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ABSTRACT The SARS-CoV-2 coronavirus, the etiologic agent of COVID-19, uses its spike
(S) glycoprotein anchored in the viral membrane to enter host cells. The S glycoprotein is
the major target for neutralizing antibodies elicited by natural infection and by vaccines.
Approximately 35% of the SARS-CoV-2 S glycoprotein consists of carbohydrate, which can
influence virus infectivity and susceptibility to antibody inhibition. We found that virus-like
particles produced by coexpression of SARS-CoV-2 S, M, E, and N proteins contained spike
glycoproteins that were extensively modified by complex carbohydrates. We used a
fucose-selective lectin to purify the Golgi-modified fraction of a wild-type SARS-CoV-2
S glycoprotein trimer and determined its glycosylation and disulfide bond profile.
Compared with soluble or solubilized S glycoproteins modified to prevent proteo-
lytic cleavage and to retain a prefusion conformation, more of the wild-type S glyco-
protein N-linked glycans are processed to complex forms. Even Asn 234, a significant
percentage of which is decorated by high-mannose glycans on other characterized S
trimer preparations, is predominantly modified in the Golgi compartment by processed
glycans. Three incompletely occupied sites of O-linked glycosylation were detected.
Viruses pseudotyped with natural variants of the serine/threonine residues implicated
in O-linked glycosylation were generally infectious and exhibited sensitivity to neutrali-
zation by soluble ACE2 and convalescent antisera comparable to that of the wild-type
virus. Unlike other natural cysteine variants, a Cys15Phe (C15F) mutant retained partial,
but unstable, infectivity. These findings enhance our understanding of the Golgi process-
ing of the native SARS-CoV-2 S glycoprotein carbohydrates and could assist the design of
interventions.

IMPORTANCE The SARS-CoV-2 coronavirus, which causes COVID-19, uses its spike
glycoprotein to enter host cells. The viral spike glycoprotein is the main target of
host neutralizing antibodies that help to control SARS-CoV-2 infection and are
important for the protection provided by vaccines. The SARS-CoV-2 spike glyco-
protein consists of a trimer of two subunits covered with a coat of carbohydrates
(sugars). Here, we describe the disulfide bonds that assist the SARS-CoV-2 spike
glycoprotein to assume the correct shape and the composition of the sugar moi-
eties on the glycoprotein surface. We also evaluate the consequences of natural
virus variation in O-linked sugar addition and in the cysteine residues involved in
disulfide bond formation. This information can expedite the improvement of vac-
cines and therapies for COVID-19.

KEYWORDS COVID-19, SARS-CoV-2, coronavirus, viral protein, spike glycoprotein,
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he recently emerged severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is

responsible for the ongoing pandemic of coronavirus disease 2019 (COVID-19), a respira-
tory disease with an estimated 2 to 5% mortality (1-7). The SARS-CoV-2 spike (S) glycopro-
tein mediates the entry of the virus into the host cell and influences tissue tropism and
pathogenesis (8-13). The S glycoprotein trimer in the viral membrane is the target for neu-
tralizing antibodies, which are important for vaccine-induced protection against infection (9,
11, 12, 14-18). Monoclonal neutralizing antibodies directed against the S glycoprotein are
being evaluated as treatments for SARS-CoV-2-infected individuals (14, 15, 19-26). In the vi-
rus-producing cell, the S glycoprotein is synthesized in the endoplasmic reticulum, where it
assembles into trimers and is initially modified by high-mannose glycans (27, 28). Each of
the three SARS-CoV-2 S glycoprotein protomers possesses 22 canonical sequons for N-linked
glycosylation (11, 29-35). Coronavirus virions bud into the endoplasmic reticulum-Golgi in-
termediate compartment (ERGIC), and S glycoprotein trimers on the surface of these virus
particles are thought to be processed further during trafficking through the Golgi complex
(28, 36-39). In the Golgi complex, some of the glycans on the S glycoprotein are modified to
complex carbohydrates; in addition, the trimeric S glycoprotein is cleaved by furin-related
proteases into S1 and S2 glycoproteins, which associate noncovalently in the virus spike
(26-35). During virus entry, the S1 subunit binds the receptor angiotensin-converting
enzyme 2 (ACE2) (9, 11-13, 40-42). The S2 subunit is further processed by host proteases
and undergoes extensive conformational changes to mediate the fusion of the viral and tar-
get cell membranes (42-46). Following the insertion of the S2 fusion peptide into the host
cell membrane, the interaction of two helical heptad repeat regions (HR1 and HR2) on the
S2 subunit brings the viral and cell membranes into proximity (43).

The SARS-CoV-2 S glycoprotein trimer is modified by glycosylation, which in other
coronaviruses has been suggested to modulate accessibility to neutralizing antibodies
as well as host proteases involved in S processing (11, 13, 29-31, 47, 48). Glycans camou-
flage S glycoprotein peptide epitopes, shielding them from potentially neutralizing anti-
bodies. Glycans can also contribute to epitopes for antibody recognition; for example,
the s309 neutralizing antibody interacts with the glycan on Asn 343 of the SARS-CoV-2 S
glycoprotein (49).

Virus entry inhibitors and therapeutic or prophylactic neutralizing antibodies must
recognize the mature SARS-CoV-2 spike with its natural glycan coat, as it exists on the
viral membrane. The glycosylation of the SARS-CoV-2 spike has been studied using soluble
or detergent-solubilized versions of the uncleaved S glycoprotein trimer, modified to retain
a pretriggered conformation (29, 32-35, 50). Fewer studies of the glycosylation of S glyco-
proteins on SARS-CoV-2 virion preparations have been conducted (51, 52). Experience with
human immunodeficiency virus (HIV-1) indicates that native, membrane-anchored viral en-
velope glycoproteins can exhibit glycosylation profiles that differ from those of soluble gly-
coprotein trimers (53-57). Here, we elucidate the glycosylation and disulfide bonding profile
of a wild-type SARS-CoV-2 S glycoprotein trimer and evaluate the importance of naturally
occurring variation in O-linked glycans and disulfide bonds. This information enhances our
understanding of the complete, functional SARS-CoV-2 S glycoproteins and could assist the
development and improvement of efficacious therapies, including monoclonal antibodies
and vaccines.

