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ABSTRACT: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) g " o7F% =75 "rshmannese ©irnces ;“"““"’“_
has led to a global pandemic of coronavirus disease 2019 (COVID-19). The spike £ o
protein expressed on the surface of this virus is highly glycosylated and plays an Rl
essential role during the process of infection. We conducted a comprehensive ® g
mass spectrometric analysis of the N-glycosylation profiles of the SARS-CoV-2 = o, A AN NN 1 IENEEEEREENEE
spike proteins using signature ions-triggered electron-transfer/higher-energy CRNCBRAFREEBEEEEa8E3
collision dissociation (EThcD) mass spectrometry. The patterns of N- g% 1z gz p 55 )
glycosylation within the recombinant ectodomain and S1 subunit of the SARS- § i ] t
CoV-2 spike protein were characterized using this approach. Significant variations 3 . | S
were observed in the distribution of glycan types as well as the specific individual = 20+ «— S1
glycans on the modification sites of the ectodomain and subunit proteins. The % % +7 = o o v e o
relative abundance of sialylated glycans in the S1 subunit compared to the full- GRERERRARES g

Glycosylation site

length protein could indicate differences in the global structure and function of
these two species. In addition, we compared N-glycan profiles of the recombinant spike proteins produced from different expression
systems, including human embryonic kidney (HEK 293) cells and Spodoptera frugiperda (SF9) insect cells. These results provide
useful information for the study of the interactions of SARS-CoV-2 viral proteins and for the development of effective vaccines and

therapeutics.

B INTRODUCTION

The global pandemic of coronavirus disease 2019 (COVID-
19) caused by the severe acute respiratory syndrome-2
coronavirus (SARS-CoV-2) emerged in late 2019 and has led
to considerable economic and social disruption throughout the
globe.'™ The disease has also led to considerable morbidity
and mortality; according to the data compiled by the World
Health Organization (September 7th Weekly Epidemiological
Update) as of early September 2020, there are approximately
27.4 million diagnosed cases of infection and 895000
estimated deaths from the disease.” Analyzing molecular
mechanisms of viral cellular entry and infectivity will help
guide research and development of therapeutic counter-
measures and treatment and treatment.

The SARS-CoV-2 viral genome encodes four structural
proteins present in the mature virion—spike protein (S),
envelope protein (E), membrane protein (M), and nucleopro-
tein (N).” The spike protein of SARS-CoV-2 is a class I viral
fusion protein, employed by the virus for host cell entry,
binding through interaction with angiotensin-converting
enzyme 2 (ACE2) protein present on the cell surface.”” The
spike protein is similar to the structures of the spike protein in
other coronaviruses, such as those that cause SARS (SARS-
CoV-1) and Middle East respiratory syndrome (MERS);* ™"
recent cryo-electron microscopy (cryoEM) studies'” indicate
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that the S protein is a homotrimer, each monomer consisting
of two covalently linked functional subunits, an S1 subunit,
that contains the receptor-binding domain (RBD), and an S2
subunit, which is responsible for membrane fusion, with a
furin-like cleavage site at the boundary between the two
domains. The S1 and S2 subunits combined have a
monomeric, unmodified molecular weight of ca. 142 kDa.
Because the spike protein is one of the primary targets for the
development of vaccines and therapeutics against COVID-19,
a more thorough understanding of its structure and function
will be vital to mitigating the impact of SARS-CoV-2 on global
health.

Viral proteins used in cell entry are often extensively
glycosylated (often described as a “glycan shield”) for several
reasons: to assist in protein folding, provide stability, and most
importantly, shield the virus from immune recognition by its
host, as has been reported for other coronavirus species.'”""
The SARS-CoV-2 S protein is a prime example, having 22
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potential sites of glycosylation per protein monomer, as
predicted from the primary sequence.> Development of
vaccines and therapeutics for SARS-CoV-2 requires an
understanding of the overall composition of the spike protein
“glycan shield”, both in naturally occurring isolates and vaccine
formulations containing this protein. Observed variances in
glycan site occupation and speciation might affect antigenicity
as well as vaccine safety and efficacy.'™"”

In the past several decades, mass spectrometry has become
one of the grimary tools for the analysis of protein
glycosylation,'®™"® both on a proteome-wide scale'”~>" and
in targeted analyses of single protein therapeutics, most
notably monoclonal antibodies.”> Mass spectrometry has also
been employed extensively for viral protein characterization.
Seasonal and pandemic influenza, with its substantial morbidity
and mortality, has been a primary focus of many of these
efforts, for anti%en quantification,””™*" vaccine potency
determination,””" and analysis of protein glycosylation.”' ~**
As the COVID-19 pandemic has progressed, several reports on
the use of mass spectrometry for the analysis of SARS-CoV-2
have been made. These investigations have focused on both
targeted quantitative analysis for potential diagnostic develop-
ment’® and structural/post-translational modification analyses
of the virus protein complement.'***~*

