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ABSTRACT: Understanding the glycosylation of the envelope spike
(S) protein of SARS-CoV-2 is important in defining the antigenic
surface of this key viral target. However, the underlying protein
architecture may significantly influence glycan occupancy and process-
ing. There is, therefore, potential for different recombinant fragments of
S protein to display divergent glycosylation. Here, we show that the
receptor binding domain (RBD), when expressed as a monomer,
exhibits O-linked glycosylation, which is not recapitulated in the native-
like soluble trimeric protein. We unambiguously assign O-linked
glycosylation by homogenizing N-linked glycosylation using the
enzymatic inhibitor, kifunensine, and then analyzing the resulting
structures by electron-transfer higher-energy collision dissociation
(EThcD) in an Orbitrap Eclipse Tribrid instrument. In the native-like trimer, we observe a single unambiguous O-linked glycan
at T323, which displays very low occupancy. In contrast, several sites of O-linked glycosylation can be identified when RBD is
expressed as a monomer, with T323 being almost completely occupied. We ascribe this effect to the relaxation of steric restraints
arising from quaternary protein architecture. Our analytical approach has also highlighted that fragmentation ions arising from trace
levels of truncated N-linked glycans can be misassigned as proximal putative O-linked glycan structures, particularly where a paucity
of diagnostic fragments were obtained. Overall, we show that in matched expression systems the quaternary protein architecture
limits O-linked glycosylation of the spike protein.

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the recently emerged zoonotic agent responsible

for the COVID-19 pandemic.1−3 SARS-CoV-2 is a member of
the Betacoronavirus genera of enveloped RNA viruses, which
also includes SARS-CoV-1 and Middle Eastern respiratory
syndrome-coronavirus (MERS-CoV).4,5 SARS-CoV-2 tissue
tropism is defined by the spike (S) protein.6 The S protein is
formed of a trimer of heterodimers (Figure 1A,B) that controls
cellular fusion with host cells through the binding of
angiotensin-converting enzyme 2 (ACE2) cellular recep-
tors.7−9 The S protein is the major surface transmembrane
protein and is the principle antigenic target in current vaccine
strategies,10,11 and a key component of serological tests.12,13 It
is therefore important that we understand the immunogenic
surface of the S protein.
The ectodomains of S proteins of coronaviruses have been

shown to be modified with glycans, which can facilitate host-
cell binding.14−20 In addition, glycans can obfuscate immuno-
logical recognition of the protein surface through glycan
shielding,21−23 although not to the same extent as human
immunodeficiency virus (HIV).21,24,25

Glycans are carbohydrates added as a post-translational
modification, in a process called glycosylation, during
glycoprotein secretion.26 Viral spike protein glycosylation
occurs via two main mechanisms: the addition of glycans to

asparagine residues, termed N-linked glycosylation, or O-
linked glycosylation, which typically occurs at serine or
threonine residues.27 N-linked glycans are added to Asn
residues within the N-linked sequon, N-X-S/T, and so
potential N-linked glycosylation sites (PNGS) can be
identified from a primary protein sequence. In contrast, O-
linked glycans are present in high levels on mucin domains and
display a bias toward disordered Ser-, Thr-, Pro-rich (STP)
domains, but do not have a conserved sequon.28 This makes
O-linked glycans more difficult to study because of their lack of
predictability.
The N-linked glycosylation of SARS-CoV-2 S protein has

been previously studied, showing high occupancy of 22
PNGS;29−31 however, there are differing reports about the
level of occupancy, and localization of, O-linked gly-
cans.25,32−37 In this study we use kifunensine, which inhibits
α1,2-mannosidases following the Calnexin/Calreticulin folding
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cycle,38 to simplify N-linked glycosylation prior to studying the
SARS-CoV-2 S protein. The inhibition by kifunensine induces
N-linked glycan homogeneity, resulting in the predominant
display of Man9GlcNAc2 glycans. Kifunensine has been
previously used to study heavily glycosylated glycoproteins in
both a crystallographic39 and intact mass spectrometry
setting.40 Here, we use kifunensine to simplify bottom-up N-
linked fragmentation spectra, lowering the chance of false-
positive O-linked glycan identification in several ways.40