RESULTS

SARS-CoV-2 S glycoproteins in cell lysates and VLPs. We evaluated the wild-type
SARS-CoV-2 S glycoprotein expressed alone or in combination with the viral membrane (M),
envelope (E), and nucleocapsid (N) proteins, which direct the formation of virus-like particles
(VLPs) (58, 59). In the absence of M, E, and N proteins, low levels of the S glycoprotein, pre-
sumably in extracellular vesicles, were detected in particles prepared by centrifugation of
the supernatants of transiently expressing 293T cells (Fig. 1A to C). Coexpression of the M, E,
and N proteins, particularly in combination, resulted in an increase in the level of S glycopro-
tein in the supernatant pellets. Both uncleaved S and cleaved (S1 and S2) glycoproteins
were detected in the particles prepared from the cell supernatants (Fig. 1A and B). Two
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FIG 1 Effect of coexpression of SARS-CoV-2 M, E, and N proteins on S glycosylation. (A to C) 293T cells were
transfected with plasmids expressing the indicated SARS-CoV-2 proteins (S, spike glycoprotein; M, membrane
protein; E, envelope protein; N, nucleocapsid protein). Two days after transfection, cells were lysed and
particles were prepared by centrifugation of cell supernatants. (A) Cell lysates and supernatant pellets (Sup)
were Western blotted with anti-S1 antibody (upper two panels) and anti-S2 antibody (lower two panels). (B)
Supernatant pellets were treated with either PNGase F or Endo Hf and then Western blotted with anti-S1 or
anti-S2 antibodies. Endo Hf-resistant and Endo Hf-sensitive forms of the S glycoprotein are indicated by Sr and
Ss, respectively. (C) Cell lysates and supernatant pellets (Sup) were Western blotted with antibodies against the
N, M, and E proteins. The results shown are typical of those obtained in three independent experiments.

forms of the uncleaved S glycoprotein were detected in the pelleted particles: (i) a faster-
migrating form modified by endoglycosidase Hf (Endo Hf)-sensitive (high-mannose and/or
hybrid) glycans and (ii) a more slowly migrating form modified by Endo Hf-resistant (com-
plex) glycans (Fig. 1B). Coexpression of the E protein resulted in an increase in the ratio of
complex to high-mannose glycans in the uncleaved S glycoprotein in the pelleted particles.
Expression of the M, N, and S proteins without the E protein produced VLPs in which the
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FIG 2 Inducible expression of a functional SARS-CoV-2 S glycoprotein. (A) 293T-S cells were transfected with
plasmids expressing eGFP and human ACE2 (hACE2) and then incubated in medium with or without 1 wg/ml
doxycycline (Doxy). The next day, the cells were stained with NIR694 nuclear dye and imaged with a fluorescence
microscope (right). In parallel, cell lysates were Western blotted with a mouse antibody against S1, a rabbit antibody
against S2, a goat antibody against hACE2 and a mouse antibody against B-actin (left). The results shown are
representative of those obtained in three independent experiments. Scale bar, 50 um. (B) 293T-S cells were cultured
for 24 h in medium with 1 ug/ml doxycycline (Doxy) or in control medium. The cells were then infected with a G
glycoprotein-pseudotyped VSVAG virus encoding luciferase. One day later, virus particles were harvested from
precleared cell supernatants and incubated with 293T-hACE2 cells. Luciferase activity was measured 1 day later (right).
Cell lysates and viruses concentrated by a 110,000 x g centrifugation were Western blotted with a mouse antibody
against S1, a rabbit antibody against S2, and an anti-B-actin antibody (left). The results shown are a representative
example of those obtained in two independent experiments.

Endo Hf-sensitive form of the uncleaved S glycoprotein was particularly abundant. The vast
majority of the cleaved S1 and S2 glycoproteins in the pelleted VLPs were resistant to Endo Hf
digestion (Fig. 1B). Thus, in the presence of SARS-CoV-2 M, E, and N proteins, the uncleaved
and cleaved S glycoproteins on VLPs are largely modified by complex carbohydrates.
Expression and purification of the SARS-CoV-2 S glycoprotein. To study the native
SARS-CoV-2 S glycoprotein in greater detail, we established a stable 293T cell line (293T-S)
that expresses the wild-type SARS-CoV-2 S glycoprotein under the control of a tetracy-
cline-inducible promoter (28). To facilitate purification, a carboxy-terminal 2x Strep affinity
tag was added to the S glycoprotein, which was otherwise wild type in sequence (28).
Treatment of the 293T-S cells with doxycycline resulted in the expression of the S glycoprotein,
which was cleaved into the S1 exterior and S2 transmembrane glycoproteins (Fig. 2A, left).
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FIG 3 Purification of the SARS-CoV-2 S glycoproteins. (A) 293T-S cells express the SARS-CoV-2 spike
(S) glycoprotein in the absence of other viral proteins. 293T-S cells induced with doxycycline for 2
days were lysed in buffers containing the indicated detergents or styrene-maleic acid (SMA)
copolymers. The cell lysates were either directly Western blotted (lysate) or used for S glycoprotein
purification by Strep-Tactin XT at the indicated temperature. The purified S glycoproteins were
Western blotted with rabbit antibodies against S1 (upper) and S2 (lower). (B) Purified S glycoproteins
solubilized in SMA were analyzed on a blue native gel, which was stained with silver. (C) A lysate of
293T-S cells in a buffer containing Cymal-5 was purified by Strep-Tactin XT, followed by purification
on Aleuria aurantia lectin (AAL)-agarose resin. The samples at various stages of purification were
analyzed by SDS-PAGE and silver staining. FT, flowthrough fraction. (D) The purified S glycoproteins
in a buffer containing Cymal-5 were analyzed by SDS-PAGE and Coomassie blue staining. Purification
of the S glycoproteins was repeated more than four times, with comparable results.

The expressed S glycoproteins mediated the formation of syncytia when human ACE2
(hACE2) was transiently coexpressed in the 293T-S cells (Fig. 2A, right). The expressed S
glycoproteins were incorporated into a vesicular stomatitis virus (VSV) vector (Fig. 2B, left).
Nearly all of the S glycoproteins incorporated into VSV pseudotypes were cleaved. The VSV
vector pseudotyped with the S glycoproteins was able to infect cells expressing human ACE2
(Fig. 2B, right).

