure 1. Overall glycosylation characteristics of COVID-19 virus spike protein trimer. (A) N-glycan structures were divided into core structures,
glycan subtypes, and branch structures. (B—D) Distributions of core structures (B), glycan subtypes (C), and branch structures (D) on IGPs of the S

trimer.

core structure HexNAc2Hex3 accounted for 34.9%, and the
bisected core structure without fucose (HexNAc3Hex3)
accounted for the remaining small portion. In terms of glycan
subtypes, complex glycans occupied approximately 59% of all
glycans on intact glycopeptides (IGPs) based on PSMs, while
high-mannose and hybrid subtypes each accounted for around
one-fifth (Figure 1C). The complex-type glycans were divided
into nearly four-fifths biantennary and one-fifth triantennary
glycans based on their PSMs. Besides, there were only 3.62%
tetraantennary and two pentaantennary PSMs (Figure S4). It
should be noted that as the poly-LacNAc structures could not be
distinguished by StrucGP any existing poly-LacNAc would
eventually be identified as multiantennary glycans. Among 11
distinct branch structures, simple structures such as oligo-
mannose, LacNAc (Hex-HexNAc), and single HexNAc were
most abundant, followed by sialyl LacNAc (NeuAc-Hex-
HexNAc) and an empty branch (Figure 1D). The remaining
branch structures were only present in a minor proportion.
Nevertheless, these low-existing branch structures contain a
number of uncommon and distinctive glycan structures that
have the potential to perform special biological functions.
Glycan structures on the S trimer showed apparent
heterogeneities among different glycosites (Figure 2). Glyco-
sites N282,N616, N801, N1074, and N1098 were modified by a
variety of glycans, with common branch structures such as
empty branch, oligo-mannose, single HexNAc, LacNAc, and
sialyl LacNAc predominating. Aside from these common
branches, there were also a few Lewis structures such as
(sialyl-)Lewis*’* (Gal-(Fuc-)GIcNAc) and Lewis”® (Fuc-Gal-
(Fuc-)GlcNAc), as well as LacdiNAc (GalNAc-GlcNAc)
structures with and/or without sialic acid and fucose at the
glycosites N74, N122, N149, and N165. Only a few glycans were
identified at the glycosites N343, N1134, and N1173. As for
glycosites N17, N61, N234, and N603, they were mainly
modified by common-branched glycans, among which the oligo-
mannose branch structure occupied the most. There results

were consistent with the glycosylation heterogeneities among
glycosites as reported in a previous study."® In particular, 93.6%
of the glycans at N234 were high-mannose type, which was
consistent with the glycosylation of different S protein samples
from five different laboratories and a virus strain.'” One possible
reason is that narrow space surrounding this site hinders
elongated glycans since the site of N234 is facing inward
between spike protomers. There is no evidence to support that
glycosylation heterogeneities among glycosites are domain
dependent.

Special or uncommon glycosylation is generally linked to
specialized functions, which are critical for important biological
processes.”> "> However, due to the limitations of technologies
for analyzing site-specific N-glycan structures on specific
proteins, the functions of these structures are mostly unknown.
By using StrucGP, glycans containing special (sialylated or
fucosylated) LacdiNAc structures, Lewis structures (including
Lewis”*""® with or without NeuAc), NeuAc-(Gal-)GlcNAc
branches, M6P residues, and bisected glycans were unambigu-
ously characterized at different glycosites (Figure 3 and Table
S3). We applied an oxonium ions-triggered HCD MS/MS with
two different fragmentation energies to acquire reliable
glycopeptides MS2 spectra. Structural- and site-specific
glycosylation were characterized via characterizing a series of
glycan feature B ions with their corresponding glycopeptide Y
ions at a low HCD energy and peptide b/y ions at a high HCD
energy (Figures S5—S9).

After excluding glycopeptides with only one PSM (PSMs >
2), 59 LacdiNAc-containing N-glycans modified at seven
glycosites (99 unique glycopeptides) were identified from the
N-terminal domain (NTD) and RBD of the S trimer (Figure 3).
Among them, glycopeptides containing solely LacdiNAc
(GalNAc-GIcNAc) and/or fucosylated LacdiNAc (GalNAc-
(Fuc-)GleNAc) accounted for approximately three-eighths of
the total, while glycopeptides containing sialylated LacdiNAc
(NeuAc-GalNAc-GlcNAc) accounted for nearly a quarter. In
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Figure 2. Precise structural analysis of site-specific N-glycans from COVID-19 spike trimer. (A) Distribution of branch structures, (B) core structures
(left), and glycan subtypes (right) of glycans on each glycosite of the S trimer.