Electron-transfer dissociation (ETD), developed by Hunt
and co-workers,'™** and subsequently introduced hybrid
ETD and higher-energy collisional dissociation (HCD)
fragmentation regimes such as electron-transfer/higher-energy
collisional dissociation (EThcD), developed by Heck et al,,*
have been extensively employed for mass spectrometric post-
translational modification analysis of phosphorylated*® and
glycosylated"”*® proteins and peptides. A key advantage of
ETD-based approaches is that they provide more compre-
hensive fragment ion coverage than conventional collision-
induced dissociation (CID) for post-translational modification
of larger peptides due to the less biased nature of the
fragmentation mechanism. This allows the sites of peptide
modification to be unambiguously determined in many cases.*’

The glycan shield on the SARS-CoV-2 S protein has been
recently characterized using mass spectrometry by several
laboratories.>*”***%*! Their results show significant differ-
ences in the glycan occupancy and abundance of some
sequons. For instance, all 22 potential glycosylation sites were
determined to be occupied on a stabilized extracellular domain
(ectodomain) S protein expressed in human HEK cells in one
report by Crispin and co-workers,'” whereas in another report,
only 17 sites were found occupied based on the analysis of
individual HEK cell expressed S1 and S2 subunits.”® A third
report analyzed an insect cell expressed full-length SARS-CoV-
2 protein, with unambiguous determination of 21 of 22
glycosylation sites on this construct. A most recent
investigation®® analyzed a full-length ectodomain of SARS-
CoV-2 protein of similar composition to the Crispin report.
They also observed occupation of all 22 potential sites, with
some significant differences. Interestingly, O-glycosylation
and/or N-linked sulfated glycans on the S protein and subunits
were also observed by several groups,l‘?”w’so’52 albeit at
relatively low levels of site occupation. These variations
could be attributed to differences in protein structure,
expression systems, sample preparation, instrumentation,
acquisition methods, or data analysis. The use of manual
inspection of the mass spectra for the confirmation of identities
could be subjective as well.
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In this report, we describe a comprehensive, high-fidelity
mass spectrometric approach to the glycosylation analysis of
SARS-CoV-2 § protein, applied to multiple recombinant spike
protein sources and constructs (S1 domain and ectodomain)
with identical analytical methods. In contrast to other reports
on SARS-CoV-2 § protein %1 coproteomic analysis that used
conventional CID, HCD,"*”"*° or stepped collision energy
HCD (sceHCD),”® we employed an approach based on glycan
reporter ion-triggered EThcD, which allowed the sites of
glycosylation to be unambiguously determined with a greater
proportion of fragment ions observed, which increased the
degree of confidence in the observed search results.

B EXPERIMENTAL SECTION

Materials. All chemicals were obtained from Sigma-Aldrich
(St. Louis, MO) except where otherwise indicated. Endopro-
teases including trypsin, chymotrypsin, Asp-N, and Lys-C were
purchased from Promega (Madison, WI). Recombinant SARS-
CoV-2 prefusion stabilized spike protein was provided by Dr.
Jason McLellan at University of Texas at Austin. The protein
was expressed in human FreeStyle293F cells.'” Recombinant
SARS-CoV-2 spike protein expressed in baculovirus insect cells
(S1 + S2 ECD, Cat. no. 40589-V08B1), SARS-CoV-2 spike
protein S1 subunit (Cat. no. 40591-VO8H), and MERS-CoV
spike protein S1 subunit, both expressed in human-derived
HEK cells (Cat. no. 40069-VO8H) were purchased from Sino
Biological (Wayne, PA). SARS-CoV-1 spike protein (Cat. no.
NR-686) prepared in insect cells was obtained from BEI
Resources (Manassas, VA).

One-Dimensional (1D) Gel Electrophoresis. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed on a NuPAGE Novex Bis—Tris gel
following manufacturer’s instructions (Invitrogen). Protein
solution or pellets from acetone precipitation were mixed with
4% sample buffer and deionized water (1:3 v/v) and heated at
80 °C for 10 min. The proteins were loaded on a 4—12%
gradient gel, and the gel was run in 3-(N-morpholino)-
propanesulfonic acid (MOPS) buffer at 200 V for 45 min. The
gel was stained with GelCode Blue Safe Protein Stain (Cat. no.
243596, Thermo Scientific, Waltham, MA).