For purification of the SARS-CoV-2 S glycoprotein, we evaluated several detergents as
well as styrene-maleic acid (SMA) copolymers for their ability to extract the S glycoproteins
from 293T-S membranes (60-65). NP-40, Triton X-100, and Cymal-5 solubilized the S glyco-
proteins more efficiently than lauryl maltose neopentyl glycol (LMNG) or SMA (Fig. 3A). The
SMA-solubilized S glycoproteins migrated on a blue native gel more slowly than expected
for trimers (Fig. 3B); membrane protein complexes in detergent or SMA often migrate more
slowly than expected in blue native gels. Strep-Tactin purification of the cleaved $1/52 com-
plexes as well as the uncleaved S glycoproteins in Cymal-5 solutions was slightly more effi-
cient than in the other detergents; therefore, we used Cymal-5 to extract the S glycoproteins
for purification.

Both uncleaved and cleaved SARS-CoV-2 S glycoproteins are incorporated into VLPs
formed as a result of expression of the SARS-CoV-2 M, E, and N proteins (59) (Fig. 1).
Due to the relatively low yield of S glycoproteins from such VLPs, we purified quantities
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of S glycoproteins adequate for mass spectrometric analysis from expressing cells. The
S glycoproteins in VLPs are extensively modified by complex carbohydrates, indicating
passage through the Golgi compartment. Therefore, we enriched the Golgi-modified,
mature S glycoproteins by sequentially using Strep-Tactin and Aleuria aurantia lectin
(AAL) to purify the S glycoproteins from the membranes of 293T-S cells (Fig. 3C). AAL
recognizes fucose, which is added to a subset of complex glycans in the Golgi appara-
tus (66-69). The purified S glycoproteins consisted of approximately 25% uncleaved
and 75% cleaved (S1 and S2) glycoproteins (Fig. 3D).

The unliganded SARS-CoV-2 S glycoproteins on VLPs are dynamic and spontaneously
sample conformations in which all three S1 receptor-binding domains (RBDs) are down, one
or two of the RBDs are up, or all three RBDs are up (70). ACE2 binding drives the S glycopro-
tein trimer from a closed conformation (with all three RBDs down) to more open conforma-
tions in which the RBDs are up (11, 13, 40, 50, 51, 71-79). We evaluated the ability of mono-
clonal antibodies (MAbs) that recognize specific conformations of the S glycoprotein trimer
to precipitate the S glycoproteins in different contexts. MAb 2—4 recognizes closed spikes
with all three RBDs in the down position (25). MAb 4-8 recognizes the N-terminal domain of
the S glycoprotein; MAb 4-8 can recognize the closed spike but can also bind trimers in
which one RBD is in the up position (25, 80). MAb 2-43 recognizes a quaternary epitope
consisting of an RBD from one protomer and the glycan at Asn 343 on the RBD of an adja-
cent protomer (25, 81). MAb 2-43 binds the S glycoprotein trimer with RBDs in the down
position, but antibody binding induces a more open conformation in which the RBDs move
away from the trimer axis (81). CR3022 only recognizes more open S glycoproteins with
RBDs in the up position (12, 82, 83). MAbs 2-4, 4-8, and 2-43 neutralize SARS-CoV-2,
whereas CR3022 does not (12, 70, 82, 83). As shown in Fig. 4A, all four MAbs recognized the
SARS-CoV-2 S glycoproteins on the surface of 293T-S cells. Of note, the 2-4, 2-43, and 4-8
neutralizing MAbs recognized both cleaved and uncleaved S glycoproteins, whereas the
CR3022 nonneutralizing MAb recognized only the uncleaved S glycoprotein on the cell
surface. The uncleaved S glycoprotein recognized by MAb CR3022 lacks complex glycans,
whereas the uncleaved and cleaved S glycoproteins modified by complex carbohydrates
were recognized by the 2-4, 2-43, and 4-8 MAbs. Thus, as seen previously (28), two forms
of the uncleaved S glycoprotein can be detected on the surface of expressing cells, one
modified by complex glycans and the other by high-mannose glycans. The CR3022, 2-4,
2-43, and 4-8 MADbs precipitated the S glycoproteins from cell lysates in a pattern similar
to that seen for the cell-surface S glycoproteins (Fig. 4B). Next, we evaluated the ability of
the MAbs to precipitate our purified S glycoprotein preparation. MAbs 2-4, 2-43, and 4-8
precipitated cleaved and uncleaved forms of the purified S glycoprotein preparation,
whereas recognition of the purified S glycoproteins by the CR3022 MAb was at the back-
ground level seen for the control anti-HIV-1 MAb, 19b (Fig. 4C, left). Both cleaved and
uncleaved forms of the purified S glycoproteins were precipitated by an sACE2-Fc fusion
protein (84) (Fig. 4D). Soluble ACE2 decreased the binding of MAb 2-43 to the purified S
glycoproteins, consistent with the expected disruption of its quaternary epitope by recep-
tor-induced trimer opening (25, 81) (Fig. 4C, right). The precipitation of the purified S gly-
coproteins by MAb 2-4 was moderately decreased by sACE2, whereas that of MAb 4-8
was minimally affected. These results indicate that the closed conformation of the S glyco-
protein trimer is represented in our preparation and that the purified S glycoproteins bind
ACE2. Based on the negligible binding of the CR3022 MADb, the purified S glycoproteins
do not predominantly sample open conformations in which the RBD is in an up position.
Because the presence of residual fucose in the S glycoprotein preparation from AAL elution
can generally decrease immunoprecipitation efficiency (data not shown), we do not rule out
the possibility that a low percentage of the purified trimers sample open conformations.