Firstly, it simplifies the N-linked glycans while ostensibly
leaving the O-linked glycans untouched, preventing possible
misassignment of N-linked structures as complex O-glycans,
that is, as a complex extended core structure. Secondly, it
facilitates initial peptide searches with both N- and O-linked
glycan comodifications. Third, it accelerates the manual
verification required during joint N- and O-linked glycan
searches, allowing better discrimination of misassigned N-
glycans.
We study two different forms of prefusion stabilized S

protein, the 2P41,42 and HexaPro43 constructs, expressed in the
presence of kifunensine, using a bottom-up mass spectrometry
(MS) approach with electron-transfer higher-energy collision
dissociation (EThcD),44−46 to study O-linked glycosylation.
EThcD offers a softer fragmentation approach than pure
higher-energy collision dissociation (HCD), preventing
dissociation of the glycan from the peptide, which is beneficial
for O-linked glycan analysis as there is no conserved
sequon.44−46 During data analysis a search of up to three
glycan comodifications per peptide, on either N- or O-linked
glycan sites, was performed, where the sites can be easily
verified or rejected if non-oligomannose-type glycans were

observed at the N-linked glycan sites, or if there was
incomplete fragmentation between N- and O-linked glycan
sites. Using this approach, we observe a single unambiguous O-
linked glycan on the S-protein ectodomains at site T323 in the
receptor binding domain (RBD), with low occupancy, with our
N-linked glycosylation patterns matching previously published
data. We considered a glycosylation site unambiguous if it was
identified in multiple analytical repeats and had appropriate
backbone fragmentation between the O-linked glycan site and
any other possible glycan sites. In comparison, monomeric
RBD displayed very high occupancy of the T323 site, with
greater glycan processing evident. We hypothesize that the
higher occupancy and processing of this site is due to a lack of
steric hindrance from the quaternary structure of the full
trimeric spike. We also explored the impact of kifunensine on
O-glycan occupancy and composition on monomeric RBD,
observing consistent occupancy between O-linked glycan sites;
however, unexpectedly, kifunensine appeared to increase
sialylation of O-linked glycans. We find that the use of
kifunensine treatment helps reduce misassignments of glycan
attachment sites derived from nearby N-glycans as O-
glycosylation sites because of poor fragmentation. Elucidation
of the pattern of N- and O-linked glycan occupancy are
important parameters in defining the antigenic surface of viral
glycoproteins.

■ METHODS

Expression and Purification. HEK293F cells were
cultured in Freestyle 293 Expression Medium (Fisher
Scientific) and maintained at a density of 0.2 × 106 cells/mL

Figure 1. Overview of structure and glycosylation of the S-protein construct, using the full-length S-protein model presented in Allen et al.,31 with
the N-terminal domain (NTD) in blue, receptor binding domain (RBD) in pink, the fusion peptide (FP) in cyan, the heptapeptide repeat sequence
1 (HR1) in yellow, and the heptapeptide repeat sequence 2 (HR2) in orange, with oligomannose N-linked glycans in green and the O-linked
glycans in blue. (A) Primary structure of the S protein with N- and O-linked glycans and stabilizing protein mutations labeled; (B) full structure of
the spike protein, with the NTD, RBD, FP, HR1, and HR2 colored according to the primary structure; (C) spike protein construct with both high
mannose and dominant glycans as presented by Watanabe, Allen and co-workers,25 with the Man9GlcNAc2 glycans shown in green, hybrid glycans
shown in yellow, and complex glycans shown in magenta and O-linked glycans in blue. Inset: the close-up of the T323 O-glycan on the structure of
the high mannose glycoform with the percentage occupancy.
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at 37 °C, 8% CO2, and 125 rpm shaking. 293F cells were
transiently transfected with plasmid containing SARS-CoV-2 S
(GenBank ID: MN908947) to generate two forms of soluble
SARS-CoV-2 prefusion ectodomain, one with stabilizing
proline mutations at residues 986 and 987 (2P)41,42 and
another with additional mutations at 817, 892, 899, and 942
(HexaPro).43 Both proteins contained a C-terminal octa-
histadine and Strep-tag II. Prior to transfection, two solutions
of 10 mL of Opti-MEM (Fisher Scientific) medium were
prepared. SARS-CoV-2 S was added to the first solution to give
a final concentration of 310 μg/L. To the other solution, 1 mg/
mL (pH 7) polyethylenimine (PEI) max reagent was added to
generate a ratio of 3:1 PEI max/plasmid DNA. Both solutions
were combined and incubated for 30 min at room temperature.
Cells were transfected at a density of 1 × 106 cells/mL and
incubated for 7 days at 37 °C, 8% CO2, and 125 rpm shaking.
At the time of transfection, 20 μM kifunensine was added to
elicit oligomannose-type glycans.
Cells were centrifuged at 3041g for 30 min at 4 °C, and