Size-Exclusion High-Performance Liquid Chromatog-
raphy (HPLC) Analysis. Size-exclusion HPLC of recombi-
nant spike protein samples was performed using an Agilent
Technologies (Santa Clara, CA) 1200 HPLC System equipped
with a quaternary pump, diode array detector, and fraction
collector, coupled to an Agilent BioSEC-3 size-exclusion
column (4.6 mm ID X 150 mm OD). The column flow rate
was 200 yL/min with a sample injection size of 15 uL. The
sample was eluted isocratically over 45 min using a
commercially prepared Dulbecco’s phosphate-buffered saline
mobile phase (Thermo/Life Technologies). Detection was
performed by monitoring the UV wavelengths of 216 and 280
nm using a diode array detector, and 1 min fractions were
collected for subsequent mass spectrometric identification. The
column was calibrated using commercially available size-
exclusion chromatography (SEC) standards (Acquity BEH
450 Protein Standards) obtained from Waters Corporation
(Milford, MA) that spanned the molecular weight range of
112—700 kDa. A plot of log MW vs retention time of the
standards was used to determine a calibration curve fit to a
quadratic model, which was employed to calculate the
estimated relative molecular weight of the spike protein
samples. The UV traces were baseline-corrected.
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Figure 1. (A) SDS-PAGE gel of the unfractionated S proteins (full-length and S1 subunit). Lane 1: molecular markers; lanes 2—6: S2P, S1, MS1,
SF, and SN, respectively. (B) Size-exclusion chromatogram (UV detection at 216 nm) of the recombinant SARS-CoV-2 S proteins expressed in
human (S2P, blue trace) and insect cells (SF, red trace). (C) Representative MS/MS spectra of the glycopeptides with a complex glycan,
HexNAc,Hex,Fuc, at amino acid position 1074. The two peptides were cleaved from S2P by trypsin (top) and Asp-N/chymotrypsin (bottom),

respectively.

Digestion of Spike Proteins. The aliquots of full-length
spike protein or S1 subunit (0.4—0.7 ug) were denatured and
reduced at 90 °C for 20 min in a solution containing 50 mM
ammonium bicarbonate (pH 7.8), 0.015% RapiGest SF
surfactant (Waters Corporation) and 1.5 mM dithiothreitol
(DTT). Samples were alkylated using iodoacetamide for 30
min in the dark at room temperature with gentle mixing. Nine
identical aliquots of each protein were prepared for three
digestion methods, and each digestion was performed with
three replicates. The digestions with trypsin were conducted at
37 °C overnight at an enzyme-to-protein ratio of 1/20 (w/w).
For the samples digested sequentially by two enzymes, the first
digestion was performed at 52 °C for 60 min with Asp-N or
Lys-C and the second digestion was conducted at 37 °C
overnight using chymotrypsin at an enzyme/substrate ratio of
1/S (w/w). The proteolytic reactions were quenched, and the
RapiGest was precipitated by adding 5% trifluoroacetic acid to
decrease the pH to below 3. The mixture was then incubated at
37 °C for 30 min. The solutions were centrifuged at 4000 rpm
for 10 min, and the supernatants (12 L) were transferred into
new sample vials.

Mass Spectrometry Analysis. Nanoflow liquid chroma-
tography coupled to electrospray ionization tandem mass
spectrometry (LC-MS/MS) analysis was performed on an
Orbitrap Eclipse Tribrid mass spectrometer connected to an
UltiMate 3000 RSLCnano chromatography system (Thermo
Scientific). The protein digest was separated on an integrated
separation column/nanospray device (Thermo Scientific
EASY-Spray PepMap RSLC Cg, 75 um ID X 15 cm length,
3 um 100 A particles) coupled to an EASY-Spray ion source.
The mobile phase was 0.1% formic acid in water (mobile phase
A) and 0.1% formic acid in 80% acetonitrile/20% water
(mobile phase B) using the following gradient: 4% B (0—8
min); 4—10% B (8—10 min); 10—35% B (10—43 min); 35—

14732

60% B (43—45 min); 60—95% B (45—46 min); 95% B (46—53
min); 95—4% B (53—53 min); 4% B (53—63 min). The flow
rate was 300 nL/min, and 9 uL of samples was injected. The
spray voltage was set to 1.8 kV, and the temperature of the
integrated column/nanospray device was set at 55 °C. The
temperature of the ion transfer tube was set at 275 °C.