To evaluate the representation of AAL-reactive S glycoproteins on SARS-CoV-2 VLPs,
lysates prepared from VLPs were repeatedly precipitated with AAL-agarose resin or con-
trol protein A-agarose beads (Fig. 5). The vast majority of the S, S1, and S2 glycoproteins
on SARS-CoV-2 VLPs could be recognized by AAL. These results are consistent with those
shown in Fig. 1B and indicate that nearly all of the S glycoproteins on SARS-CoV-2 VLPs
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FIG 4 MAb and sACE2 recognition of the S glycoproteins. (A) 293T-S cells induced with doxycycline for 2 days
were incubated with the indicated MAbs to assess the ability of the antibody to recognize the cell-surface S
glycoproteins. After washing, the cells were lysed. A fraction of the clarified cell lysates was analyzed by
Western blotting, as described below (input samples, left). The remaining cell lysates were incubated with
protein A-agarose beads. The precipitated proteins were treated with PNGase F or Endo Hf or left untreated
(No Rx). The input cell lysates and cell surface immunoprecipitates (IP) were analyzed by Western blotting with
mouse antibody against S1 (upper) and rabbit antibody against S2 (lower). Endo Hf-resistant (Sr) and Endo Hf-
sensitive (Ss) forms of the uncleaved S glycoprotein are indicated. The 19b antibody against the HIV-1 gp120
glycoprotein serves as a negative control in these experiments. (B) Cell lysates were prepared from
doxycycline-induced 293T-S cells and used for immunoprecipitation by the indicated MAbs. The input cell
lysates and immunoprecipitates (IP) were analyzed by Western blotting with antibodies against S1 (upper) and
S2 (lower). (C) The S glycoproteins, purified as described for Fig. 3, were precipitated by the indicated MAbs in
the absence or presence of sACE2. (D) The purified S glycoproteins were precipitated by the indicated MAbs
and by sACE2-Fc. The precipitated S glycoproteins in panels C and D were analyzed by Western blotting with
antibodies against ST (upper) and S2 (lower). The results shown in panels C and D are representative of those
obtained in three independent experiments.

are modified by fucose-containing complex glycans. Therefore, AAL purification results
in a representative sampling of relevant SARS-CoV-2 S glycoproteins.

Disulfide and glycosylation analysis of the purified S glycoproteins. The disulfide
bond topology of the purified S glycoproteins was determined by identifying disulfide-
linked peptides from the tryptic digests of the S glycoprotein preparation by mass spectrom-
etry (MS) (Fig. 6 and 7). The S1 glycoprotein begins at an N-terminal glutamine (residue 14)
that has undergone condensation to form pyroglutamine. The same N terminus has been
observed for secreted, soluble forms of uncleaved SARS-CoV-2 S glycoprotein trimers (32).
Ten disulfide bonds in S1 and five disulfide bonds in S2 were mapped (Fig. 7B). The cysteine
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FIG 5 AAL recognition of the S glycoproteins on SARS-CoV-2 VLPs. (A and B) 293T-S cells were
transfected with plasmids expressing the SARS-CoV-2 M, E, and N proteins and incubated in medium
with or without doxycycline (Doxy). (A) After 48 h, cell lysates were prepared and Western blotted
with antibodies against the indicated proteins. (B) VLPs were prepared from the transfected cell
supernatants. The VLPs were lysed and an aliquot was saved as the input. The remaining VLP lysate
was divided equally and incubated with either AAL-agarose or protein A-agarose (Prot A) beads for
three rounds. The S glycoproteins bound to the beads at each round and in the final flowthrough
fractions were detected by Western blotting (upper two panels). In the lower panel, the total
amounts of the ST and S2 glycoproteins bound to the beads after all three successive precipitations
(B) and in the final flowthrough (FT) fractions were quantitated and are shown as a percentage of the total
(B plus FT) protein. The results shown are typical of those obtained in three independent experiments.

residues paired in the mapped disulfide bonds agree with those defined by structural analyses
(11, 13, 71), consistent with proper folding of the purified S glycoproteins. We also observed
an alternative disulfide bond between Cys 131 and Cys 136 in S1 (Fig. 6); in current S glycopro-
tein structures (11, 13, 71), these N-terminal domain cysteine residues are 12 to 15 A apart and
therefore are unable to form a disulfide bond without a change in conformation. Apparently,
a fraction of the expressed S glycoproteins tolerates some plasticity in the N-terminal domain.

The glycan profile and glycosylation site occupancy of the 22 potential N-linked gly-
cosylation sites were determined using an integrated glycopeptide-based MS approach
described previously (53, 54, 85). With the exception of one site, Asn 1074, all of the N-
linked glycosylation sites on this protein were fully occupied with glycans (Table 1). Asn
1074 was detected as partially occupied, although the unoccupied form is just one of
over 50 different forms present at this site.

A pictorial description of the glycosylation profile of this protein is shown in Fig. 8. In
sum, 826 unique N-linked glycopeptides were detected, along with 17 O-linked glyco-
peptides (see Table S1 in the supplemental material). This glycosylation coverage is more
in-depth than early reports, where the number of unique glycoforms detected was more
typically in the 100 to 200 range (29, 32, 34). Furthermore, this analysis provides the first
report of O-linked glycosylation at 7 glycosylation sites: $S659, $673, T676, S680, T696,
T1160, and S1170.
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SSAND165¢G166TF 3+ 446.8374 446.8371 1
YNED282GTITDAVDC292ALDPLSETK 2+ 1416.1518 1416.1507 1
| 3+ 944.4370 944.4364 1
(L,301TLK 4+ 708.5795 708.5802 1
FPD331ITNLC336PFGEVFD343ATR 3+ 1452.3485 1452.3494 1
4+ 1089.5132 1089.5133 0.1
ISNC361VADYSVLYNSASFSTFK 5+ 871.8120 871.8117 0.4
379YGVSPTK 2+ 1530.7076 1530.7064 1
3+ 1020.8075 1020.8071 0.4
LPDDFTGC432VIAWNSNNLDSK 4+ 765.8574 765.8571 0.4
LNDLC391FTNVYADSFVIR 3+ 1323.0214 1332.0214 0
\—é 4+ 992.5179 992.5179 0
VVVLSFELLHAPATVC525GPK 5+ 794.2158 794.2166 1
DISTEIYQAGSTPC480NGVEGFNC488YFPLQSYG- 3+ 1589.3796 1589.3718 1
FQPTNGVGYQPYR 4+ 1192.2865 1192.2851 1
5+ 954.0306 954.0294 1
538VNF 2+ 631.2651 631.2645 1
Dﬁp 590sF 3+ 421.1791 421.1786 1
QDVDCS17TEVPVAIH 2+ 893.4110 893.4107 0.3
3+ 595.9431 595.9428 0.4
AGC649L 4+ 447.2091 447.2090 0.3
EC662DIPIGAGICE71ASY 1+ 1409.6077 1409.6068 1
I 2+ 705.3075 705.3066 1

VC131EFQFC136NDPFLGVYYHK 2+ 1103.9899 1103.9915 1
3+ 736.3290 736.3296 1
4+ 552.4986 552.4985 0.2

FIG 6 Disulfide bond topology of the S1 subunit of the purified S glycoproteins. MS analysis of the purified S1 glycoproteins
identified 10 canonical disulfide bonds between the cysteine residues highlighted in red (upper). Glycosylated asparagine residues
converted to aspartic acid residues by PNGase F treatment are highlighted in blue. The MS analysis also identified one alternative
disulfide bond in the S1 glycoprotein (lower).