supernatant was applied to a 500 mL Stericup-HV sterile
vacuum filtration system (Merck) with a pore size of 22 μm.
Purification of SARS-CoV-2 spike protein was undertaken
using an ÄKTA Pure system (Cytiva). A 5 mL HisTrap FF
column (Cytiva) charged with Ni(II) was equilibrated using 10
column volumes (CV) of washing buffer (50 mM Na2PO4, 300
mM NaCl) at pH 7. Supernatant was loaded onto the column
at a flow rate of 2 mL/min and washed with 10 CV of washing
buffer containing 50 mM imidazole. Protein was eluted in 3
CV of elution buffer (300 mM imidazole in washing buffer)
and buffer exchanged to phosphate buffered saline (PBS) using
a Vivaspin column (MWCO 100 kDa) (Cytiva).
The nickel purified eluate was concentrated to 1 mL in PBS

and injected into a Superdex 200 pg 16/600 column (Cytiva)
to isolate trimeric spike protein using size exclusion
chromatography (SEC). The column was washed with PBS
at 1 mL/min for 2 h, and fractions corresponding to the
correct peak on the size exclusion chromatogram were
collected and concentrated to 1 mL as above.
Sample Preparation. Three aliquots of each sample were

denatured for 1 h in 50 mM Tris/HCl (pH 8.0) containing 6
M urea and 5 mM dithiothreitol (DTT). Next, spike proteins
were reduced and alkylated by adding 20 mM iodoacetamide
(IAA) and incubated for 1 h in the dark, followed by a 1 h
incubation with 20 mM DTT to eliminate residual IAA. The
alkylated spike proteins were buffer-exchanged into 50 mM
Tris/HCl (pH 8.0) using Vivaspin columns (3 kDa), and two
of the aliquots were digested separately overnight using trypsin,
chymotrypsin (Mass Spectrometry grade, Promega), or alpha-
lytic protease (Sigma-Aldrich) at a ratio of 1:30 (w/w). The
next day, the peptides were dried and extracted using C18 Zip-
tip (MerckMilipore).
Mass Spectrometry. The peptides were dried again,

resuspended in 0.1% formic acid, and analyzed by nanoLC-ESI
MS with an Ultimate 3000 HPLC (Thermo Fisher Scientific)
system coupled to an Orbitrap Eclipse mass spectrometer
(Thermo Fisher Scientific) using electron-transfer high-energy
collision dissociation (EThcD) fragmentation. Peptides were
separated using an EasySpray PepMap RSLC C18 column (75
μm × 75 cm). A trapping column (PepMap 100 C18 3 μm ×
75 μm × 2 cm) was used in-line with the LC prior to
separation with the analytical column. The LC conditions were
as follows: 280 min linear gradient consisting of 4−32%
acetonitrile in 0.1% formic acid over 260 min followed by 20

min of alternating 76% acetonitrile in 0.1% formic acid and 4%
Acn in 0.1% formic acid, used to ensure all the sample had
eluted from the column. The flow rate was set to 300 nL/min.
The spray voltage was set to 2.7 kV, and the temperature of the
heated capillary was set to 40 °C. The ion-transfer tube
temperature was set to 275 °C. The scan range was 375−1500
m/z. EThcD reaction kinetics were determined with prior
calibration using Pierce FlexMix with supplemental higher
energy collision dissociation set to 15%. Precursor and
fragment detection were performed using an Orbitrap at a
resolution MS1 = 120 000 and MS2 = 30 000. The AGC target
for MS1 was set to standard and the injection time set to auto,
which involves the system setting the two parameters to
maximize sensitivity while maintaining cycle time. Full LC and
MS methodology can be extracted from the appropriate raw
file using XCalibur FreeStyle software or upon request
(MassIVE MSV000087897).