Mass spectrometric data acquisition was performed using a
signature ion-triggered EThcD method.”® MS precursor scans
were acquired by the orbitrap at a resolution of 120000
(measured at m/z 200), from m/z 375 to 2000 with the
automatic gain control (AGC) target setting as “standard” and
the maximum injection time as “auto”. An initial data-
dependent MS/MS scan was acquired using HCD at a
resolution of 30000, mass range of m/z 120—2000, and a
normalized collision energy (NCE) of 28%. Signature ions
representing glycan oxonium fragments were used to trigger
the ETD fragmentation. If one of three common glycan
signature ions (m/z 204.0867 (HexNAc), 138.0545 (HexNAc
fragment), or 366.1396 (HexNAcHex)) was detected in the
HCD spectrum within 15 ppm mass accuracy, additional
precursor isolation and EThcD acquisition were performed at a
resolution of 50 000 (measured at m/z 200), scan range of m/z
150—2000 with normalized AGC target = 500% and maximum
injection time = 150 ms. The supplemental activation NCE
was set to 35%.

Data Analysis. MS/MS data were processed using PMi-
Byonic (version 3.7) and PMi-Byologic (version 3.7, Protein
Metrics, Inc.). Data were searched using the Protein Metrics
182 human N-glycan library (for proteins expressed in HEK
cells) or 38 insect N-glycan library (for proteins expressed in
insect cells). The search parameters for enzyme digestion were
set to fully specific, three allowed missed cleavage sites, and 6
and 20 ppm mass tolerance for precursors and fragment ions,
respectively. Carbamidomethylation of cysteine was set as a

https://dx.doi.org/10.1021/acs.analchem.0c03301
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fixed modification with variable modifications set to include
deamidation at Asn and Gln and oxidation of Met. Tandem
mass spectra of identified glycopeptides with a Byonic score>*
of higher than 300 were considered valid identifications and
were examined by manual inspection for further validation
based on the presence of predicted peptide fragments and
diagnostic N-glycan fragment ions. The precursor ion peak
areas of identified glycopeptides and unoccupied peptides were
obtained through the Byologic algorithm, with the relative
abundance of each glycan at each site calculated as the area
ratio of the peptides bearing a particular glycan over the total
peptides of the same peptide sequence. The glycan abundance
was represented as the mean of either two or three replicates,
depending upon the number of observations, along with
standard deviation of the mean.

B RESULTS AND DISCUSSION

To compare the glycan profiles of SARS-CoV-2 S protein and
its subunits prepared from different expression systems, we
examined three SARS-CoV-2 recombinant S protein con-
structs, including SARS-CoV-2 prefusion stabilized spike
protein (S2P), unmutated spike protein (SF), and the S1
subunit (S1), using bottom-up LC-MS/MS techniques on a
Thermo Orbitrap Eclipse mass spectrometer. In addition,
SARS-CoV-1 spike protein (SN) and MERS-CoV spike
protein S1 subunit (MS1) were analyzed for comparison.
Among these five proteins, S2P, S1, and MS1 were expressed
in human-derived HEK cells, and SF and SN were prepared in
insect cells using a baculovirus-SF9 expression system. To
generate high-quality MS/MS spectra for potential glycopep-
tides, HCD-triggered EThcD was used because it focused
more data acquisition time on analyzing glycan bearing peptide
ions. The EThcD fragmentation regime favored the formation
of both glycan and peptide backbone fragment ions. A recent
report by Bertozzi and co-workers™> compared the analytical
figures of merit of ETD, EThCD, HCD, and stepped collision
energy HCD (sceHCD) for analysis of N- and O-linked
glycopeptides. Our results corroborate their findings that ETD-
based methods provide better spectral quality—superior
peptide and glycan sequence coverage to HCD methods
alone. It is important to note that they observed sceHCD
methods provided a greater number of peptide spectral
matches (PSMs) with similar peptide and glycan sequence
coverages than EThCD from a standard glycopeptide mixture
at a compromise in spectral quality.

The heterogeneity of the five samples was demonstrated by
SDS-PAGE gel (Figure 1A); a single band of S2P, S1, and MS1
revealed the high purity of these proteins, whereas an
additional band observed in the SF sample indicated a spike
protein fragment or contaminating protein was present in the
sample. A band was barely visible in the lane loaded with SN,
suggesting that protein had degraded; this reagent was
manufactured in 2005 as a vaccine candidate for SARS-CoV-
1 and held in long-term storage. The size-exclusion chromato-
gram obtained under native conditions, shown in Figure 1B,
illustrated the difference in structure between the stabilized
prefusion protein (S2P) and wild-type version of the S protein
(SF), where the former was observed to be predominantly a
trimer of apparent molecular mass 700 kDa, peak eluting at
10.5 min, with a relatively lower amount of monomer eluting at
13 min. The SF sample was observed to be present as a
mixture of trimer (700 kDa, 10.4 min) and monomer (230
kDa, 13.5 min) with a degradation product (100 kDa) at 15

min that presumably corresponds to the species observed in
SDS-PAGE at this approximate mass. The identities of the
chromatographic peaks observed in the SEC peaks were
confirmed to be SARS-CoV-2 S protein by LC-MS/MS
analysis of collected fractions.