As can be seen in Fig. 8, processed glycoforms predominated at each N-linked glycosy-
lation site, and, as shown in Fig. 9A, these complex forms were highly, but not exclusively,
fucosylated. Additionally, even though each glycosylation site was heavily processed in
the Golgi compartment, the sialic acid content varied across the protein sequence. Some
sites, like N61 and N343, had no sialylated glycoforms detected, while most of the sites in
the S2 protein, particularly those nearest the C terminus, were abundantly sialylated. Finally,
as shown in Fig. 9B, a number of O-linked glycoforms were detected.

The vast majority of the N-linked glycans on the Golgi-enriched, wild-type SARS-CoV-2 S
glycoproteins expressed in 293T cells were processed to complex glycans. In Fig. 10, we com-
pare our results with available glycosylation analyses of soluble or solubilized SARS-CoV-2 S
glycoproteins. These include wild-type S glycoproteins purified from SARS-CoV-2 virions as
well as soluble and full-length S glycoprotein trimers modified to inhibit furin cleavage and to
stabilize a prefusion conformation (29, 32, 33, 35, 50-52, 86, 87). The glycans on individually
expressed SARS-CoV-2 S1 and S2 glycoproteins have also been analyzed (34). All studies agree
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FIG 7 Disulfide bond topology of the purified S glycoproteins. (A) MS analysis of the purified S2 glycoproteins identified 5 canonical disulfide bonds.
Cysteine residues participating in the disulfide bonds are highlighted in red. The glycosylated asparagine residue converted to an aspartic acid residue by
PNGase F treatment is highlighted in blue. (B) The canonical disulfide bonds identified by MS are shown in red above a schematic representation of the
SARS-CoV-2 S glycoprotein. The S glycoprotein regions include the N-terminal domain (NTD), receptor-binding domain (RBD), C-terminal domains (CTD1
and CTD2), fusion peptide (FP), fusion peptide-proximal region (FPPR), heptad repeat regions (HR1 and HR2), central helical region (CH), the connector
domain (CD), transmembrane region (TM), and cytoplasmic tail.

that complex carbohydrates are found on most of the N-linked glycan sites on SARS-CoV-2 S
glycoprotein trimers as well as on recombinant soluble S1 and S2 glycoproteins. However, the
extent of N-linked glycan processing in our study is greater than that seen for either soluble S
glycoprotein trimers or for modified (cleavage-defective, proline-substituted) S glycoprotein
variants (29, 32, 33, 35, 50). The glycosylation profile of our Golgi-enriched S glycoprotein prep-
aration most closely resembles that of S glycoproteins purified from SARS-CoV-2 virions propa-
gated in Vero cells (51) (Fig. 10). However, in our S glycoprotein preparation, Asn 234 in the S1
N-terminal domain is mostly processed, whereas high-mannose glycans are retained at this
site in the other characterized S glycoprotein variants. While different laboratories measure the
glycoform percentages differently and these methodological differences can explain some of
the variability seen in Fig. 10, another important issue to note is the significant increase in the
number of processed glycoforms reported in this study. In the S glycoprotein from Vero cells,
only four processed forms were detected (51); in this study, 35 forms are identified. The sup-
plemental material contains 10 examples of annotated tandem mass spectrometry (MS/MS)
data with newly detected and complex glycoforms from the Asn 234 site (Fig. S1).

The highest composition of high-mannose glycans in our study mapped to a glyco-
peptide containing two potential N-linked glycosylation sites at Asn 709 and Asn 717.
Although we cannot precisely assign a glycan composition at either site, our result is
consistent with observations on soluble/modified S glycoproteins suggesting that one
or both of these sites is occupied by a significant percentage of high-mannose glycans
(29, 32, 33). The location of these glycans in a heavily glycosylated region near the
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TABLE 1 Glycosylation site occupancy®

Glycosylation No. of PNG or O-linked sites Occupancy
N-linked
Pyro_QCVN"LTTR
FSN®'VTWF
HAIHVSGTN74GTK
TQSLLIVNN'22ATNVVIK/IVNN'22ATNVVIK
HKN'4°NKSWMESEF/N"4°NK
VYSSANN'65CTFEYVSQPFLMDLEGK/SSANN'65CTF
DLPQGFSALEPLVDLPIGINZ*4TR/SALEPLVDLPIGINZ34ITR
YNENZ282GTITDAVDCALDPLSETK
FPN331TNLCPF/FPN33TITNL
GEVFN3*3ATRF/N343ATRF
GGVSVITPGTNS?3TSNQVAVLY
QDVNS'CTEVPVAIHADQLTPTWR/QDVNS®'¢CTEVPVAIHADQL
AGCLIGAEHVNS®5’NSYECDIPIGAGICASYQTQTNSPR/AGCLIGAEHVNS5’NSY
SVASQSIIAYTMSLGAENSVAYSN7?°NSIAIPTN?"7FTISVTTEILPVSMTK/SN7°°NSIAIPTN?'7F
DFGGFN#°'FSQILPDPSKPSK/TPPIKDFGGFN&°'FSQILPDPSKPSK

T N N Y
SN = 2 O = N = e e e e e e

GYHLMSFPQSAPHGVVFLHVTYVPAQEKN™74FTTAPAICHDGK/N'74FTTAPAICHDGK/VPAQEKN°74F and 1
EGVFVSN'°?8GTHWFVTQR/VFVSN'??8GTHW
VSGNCDVWVIGIVN""34NTVY
N'"58HTSPDVDLGDISGIN''73ASVVNIQK
NLN""®#ESLIDLQELGK

O-linked
VQPT*#ES*#IVR 2 Oand1
AGCLIGAEHVNNSS*?YECDIPIGAGICASS73YQT®7°Q T7NS%8°PR 5 0,1,and 2
T99%MSLGAENSVAY 1 Oand1
NHT'"6°SPDVDLGDIS'7°GINASVVNIQK 2 Oand 1

9The sequences of the SARS-CoV-2 glycopeptides with N-linked glycosylation and O-linked glycosylation are shown, with the potential sites of glycosylation highlighted in
boldface and italics, respectively. The occupancy at each potential N-linked glycosylation (PNG) or O-linked glycosylation site is indicated.

base of the S1 subunit may limit the access of glycosylation enzymes and predispose
to the retention of high-mannose glycans (Fig. 11).