Data Analysis. Glycopeptide fragmentation data were
extracted from the raw file using Byos (Version 3.5; Protein
Metrics Inc.) and filtered for a score above 100. The
glycopeptide fragmentation data were evaluated manually for
each glycopeptide; the peptide was scored as true positive
when the correct a-, b-, c-, x-, y-, and z-fragment ions were
observed along with oxonium ions corresponding to the glycan
identified. The MS data were searched using the Protein
Metrics 305 N-linked glycan library with sulfated glycans
added manually. The relative amounts of each glycan at each
site as well as the unoccupied proportion were determined by
comparing the extracted chromatographic areas for different
glycotypes with an identical peptide sequence. All charge states
for a single glycopeptide were summed. The precursor mass
tolerance was set at 4 and 10 ppm for fragments. A 1% false
discovery rate (FDR) was applied. The relative amounts of
each glycan at each site as well as the unoccupied proportion
were determined by comparing the extracted ion chromato-
graphic areas (XIC) for different glycopeptides with an
identical peptide sequence. Glycans were categorized accord-
ing to the composition detected. The O-linked glycan
occupancy was calculated for each glycopeptide via XIC, and
the occupancy was averaged across different glycopeptides
across analytical repeats. For N-linked glycosylation, high-
intensity glycopeptides (XIC > e10) were selected from
analytical repeats to confirm successful kifunensine treatment.

■ RESULTS AND DISCUSSION
High HexaPro N-Linked Glycan Occupancy. Previous

publications have identified 22 N-linked glycosylation sites on
the S-protein ectodomains.25,33,34 We were able to unambig-
uously determine the glycosylation state of 21 of the 22 N-
linked glycan sites, but did not see signal for the N17 glycan,
due to poor N-terminal peptide coverage. With expression in
the presence of kifunensine (‘kifunensine treatment’, KT), a
majority of oligomannose-type glycans were observed on all
sites (Figure 2A) compared to previous publications, which
show Spike N-linked glycans consist predominantly of
complex-type glycans.25 Over 95% of all sites were observed
as being occupied by oligomannose-type glycans, confirming
the efficacy of kifunensine (Figure 2B).
Only one site of O-linked glycosylation could be

unambiguously assigned to the S-protein ectodomain: T323.
Low occupancy of the site with a HexNAc(1) (approximately
0.02% occupancy) was observed with fragmentation of either
side of the T323 (Figure S2). This single O-glycan site was
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also observed by Watanabe et al., Zhao et al., and Shajahan et
al., although at higher occupancy.25,33,47 The only other
unambiguous site of O-linked glycosylation in the present
study was a S1261 present on the protein purification tag
(approximately 6% occupancy, Figure S2, Table S2).
In addition to this, we observed many ambiguous assign-

ments of O-linked glycans during analysis. The majority of
these assigned O-linked glycans contained only a single
HexNAc within close proximity to previously identified N-
linked glycans. Further examination revealed that these sites
were ambiguous assignments, where there were no assigned
fragment ions between the S/T and the nearby N-glycan
(Figure 3). Other modifications could be manually rejected for

reasons such as incorrect monoisotopic precursor peak
selection, missing isotope peaks, and lack of diagnostic ions.
Our data is in contrast to recent studies and preprints,

suggesting a high number of assigned O-linked glycan sites in
the vicinity of N-sequons.32,35,48 A possible reason for these
discrepancies could be that the use of PNGase F in these
studies, used to remove N-linked glycans, would not remove
residual HexNAc(1) remaining from N-linked glycan degra-
dation.49,50 Unambiguous assignment of an O-linked Hex-
NAc(1) in proximity to N-glycan sequons requires a parallel
search for N-linked modifications and good fragmentation of
the N sequon; otherwise, software pipelines will assign false O-
linked glycan sites (Figure 3).