The unambiguous characterization of glycoproteins by mass
spectrometric analysis of proteolytically cleaved glycopeptides
presents several significant analytical challenges. Compared to
the typical molecular mass of unmodified peptides (1—5 kDa),
the size of the glycan moiety (typically >1 kDa) can lead to a
higher prevalence of false-positive spectrum matches even at
high mass measurement accuracies. In addition, a lower
population of fragment ions containing the glycan moiety is
often observed in MS/MS spectra of glycopeptides.'® To
address these issues, the samples were digested using three
protease/protease combinations (trypsin, Lys-C + chymotryp-
sin, and Asp-N + chymotrypsin) with each digestion condition
conducted in triplicate. The identification of the same glycan at
a sequon by two or more peptides derived from the cleavage by
a different enzyme or enzyme combination can cross-validate
each other. For example, a complex glycan, HexNAc,Hex,Fuc,
modified at N1074 of S2P, was determined with high
confidence by two glycopeptides of different lengths, one
was S2P(1046-1086) derived from trypsin proteolysis and
another was S2P(1068-1087) generated from the digestion by
Asp-N/chymotrypsin (Figure 1C).

To obtain accurate quantitative results, we processed the
data of specific proteolytic digestion experiments separately.
This resulted in a majority of the peptides bearing a specific
sequon to have identical amino acid lengths and sequences
because they were produced from the digestion by identical
enzyme(s). This is particularly important because the LC-MS/
MS peak intensity or integrated peak area derived from a given
peptide is dependent on its amino acid composition and
sequence, assuming that it is not affected by the associated
glycans. Summing the areas of a group of peptides with the
same glycan site but different amino acid sequences could lead
to an inaccurate calculation of relative abundance of individual
glycans on a specific modification site. In addition, a 6 ppm
precursor ion tolerance was employed in database searching,
and the criteria for positive identification of a glycopeptide
were a Byonic score of >300 and validation of MS/MS data by
manual inspection. Moreover, any glycopeptides that were
detected in only one of the three replicates were not included
for the quantification of glycan distribution, even if their
identities were unambiguously determined by the criteria
described previously.

Of the 22 possible N-linked glycosylation sites on the S2P
protein, 21 sites were detected as glycosylated by this
comprehensive approach (Data S-1). No peptides containing
the sequon N17 were detected from any of data meeting the
selection criteria described above. In addition to the categories
of high mannose (HexNAc,Hex,,X), hybrid containing three
HexNAc, and complex glycans with more than three HexNAc,
we also added a truncated species type including pauciman-
nose and other small glycans consisting of only one HexNAc or
two HexNAc but less than five Hex groups in their
compositions, due to the presence of large amounts of such
glycans in some samples. The relative abundances of different
types of N-glycosylation on the prefusion S2P proteins are
listed in Table 1. The results generated from various
experimental conditions showed high consistency within two
or three datasets, demonstrating the reproducibility of this
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approach. Although the glycosylation on the N74 and N1158
sequons was not detected from the experiment using Lys-C/
chymotrypsin digestion, their modifications were determined
from Asp-N/chymotrypsin digests, revealing that complemen-
tary outcomes can be gained by the combination of multiple
enzyme digestions.

There were 19 of 21 detected sequons on the prefusion
stabilized ectodomain of the SARS-CoV-2 S protein (S2P) that
were fully occupied by various glycans (Table 1 and Figure
2A). The unoccupied fraction of sequons N74 and N1098 was
relatively low (10—20%). This is consistent with the results
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Figure 2. N-Glycosylation profile of recombinant S proteins including
(A) stabilized SARS-CoV-2 S protein expressed in human cells (S2P);
(B) SARS-CoV-2 S protein S1 subunit expressed in human cells; (C)
MERS-CoV S protein S1 subunit expressed in human cells; (D)
SARS-CoV-2 S protein expressed in insect cells; and (E) SARS-CoV-
1 S protein expressed in insect cells. The data represent the sum of the
mean values of three replicates for each type of glycans. The majority
of the glycan data was obtained with Asp-N/chymotrypsin digestion.

reported for other glycoproteins. Among four types of glycans,
complex glycans were the most frequently observed within
most of the individual N-glycosylation sites. There were 17
sites that contained more than 40% complex glycans, of which
11 sites contained 80% or higher relative abundance of
complex glycans including N74, N149, N282, N331, N343,
N616, N657, N1134, N1158, N1173, and N1194, suggesting
this protein was modified with extensively processed N-
glycans. This observation is similar to a recent report on a full-
length S protein'® but different from that reported on two
subunits of the spike protein expressed separately, where a
larger proportion of high-mannose glycans was determined.”