O-linked glycosylation of two S1 glycopeptides and two S2 glycopeptides was detected
(Fig. 9B). Potential candidates for O-glycosylated residues include Thr 323, Ser 325, Ser 659,
Ser 673, Thr 676, Thr 678, and Ser 680 in S1 and Thr 696, Thr 1160, and Ser 1170 in S2. O-
linked glycosylation at Thr 323/Ser 325 was reported for soluble S glycoproteins and virion S
glycoprotein trimers, but with low occupancy; in some cases, less than 1% of the residues
were modified (32, 34, 35, 52). In this study, the occupancy rate for these two sites is also
around 1% (Table 1). Thr 678 has also been reported to be O-glycosylated in soluble and vi-
rion S glycoproteins, with higher occupancy than that for Thr 323/Ser 325 (35, 52). In our
study, the peptide containing Ser 659, Ser 673, Thr 676, Thr 678, and Ser 680 was found to
be occupied by at least one O-linked glycan at a level of about 5%. MS/MS data for several
examples of the novel O-linked glycoforms are provided in Fig. S1.

SARS-CoV-2 S glycoprotein expression in a cell line with defective glycosylation.
GALE/GALK2 293T cells defective for O-linked glycosylation have been established (88).
Both the wild-type SARS-CoV-2 S glycoprotein and the prevalent D614G variant S glyco-
protein (28, 89-94) were expressed in 293T cells and in the GALE/GALK2 293T cells. Both
the S1 and S2 glycoproteins of the wild-type and D614G SARS-CoV-2 strains migrated
faster when expressed in the GALE/GALK2 293T cells compared with the migration of these
glycoproteins expressed in 293T cells (Fig. 12A). Digestion of the glycoproteins with PNGase
F revealed that the observed differences in S1 migration could be explained by differences
in N-linked glycosylation. PNGase F digestion of the S2 glycoprotein resulted in 60- and 63-
kDa products. The 60-kDa PNGase F-produced S2 proteins expressed in wild-type and
GALE/GALK2 293T cells migrated similarly, ruling out a significant level of O-linked glycosyla-
tion. The 63-kDa PNGase F S2 product potentially is O-glycosylated, as it migrated faster
when synthesized in the GALE/GALK2 293T cells. However, the 63-kDa product observed af-
ter PNGase F digestion was minimally affected by further treatment with O-glycosidase plus
neuraminidase. Moreover, no significant difference in the migration of the untreated S1 and
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Glycosylation Analysis of the SARS-CoV-2 S Glycoproteins

Summary:
N-linked 22 22 826*
O-linked 3 previously reported | 10 detected(T323,5325,5659,5673 T676, 17
(T323,5325 T678) T678,5680,7696,71160,51170)

* Total N-linked glycans used in the bar graph
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FIG 8 Glycosylation profile of the purified S glycoproteins. MS analysis of the purified S glycoproteins identified
22 N-linked glycosylation sites as well as O-linked glycosylation sites, summarized in the upper panel. The
glycan composition at each N-linked glycosylation site is shown in the lower panel. Serine and threonine residues
contained in glycopeptides with O-linked carbohydrates are indicated by arrows.

S2 glycoproteins was observed after O-glycosidase plus neuraminidase treatment. We note
that the core 1 O-linked glycans detected on the purified S glycoproteins should be digesti-
ble by O-glycosidase plus neuraminidase, as was shown on a control substrate, fetuin (Fig.
12B). Taken together, these results indicate that O-glycan occupancy is low on the SARS-
CoV-2 S glycoproteins expressed in 293T cells. Variation in other posttranslational modifica-
tions, including N-linked glycosylation, apparently accounts for most of the observed differ-
ences in the migration of S1 and S2 glycoproteins expressed in wild-type and GALE/GALK2
293T cells. When the S glycoproteins produced in GALE/GALK2 293T cells were used to pseu-
dotype vesicular stomatitis virus (VSV) vectors, the resulting viruses exhibited lower infectivity
than viruses made with S glycoproteins produced in 293T cells (data not shown). These results
suggest that differences in the posttranslational modifications of S glycoproteins produced in
293T and GALE/GALK2 293T cells influence S glycoprotein function. As only a fraction of the S
glycoprotein is modified by O-linked glycans in 293T cells, differences in O-linked glycosylation
are unlikely to explain the observed reduction in the infectivity of VSV(S) pseudotypes pro-
duced in GALE/GALK2 293T cells.