Comparison to 2P Construct. As previous studies have
used the 2P stabilized spike construct, which has four fewer
proline substitutions compared to the HexaPro construct and
exhibits lower expression levels in protein production, we
compared glycosylation of HexaPro that of 2P.41,42 We
performed an identical O-linked glycan site search on KT
2P. We observed an O-linked HexNAc(1) on T323 at 0.23%
occupancy, higher than that observed on HexaPro (Figure 4,
Figure S3, Table 1, Table S2). This observation is consistent
with the additional proline substitutions increasing the stability
of the construct and suppressing the initiation of O-linked
glycosylation. No unambiguous O-glycans other than those
previously identified were observed.

Low-Confidence Ambiguous O-Linked Glycans. As
previously stated, we considered a glycosylation site “un-
ambiguous” if it was present on multiple peptides across
analytical repeats, and there was sufficient fragmentation data
to distinguish it from any other possible O-linked glycan sites.
We observed several examples of O-linked glycan sites for
which a single peptide was marked as a true positive, at low
intensities, including T124, T478, T696/S698/S704 (there
was not sufficient fragmentation to localize the O-linked glycan
site), and S1175 (Figure S4). We include these ambiguous O-
linked glycan sites for transparency; however, we do not have
confidence in their validity.

High RBD O-Linked Glycan Occupancy. We explored
KT RBD as a comparison to both the HexaPro and 2P
constructs, to highlight how the quaternary structure impacts
the occupancy on T323. We observed the T323 glycosite at
much higher occupancy in the RBD. The dominant glycan in
this position is a disialylated core-I (Figure 5A), HexNAc(1)-
Hex(1)NeuAc(2), representing 99% of total glycan composi-
tions. We also observed unambiguous O-glycan on sites S469/
T470 and T523 at occupancies below 1% (Figure 5B). The
discrepancy between the occupancy on T323 between full-
length S protein is likely due to the fact that T323 is located
within a cleft on the full-length trimer, but is more accessible in
the monomeric RBD (Figure 5E,F). This is supported by the
fact that the N234 glycan (which is in close proximity to T323,
Figure 5E) is dominated by oligomannose structures in wild-
type (WT) 2P25, and molecular dynamics simulations suggest
that this glycan has very low solvent accessibility.31,51 A similar
effect is observable with T499 within HIV gp120.52

To assess whether kifunensine impacts the occupancy of O-
linked glycans, such as through steric hindrance of the
glycosylation machinery by the artificial addition of oligoman-
nose-type glycans, we performed a comparison of WT and KT
SARS-CoV-2 RBD. We observe the same O-glycan sites
(T323, S469/T470, and T523) with similar occupancies
(Figure 5B). In comparison to those of KT RBD, the

Figure 2. The N-linked glycan composition of HexaPro expressed in
the presence of kifunensine: oligomannose-type (green), hybrid-type
(orange), complex-type (magenta), unoccupied (gray), and core
(blue). (A) Pie charts displaying glycan composition by N-linked
glycan site, with a breakdown between Man9GlcNAc2 (Man9; dark
green) and other oligomannose-type glycans: Man8-Man5GlcNAc2
(Man8-5; light green). (B) N-linked glycan composition, averaged
across all sites.
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dominant glycans at T323 are mono- and disialylated core-I
structures, HexNAc(1)Hex(1)NeuAc(1) and HexNAc(1)-
Hex(1)NeuAc(2) (Figure 5C,D), representing 80% of total
glycan compositions (Figure 5A). Various other O-glycan
structures were observed at low levels, with the total occupancy

of the T323 site at approximately 97%, comparable to that of
KT RBD. Interestingly, we see a distinct shift from mono- to
disialylation between WT and KT RBD, and a decrease in
overall O-linked glycan complexity at this site (Figure 5A). We
hypothesize that the use of kifunensine results in an increase in
the overall substrate available for sialyltransferases as
kifunensine prevents the sialylation of N-linked glycosylation.
In this model, the increase in the sialylation of O-linked
glycans caps their further maturation, reducing complexity.53