Two glycosylation sites (N234 and N709) were almost fully
occupied by high-mannose glycans, while the sites of N61,
N122, N603, N801, and N1074 were also modified by both
high-mannose and complex glycans in comparable abundance.
It was not surprising that this trend agreed well with the results
reported on the same full-length S protein construct."> A
significant difference between the two studies lies on the
glycans attached to N717. The glycans detected at the N717
site were paucimannosidic or truncated small N-glycans in this
report, but mainly high-mannose glycans in the other study.
This inconsistency could be attributed to the differences in
sample preparation, data acquisition, or data processing.

The difference in the N-glycosylation profiles on the SARS-
CoV-2 § groteins reported recently by several laborato-
ries' 7?7?%°%1 Jed us to investigate the effect of the S protein
structure (full-length vs S1 subunit alone) on the glycan
complement. We examined the N-glycosylation pattern of the
SARS-CoV-2 S1 subunit prepared from HEK cells. The major
glycan type in the available sequons of the S1 protein was still
complex (Figure 2B). In comparison to the complete S2P
construct, significant variations occurred. For instance, site
N234 was almost fully occupied by complex glycans in S1
while the same site contained high-mannose glycans in S2P.
This suggests that N234 may represent a location of a trimer-
associated mannose patch, a phenomenon observed for HIV-1
envelope glycoprotein where underprocessed oligomannose-
type glycans dominate some sites on the trimeric protein to
stabilize its conformation.’® In addition, N657 was solely
modified with complex glycans on S2P, but less than 20% of
the sites were occupied by complex glycans on S1 with the
remainder of sites left unoccupied. Four sequons including
N61, NI122, N16S, and N603 on the full-length spike
contained a mixture of complex, hybrid, and high-mannose
glycans, while complex glycans almost exclusively occupied the
sites observed on the S1 subunit.

The composition of individual glycans of the full-length
version and the S1 subunit of SARS-CoV-2 is displayed in
Figure 3, illustrating the quantitative occupancy of the glycans
with the highest and the second highest relative abundance on
each glycosylation sites (referred to as the primary glycans
thereafter). The reproducibility of our approach was
demonstrated by the results obtained from two independent
sample preparation methods, Asp-N/chymotrypsin digestion
(Figure 3A upward) and Lys-C/chymotrypsin (Figure 3A,
downward). As shown in the representative plots for S2P
protein, the speciation and the relative abundance of the top 2
occupied N-glycans were comparable for majority of the
modification sites. Although heterogeneity is a common
phenomenon of N-linked glycosylation, our data show that
many of the sites on SARS-CoV-2 S protein were mainly
occupied by only one or two primary glycans. For example,
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Figure 3. Relative abundance of the top 2 N-glycans on individual glycosylation sites of (A) SARS-CoV-2 prefusion ectodomain spike protein
(S2P) derived from the digestion by Asp-N/chymotrypsin (upward) and Lys-C/chymotrypsin (downward). Note that the reflected y-axis
represents positive values as per the labeled y scale; (B) SARS-CoV-2 S protein S1 subunit (S1); (C) MERS-CoV $ protein S1 subunit (MS1); (D)
SARS-CoV-2 S protein (SF); and (E) SARS-CoV S protein (SN). The data represent the average values of three replicates, and the error bars
represent the standard deviation of the mean. Most of the data were obtained from the Asp-N/chymotrypsin digests.

more than half of each of the sites including N61, N234, N343,
N603, N709, N717, N801, N1074, and N1134 were modified
primarily by one or two glycans. Another interesting
observation was some of the glycan species were predominant
in multiple sites. For example, the biantennary complex glycan
with the composition of HexNAcsHex;Fuc occurred as the
highest or the second highest abundant N-glycan on N74,
N149, N282, N331, N343, N657, and N1134. Among those
sites, N331 and N343 are located within the receptor-binding
domain (RBD) of the SARS-CoV-2 S protein. Meanwhile, the
high-mannose glycan MansHexNAc, HexNAc,Hex; appeared
on six modification sites, as one of the two primary modifiers.
These observations revealed that only a few primary glycan
species might play an important role in shielding the virus’
immunogenic epitopes. In other words, the glycan density of
viral spike protein was dominated by a few major glycan
species although hundreds of distinct glycan species were
identified on this protein.