Natural variants of SARS-CoV-2 S glycoproteins. Rare natural variants of SARS-
CoV-2 S glycoproteins exhibit substitutions at one of the cysteine residues, potentially
compromising the formation of particular disulfide bonds (92, 93). We wished to assess
the impact of these substitutions on S glycoprotein expression, processing, and function.
The C15F change eliminates the Cys 15-Cys 136 disulfide bond in the S1 N-terminal domain.
Despite this alteration, the C15F S glycoprotein was proteolytically processed nearly as effi-
ciently as the wild-type S glycoprotein and exhibited wild-type association of the S1 and S2
subunits (Fig. 13 and 14). The infectivity of VSV vectors pseudotyped with the C15F S glyco-
proteins was approximately 31% of that of virus pseudotyped with the wild-type S glycopro-
teins (Fig. 14B). However, after freeze-thawing, the relative infectivity of the C15F mutant vi-
rus decreased dramatically (data not shown). Apparently, the Cys 15-Cys 136 disulfide bond
is not absolutely essential for S glycoprotein function but may contribute to the stability of
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Pyro_QCVN17LTTR 63 10 90 86 35
FSN61VTWF 28 18 82 48 0
HAIHVSGTN74GTK 27 22 78 91 33
TQSLLIVNNT12ZATNVVIK/IVNNT122ATNVVIK 47 11 89 60 29
HKNT49NKSWMESEF/N149NK 18 11 89 81 50
VYSSANNT65CTFEYVSQPFLMDLEGK/SSANN165CTF 29 17 83 54 25
DLPQGFSALEPLVDLPIGIN234|TR/SALEPLVDLPIGINZ234|TR 42 17 83 60 20
YNENZ282GTITDAVDCALDPLSETK 47 15 85 58 12
FPN331ITNLCPF/FPN331ITNL 36 6 94 79 35
GEVFN343ATRF/ N343ATRF 20 25 75 73
GGVSVITPGTNEO3TSNQVAVLY 30 20 80 67
QDVN616CTEVPVAIHADQLTPTWR/ QDVNE16CTEVPVAIHADQL 41 15 85 66 26
AGCLIGAEHVNB57NSYECDIPIGAGICASYQTQTNSPR/AGCLIGAEHVNE57NSY 20 10 90 100 39
SVASQSIIAYTMSLGAENSVAYSN7OONSIAIPTN7 17FTISVTTEILPVSMTK/SN7OONSIAIPTN717F | 26 38 62 56 0
DFGGFNB80TFSQILPDPSKPSK/TPPIKDFGGFN801FSQILPDPSKPSK 67 92 53 37
GYHLMSFPQSAPHGVVFLHVTYVPAQEKN 1074FTTAPAICHDGK / N1074FTTAPAICHDGK / 92 6 94 62 36
VPAQEKN 1074F

EGVFVSN1098GTHWFVTQRNVFVSN1098GTHW 92 5 95 49 56
VSGNCDVVIGIVNTT134NTVY 66 8 92 87 48
N1158HTSPDVDLGDISGINT173ASVVNIQK 5 0 100 100 80
NLN1194ESLIDLQELGK 30 7 93 93 75
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O-Linked Sites: 10 sites
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FIG 9 SARS-CoV-2 S glycopeptides. (A) The sequences of the S glycopeptides with N-linked glycosylation are shown, with the modified asparagine residues
highlighted in red. The percentage of glycans that are high-mannose (HM), processed (Proc) (complex plus hybrid), modified by fucose (Fuc), or sialylated
(Sia) are indicated. The glycan percentages were derived from multiple, complementary LC-MS analyses; as described in Materials and Methods, the LC-MS
results from different digestion conditions were combined to obtain a complete, aggregate profile. Each glycoform in the complete glycan profile was
manually validated by HR-MS and MS/MS in at least one of the data sets that was acquired. (B) The sequences of S glycopeptides with O-linked
glycosylation are shown, with the potentially modified serine and threonine residues highlighted in green. Asparagine residues in the glycopeptides that

are modified by N-linked glycans are highlighted in red.

the functional spike. In contrast, the C301F and C379F changes, which eliminate the Cys
291-Cys 301 and Cys 379-Cys 432 disulfide bonds, respectively, located in the S1 N-terminal
domain and receptor-binding domain, resulted in S glycoproteins that were not processed
into ST and S2 glycoproteins (Fig. 13 and 14). Viruses pseudotyped with the C301F and
C379F S glycoproteins exhibited very low levels of infectivity (Fig. 14B). Thus, of these rare
cysteine variants of the SARS-CoV-2 S glycoprotein, only one (C15F) allows partial, but unsta-
ble, infectivity.

To evaluate the potential O-linked glycosylation of the SARS-CoV-2 S glycoprotein,
several of the threonine and serine residues implicated in our MS study were altered to
residues found in natural SARS-CoV-2 variants (92, 93). The T323l, T676l, and S1170F
mutants were processed nearly as efficiently as the wild-type S glycoprotein and exhibited
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FIG 10 Glycan composition of different SARS-CoV-2 S glycoprotein preparations. The glycan composition at each of the potential S
glycoprotein N-linked glycosylation sites from this study (upper row) (asterisk) is compared with those defined for SARS-CoV-2 S
glycoproteins from various sources. Some of the S glycoproteins have been produced in soluble forms with alterations of the furin
cleavage site (cl-) and with proline substitutions (2P or multiP) to stabilize prefusion conformations.

good subunit association (Fig. 13A and 14A). The 63-kDa S2 glycoprotein band seen in
PNGase F-treated lysates from 293T cells expressing the wild-type S glycoproteins was not
evident in lysates from cells expressing the S1170F mutant (Fig. 13B and C). As the S1170F
change does not alter a potential N-linked glycosylation site, it apparently affects other post-
translational modifications; as discussed above, resistance of the 63-kDa PNGase F product
to O-glycosidase appears to rule out modification by core 1 or core 3 O-glycans (Fig. 13C).
The S6761 and S1170F mutants supported the entry of VSV pseudotypes as efficiently as the
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Model: 6XR8
FIG 11 Location of glycans on the SARS-CoV-2 S glycoprotein trimer. N-linked glycans associated with the indicated asparagine residues are shown on the
cryo-EM structure of a solubilized SARS-CoV-2 S glycoprotein trimer (PDB entry 6XR8) (71). The S1 subunits are colored light gray, and the S2 subunits are
colored dark gray. The receptor-binding motif is colored cyan. The glycans are colored according to the level of processing observed in our study.
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FIG 12 Characterization of wild-type and D614G S glycoproteins in GALE/GALK2 293T cells. (A) The wild-type
SARS-CoV-2 S glycoprotein (D614, with an aspartic acid residue at 614) and the D614G variant (G614, with a
glycine residue at 614) were expressed in wild-type 293T cells (wt) or in GALE/GALK2 293T cells (ko) (88). Cell
lysates were untreated (No Rx) or were treated with the indicated glycosidase(s), followed by Western blotting
with a mouse antibody against S1 (upper) or a rabbit antibody against S2 (lower). The S glycoproteins, either
untreated or treated with different glycosidases, are indicated by red arrows. (B) As a control, fetuin, which has
N- and O-linked glycans, was treated with the indicated glycosidases. The SDS-polyacrylamide gel was stained
with Coomassie blue. The different fetuin glycoforms are indicated by red arrows. The results shown are typical
of those obtained in two independent experiments.

wild-type S glycoprotein (Fig. 14). The T323I-pseudotyped viruses infected cells with approxi-
mately 41% of the efficiency of viruses pseudotyped with the wild-type S glycoproteins (Fig.
14B), but the infectivity of these viruses decreased further upon freeze-thawing (data not
shown). The S673| mutant was processed inefficiently and only supported the infection of
pseudotyped VSV vectors at a very low level.