fact, the feature B ion at m/z 407 for LacdiNAc has been
detected on the S trimer in a previous publication by Zhao et
al,* although the glycan was finally assigned to a different
glycan structure just based on its composition. A total of SO
glycans with Lewis structures were identified at 10 glycosites (84
unique glycopeptides), including Lewis"* structures at all 10
sites and sialylated Lewis"* structures at six sites, while Lewis”/®
structures were identified at four glycosites within the NTD and
RBD regions. It should be noted that further confirmation steps
are still needed for these Lewis structures as the fucose migration
has not been entirely overcome.”” In addition, seven different
glycans containing uncommon NeuAc-(Gal-)GIcNAc struc-
tures were identified at the glycosites N149, N331, and N801.
Sialic acid attached to the GlcNAc structure was determined by
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the combination of its characteristic B ions (m/z 495.18,z = 1)
and the corresponding Y ions (Figure S8). This atypical
sialylated glycan has been demonstrated in human samples in
several previous studies.”®”” Remarkably, two unique M6P-
containing glycans were also detected at the glycosite N149
(PSMs > 2), which was consistent with a recent study by Huang
et al,'® in which M6P glycopeptides have also been reported on
HEK293 expressed S protein. As for core structures, the bisected
cores as well as the bisected-fucosylated cores were determined
at 13 glycosites with 1609 (20.4%) glycopeptide spectra. The
bisecting N-glycan is known to serve as a suppressor of N-glycan
elongation and is involved in cell growth control and tumor
progression and is highly relevant to the nervous system.” > As
described above, these special or uncommon glycan structures
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Figure 3. Trimeric model displaying the site-specific uncommon glycosylation of the COVID-19 spike (glycopeptide PSMs > 2). Detailed information
can be found in Table S3. A description of the protein molecular modeling can be found in the Supporting Information. NTD, N-terminal domain;
RBD, receptor binding domain; CD, connector domain; HR2, heptad repeat 2; M6P, Mannose 6-phosphate.

mainly occurred in the NTD and RBD (Figure 3), which may
play important roles in regulating viral infection and receptor
recognition. These data provide solid foundations for further
investigating the biological functions of these special glycans.
We also characterized structural- and site-specific N-
glycosylation on the S protomer. Overall, 1943 unique N-linked
intact glycopeptides were identified from the S protein
protomer, including 332 unique N-glycan structures (158
compositions) unambiguously assigned to 19 N-glycosites
(Table S4). After filtering the results by using at least two
PSMs per glycopeptides, we compared the differences of site-
specific glycans between the protomer and trimer of the S
protein (Figure 4). In comparison to the trimer, the protomer
has more complicated and uncommon/special glycan structures.
First, the protomer had more LacdiNAc structures (with/
without sialylation and branch fucosylation) than the trimer.
LacdiNAc structures were detected on 16 glycosites of the S
protomer, a 1.3-fold increase to the S trimer, which is
approximately consistent with the data obtained by Sanda et
al."” Then, the proportion of Lewis structures on the protomer
(14.39%) was higher than that of the trimer (9.36%). More
Lewis”* and sialylated Lewis”* glycans were detected in the
protomer than in the trimer. Glycans consisting of Lewis”/"
structures were also detected at eight glycosites in the protomer
compared with four glycosites in the trimer. Furthermore,
NeuAc-(Gal-) GlcNAc-containing glycans were identified at five
glycosites, two more than the trimer (N122 and N165). What is
more special is that NeuAc-Gal-(NeuAc-)GIcNAc branches
were newly determined in the monomer at N165 with six PSMs
of NSH4S2F1-attached glycopeptides (Figure S8a). In contrast,
common glycosylation branch structures (including empty
branch, oligo-mannose, single HexNAc, LacNAc and sialyl
LacNAc) in the protomer were declined by nearly 5% compared
to the trimer. Furthermore, M6P residues were also detected at
three more glycosites (N74, N1158, and N1194) in the

protomer than in the trimer (Figure 4C). As for glycan subtypes,
the percentage of complex-type glycans increased approximately
one-sixth in the protomer than in the trimer (75% in protomer vs
59% in trimer), whereas high-mannose (21% vs 10%) and
hybrid types (20% vs 15%) declined (Figure 4B). As to core
structures, fucosylated cores were occupied more in the
protomer than in the trimer (56.5% vs 44.6%), whereas the
common HexNAc2Hex3 cores decreased more in the protomer
than that in the trimer (21.8% vs 35.1%). The bisected cores as
well as the bisected-fucosylated cores increased a little (Figure
4A). Overall, the S protomer comprised more complicated N-
glycans than the trimer presumably because these glycans
synthesized in the protomer had a less steric hindrance than the
trimer and thus were able to conduct further N-glycan antennae
elongation. Analogously, the protomer has a much lower level of
high-mannose glycans than the trimer. This has also been
observed on the HIV envelope protein, and its glycosylation has
been shown to be constrained by its trimerization structure since
steric constraints prevent the glycans from being recognized by
glycosidases and glycosyltransferases.”””!

In summary, this study profiled structural- and site-specific N-
glycosylation on the COVID-19 virus S protein with our newly
developed software, StrucGP. Glycan structure isoforms as well
as special/uncommon glycan structures were also precisely
interpreted at site-specific levels. It should be mentioned again
that as the real left or right branches of given glycans could not
be determined by StrucGP, the structural motifs of N-glycans
shown here were not the literal “structure” as confirmed in
glycomics. In addition, as for some coeluting glycopeptide
spectra, the current StrucGP can only report one major
glycopeptide. Even though, the site-specific glycan structural
information on S protein could still provide a solid foundation
for further glycosylation functional investigations. During these
analyses, StrucGP can serve as a valuable tool for structural- and
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site-specific N-glycan interpretation for the expressed glyco-

proteins as well as the cell expression systems.
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