The variation between the full-length and S1 subunit
recombinant proteins was further demonstrated by the
distribution of primary glycans (Figure 3A,B). In contrast to
the ectodomain protein, S2P, the combined abundance of the
top two glycans did not exceed 50% at any site of the Sl
subunit, revealing a higher degree of microheterogeneity
(different glycans at the same site) in the S1 protein than in
S2P. In addition, the predominantly occurring glycans in these

two proteins were not the same. On the S1 protein, a possible
biantennary complex glycan with the composition of
HexNAc,Hex;FucNeuAc containing one fucose and one sialic
acid modified 9 of 12 identified sites (N61, N74, N122, N149,
N165, N234, N331, N343, and N603) including two sites on
the RBD domain. In contrast, only three N-glycan sites (N16S,
N331, and N657) on the S2P were dominated by the complex
type of glycans.

Another significant difference between the S2P and S1
proteins was the content of sialic acid glycans. Among 24 of
the top 2 glycans detected on the 12 sequons in the sequence
of the SI1 subunit, 19 were sialylated glycans for S1 protein
while only three N-glycans on the full-length S2P had sialic
acid groups (Figure 4A,B). Increased sialylation on S1 subunit
protein was further confirmed by comparing the relative ratio
of sialylated glycans to nonsialylated ones on the two proteins
(Figure 4). On each of the 12 sites of S2P protein, there were
approximately 60% or higher total detected glycans containing
no sialic acids; no sialylated glycans at all were detected on
N74 and N234 (Figure 4A). In contrast, 9 of 12 sites on the S1
protein were sialylated by greater than 75%. Less than 50% of
the glycans on the other three sites (N61, N149, N343) were
unsialyated. In addition, there was a range in the degree of
sialylation of S1 protein, including mono- and disialylated
forms with some tri- and tetrasialylated glycans. The sialylation
on the glycans of S2P was predominately the monosialylated

https://dx.doi.org/10.1021/acs.analchem.0c03301
Anal. Chem. 2020, 92, 14730—14739


https://pubs.acs.org/doi/10.1021/acs.analchem.0c03301?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c03301?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c03301?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c03301?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c03301?ref=pdf

Analytical Chemistry

pubs.acs.org/ac

HOSA m1SA m2SA m35A m4SA
100% EEE
80%
60%
40%
20%
0%

Rel abundance

61 74 122 149 165 234 282 331 343 603 616 657

100%
80%
60%
40%
20%

0%

Rel abundance *

100%
80%
60%
40%
20%

0%

Rel abundance

66 104 125 155 166 222 236 244 410 487 592 619
Glycosylation site

Figure 4. Distribution of sialylated N-glycans on the glycosylation
sites within the sequence range of the S1 subunit of (A) the SARS-
CoV-2 ectodomain S protein and (B) its S1 subunit recombinant
protein, (C) and the S1 subunit of the MERS-CoV spike protein,
MS1. “0 SA” indicates glycans without sialic acid attached, and “1—4
SA” represents mono-, bi-, tri-, and tetrasialylated glycans,
respectively.

glycoforms. For the sequons located in the RBD domain of the
spike protein, for N331 on the S1 protein, a total of 80% of
glycans were sialylated (60% were monosialylated). In contrast,
on the S2P protein, only 40% of the glycans were sialylated at
sequon N331. On the other hand, only ~10% of the glycans on
N343 of S2P were sialylated but approximately half of the
glycoforms on the same residue of S1-contained terminal sialic
acids.

Sialylated N-glycans play an important role in the immune
system, pathogen recognition, protein—protein interactions,
and cancer.”” The substantial variation in sialic acid content
between ectodomain and S1 subunit of SARS-CoV-2 S protein
observed in our results suggests careful consideration in data
interpretation is needed when a construct derived from a
partial protein sequence is used to study ligand—receptor
binding, antibody recognition, or other structure/function
relationships. The existence of a large quantity of negatively
charged branch-terminal sialic acids, particularly in a smaller
protein, could affect the isoelectric point of this protein, and
this may cause differences in the three-dimensional structure or
conformation between full-length and reduced-size proteins.

To understand the effect of the primary sequence of the
protein on the glycosylation profile and the formation of
sialylated N-glycans, we examined the glycan profile of the S1
subunit (MS1) of the spike protein of MERS coronavirus
(MERS-CoV), which belongs to the same coronavirus family
as SARS-CoV-2. The recombinant MS1 has a similar molecular
weight to the S1 protein (Figure 1B) and was prepared in HEK
cells by the same manufacturer that produced the SARS-CoV-2
S1 recombinant protein examined here. The two proteins, S1