■ CONCLUSION

We use kifunensine to simplify the N-linked glycome of the
HexaPro and 2P constructs of the SARS-CoV-2 S protein,
observing a single unambiguous O-glycan present on the
ectodomain. We and others have previously reported T323 and
S325 as O-linked glycosylation sites on the 2P construct;
however, we now unambiguously assign T323 as the only

Figure 3. (A, C, E, G, I) Example fragmentation spectra of various ambiguous O-linked glycan assignments. (B, D, F, H, J) Corresponding assigned
N-glycan, with the glycosylation site and the annotated peptide fragments, with the corresponding assigned glycan site in bold.

Figure 4. T323 O-glycan site: Example of unambiguous fragmenta-
tion spectra with inset: occupancy of T323 with HexNAc(1) in
HexaPro (blue) and 2P (orange) constructs. For additional spectra
see Figures S2 and S3.
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Table 1. Unambiguously Identified O-Linked Glycans by Peptide and Full-Length Construct

site construct sequence glycans score XIC occupied XIC unoccupied occupancy

T323 HexaPro R.VQPtESIVR.F HexNAc(1) 176.05 5.91 × 1007 5.21 × 1011 0.01%
T323 HexaPro S.NFRVQPtESIV.R HexNAc(1) 191.31 1.42 × 1008 3.00 × 1011 0.05%
T323 HexaPro R.VQPtESIVR.F HexNAc(1) 176.14 5.32 × 1007 6.25 × 1011 0.01%
T323 2P S.NFRVQPtESIV.R HexNAc(1) 170.59 3.22 × 1008 6.77 × 1010 0.47%
T323 2P F.RVQPtESIV.R HexNAc(1) 192.53 1.07 × 1008 6.77 × 1010 0.16%
T323 2P R.VQPtESIVR.F HexNAc(1) 197.33 5.36 × 1008 3.01 × 1011 0.18%
T323 2P F.RVQPtESIV.R HexNAc(1) 171.6 3.40 × 1007 6.55 × 1010 0.05%

Figure 5. WT and KT O-glycan analysis of SARS-CoV-2 RBD: (A) Comparison of glycan composition at site T323 between WT and KT RBD,
with the structures of mono- and disialylated core I HexNAc(1)Hex(1) glycans, with WT in blue and KT in orange. (B) Total site occupancy of O-
linked glycans at T323, S469/T470, and T523 in RBD. (C, D) Example fragmentation spectra of T323 site mono- and disialylated core-I from (C)
WT and (D) KT RBD. (E) S-protein trimer with oligomannose glycans shown in green, hybrid glycans shown in yellow, complex glycans shown in
magenta, and O-glycan glycans shown in blue. (F) RBD construct with T323 and S469/T470 and (G) T523 residues in blue, using the full-length
S-protein model presented in Allen et al.31
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readily detectable O-linked glycan site on the ectodomains
using the mixture of kifunensine treatment and EThcD. This is
in-line with studies on recombinant RBD reporting T323 as
the predominate O-linked site.54−56 We also show that
kifunensine does not impact the occupancy of O-linked
glycans, but may lead to dominance of capped, sialylated O-
linked glycans. Further exploration of this effect is required,
which we anticipate to be the subject of a future study. Using
these techniques, we show that the difference in occupancy of
T323 between trimeric S protein and monomeric RBD is likely
due to placement of the O-glycan within a cleft on the trimeric
protein, imposing steric hindrance on glycosylation machinery.
Our work also highlights that research describing high levels

of O-linked glycan sites, which are glycosylated in the absence
of proximal N-glycans,32,35,48 may be artifactual in nature.
Although it could be envisaged that variations in cell lines and
proteins may explain the discrepancies, many of these studies
use HEK 293/293F and stabilized proteins.25,29,32,35,47,54,55 It
should be noted that these experiments are performed on
stabilized constructs in a recombinant setting, and the rules
governing O-linked glycosylation of the S protein in the
context of natural infection may differ. Additionally, O-linked
glycan enrichment may reveal further O-glycan sites that are
present at very low levels.36,57
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