and MS1, differed significantly in the distribution of N-glycan
types (Figure 2C) and also displayed clear variation in the
composition of the primary glycans on each site (Figure 3C),
presumably due to their variation in primary amino acid
sequences. One-third of the N-glycosylation sites of MSI
(N125, N166, N222, N410) were high-mannose glycans with
high occupancy (>80%), and 10—20% of sites N66, N104, and
N236 were occupied by this glycan type. While complex
glycans were still the major N-glycan type on the remaining
sites, relatively low abundant hybrid glycans were also observed
on some of these sites. Although the same biantennary
complex glycan (HexNAc,Hex;FucNeuAc) occupied multiple
sites in MS1 and 14 sialylated glycans were among 24 of the
most frequently observed glycans, the high preference for
nonsialylated glycans on most of the sequons implies that
reduced size of a recombinant protein might not necessarily
cause enhanced sialylation (Figure 4C). The amino acid
sequence of the S1 subunit of SARS-CoV-2 S protein may play
a role in its elevated sialic acid content when expressed as a
recombinant protein. Further study is needed to confirm this
speculation and its biological significance.

The baculovirus insect cell system has been widely utilized
to produce functional, post-translationally modified recombi-
nant proteins.”® Since the beginning of the COVID-19
pandemic, this system has been used by different manufac-
turers and laboratories to produce many SARS-CoV-2
recombinant proteins for research and therapeutic purposes.
A recent preprint has reported the N-glycosylation mapping on
the surface of SARS-CoV-2 S protein expressed in insect cells,
but no quantitative results regarding the relative abundance of
glycans are included.” It is well known that expression hosts
affect the glycosylation of a recombinant protein. Expression in
baculoviral-insect cells is expected to form smaller or truncated
glycans including pausimannosidic and other smaller species
because the glycosylation pathway in insect cells is far simpler
than in higher eukaryotes.”” Characterizing the glycan profile
of this protein under identical analytical conditions as the spike
proteins expressed in the HEK expression systems was useful.
When this protein construct (SF) was analyzed, not
surprisingly, a vastly different N-glycosylation profile was
observed (Figure 2D). Most of the N-glycosylation sequons
were modified by truncated glycans with high abundances. For
example, 15 Asn residues were modified with 80% or higher
truncated glycans. There were, however, a few exceptions
including N61, N234, and N717, where the main glycan type
was high mannose and their relative abundances were
comparable to those that were measured in human expressed
S2P protein. A similar pattern was observed on a SARS-CoV §
protein (SN) that was prepared in insect cells, although some
sites such as N256, N1142, and 1163 were modified by
complex glycans of comparable densities (Figure 2E).

O-glycosylation has been reported in SARS-CoV-2 full-
length S protein constructs>®** and subunits.*° In all cases, the
relative degree of occupation for these observed O-
glycosylation sites was relatively low—less than 11% in the
report on full-length construct. In addition, Wells and
colleagues have reported the observation of sulfonated glycans
on a recombinant full-length S protein.”® Prompted by these
reports, we also searched our data for O-linked glycans and
sulfoglycans in Byonic using a similar approach and searched
identification criteria as we employed for N-glycosylation.
Given our relatively strict and conservative search criteria
(Byonic score >300), we observed only a few peptides
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modified by sulfoglycans with a lower variety and diversity of
modification sites than Wells and colleagues (Table S-1). On
the other hand, we did not observe any occupied O-
glycosylation sites that passed our filters. The relatively low
amount (<1 pug) of proteins used in this study might hinder the
detection of high-quality tandem mass spectra for low-
abundance O-glycan or sulfoglycan peptides. In the future,
we will more thoroughly characterize the O-linked and
sulfonated glycan complement on SARS-CoV-2 proteins.

B CONCLUSIONS

We conducted a comprehensive characterization of the N-
glycosylation profiles of several SARS-CoV-2 S protein
constructs and contrasted them with the glycan profiles from
SARS-CoV-1 and MERS. The combination of multiple enzyme
digestions, glycan signature-triggered EThcD analysis, and
rigorous data processing parameters allowed the detection and
relative quantification of N-glycan distribution on the proteins
with high confidence and reproducibility. The patterns of the
N-glycosylation between two versions of the recombinant
spike proteins, ectodomain and S1 subunit, were carefully
examined, and significant variations were observed on the
distribution of glycan types and specific individual glycans on
various sequons of entire and partially expressed proteins. Our
data demonstrate that the relative abundance of sialylated
glycans was significantly elevated in the reduced-size S1
subunit than in the full-length protein. This observation could
possibly point to differences in the structure and function of
these two species. In addition, we compared N-glycan profiles
of the recombinant S proteins produced from different
expression systems including human cells and insect cells.
These results should provide useful information for the study
of the interactions of SARS-CoV-2 viral proteins and the
development of effective vaccines and therapeutics.
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