We examined the sensitivity of the two most replication-competent S glycoprotein
mutants, T676l and S1170F, to neutralization by sACE2 and sera from convalescing SARS-
CoV-2-infected individuals. No significant differences in the neutralization sensitivity of the
wild-type and mutant viruses were observed (Fig. 15).

DISCUSSION

As the extensive glycosylation of the spike (S) glycoprotein can potentially influence
SARS-CoV-2 infectivity and sensitivity to antibody inhibition, an understanding of the
glycosylation profile of the native S glycoprotein trimer is valuable. Glycosylation of
the SARS-CoV-2 S glycoprotein apparently can be influenced by subcellular localization
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FIG 13 Phenotypes of natural S glycoprotein variants. (A to C) The wild-type SARS-CoV-2 S glycoprotein and
the indicated mutants were expressed in 293T cells. Cell lysates were prepared and, in some cases, treated with
PNGase F, Endo Hf, or PNGase F+0O-glycosidase plus neuraminidase. The cell lysates were Western blotted. In
panel A, cell supernatants were also collected, precleared by centrifugation at 1,800 x g for 10 min, and used
for precipitation by a 1:100 dilution of NYPO1 convalescent-phase serum and protein A-agarose beads. The
processing and subunit association indices shown in Table 1 were calculated for each mutant and were
normalized to those of the wild-type (wt) S glycoprotein. In panels B and C, the effects of glycosidases on the
wild-type and mutant S glycoproteins in cell lysates are shown. Endo Hf-resistant (Sr) and -sensitive (Ss) forms
of the uncleaved S glycoprotein are indicated. The results shown are representative of those obtained in four
independent experiments.

and the coexpression of viral proteins (52). Because proteolytic activation of the S glycopro-
tein can occur at the target cell surface or in endosomal compartments during virus entry,
the uncleaved S glycoprotein, as well as the cleaved S glycoproteins, on virions can support
virus infection (28, 44-46, 94). A SARS-CoV-2 S glycoprotein mutant with an altered site of
furin cleavage replicated efficiently in animals but exhibited attenuated pathogenicity (94).
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FIG 14 Phenotypes of natural S glycoprotein variants. (A) The processing, subunit association, and
infectivity of the mutant S glycoproteins, relative to those of the wild-type S glycoprotein, are shown
(-, undetectable; +, 1 to 10% of wild-type level; ++, 11 to 30% of wild-type level; +++, 31 to 80%
of wild-type level; ++++, 81 to 120% of wild-type level; NA, not applicable). The location of the
altered amino acid residue in the S glycoprotein is indicated: NTD, N-terminal domain; RBD, receptor-
binding domain; CTD2, C-terminal domain 2; HR2, heptad repeat 2. (B) VSV vectors pseudotyped by
the indicated SARS-CoV-2 S glycoproteins were used to infect 293T-ACE2 cells. Twenty-four hours
later, luciferase activity in the target cells was measured. The infectivity of the mutants is shown
relative to that of the wild-type S glycoprotein. The results of three independent experiments are
indicated by the black dots, with the means and standard deviations shown in the bar graphs.
Statistical analysis was performed using a two-tailed Student's t test (***, P < 0.001).

Therefore, understanding the glycosylation of the uncleaved and cleaved S glycoproteins is
relevant to SARS-CoV-2 biology. The uncleaved S glycoprotein precursor is initially modified
in the endoplasmic reticulum by high-mannose carbohydrates; some of these uncleaved/
immature S glycoproteins appear on the surface of expressing cells, perhaps by bypassing
the Golgi apparatus (28). On SARS-CoV-2 virions, both uncleaved and cleaved S glycopro-
teins are extensively modified by complex carbohydrates, indicating passage through the
Golgi compartment (28, 69, 95). We found that coexpression of the SARS-CoV-2 E protein
led to a further enrichment of complex glycans on the uncleaved S glycoprotein on VLPs.
These observations provided a rationale for focusing on the S glycoproteins that have been
modified during transit through the Golgi compartment. By including a lectin, AAL, that rec-
ognizes fucose in the purification scheme, we attempted to increase the representation of S
glycoproteins that passed through the Golgi complex, where fucosylation occurs (66-69).
This purification strategy allowed an evaluation of the glycan composition of a Golgi-
enriched subset of the S glycoproteins synthesized in the expressing cell. We show that the
vast majority of the uncleaved and cleaved S glycoproteins on SARS-CoV-2 VLPs can be rec-
ognized by AAL, supporting the relevance of the S glycoproteins purified by using this lectin.
It is conceivable that forms of the S glycoproteins with lower levels of glycan processing
might also be present on virions, depending on host cell types, production levels, and VLP
characteristics.
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FIG 15 Neutralization of viruses pseudotyped with S glycoprotein variants. The sensitivity of VSV
pseudotypes with the indicated S glycoproteins to neutralization by sACE2 or the NYPO1, NYP21, and
NYP22 convalescent-phase sera is shown. The infectivity is shown relative to that of a mock-treated
virus. The results shown are the means = standard errors of the means derived from triplicate
samples in a single experiment. Similar results were obtained in three independent experiments.

SARS-CoV-2 S glycoproteins produced for use as vaccine immunogens have been
designed to allow secretion of soluble trimers, to inhibit furin cleavage, and to stabilize
prefusogenic conformations (11, 13, 50, 96-100). The glycosylation profiles of virion S
glycoproteins and several of these modified S glycoproteins have been characterized
(29, 32, 35, 50-52, 71, 86, 87). Our results agree with the overall predominance of complex
carbohydrates of the SARS-CoV-2 S glycoprotein trimer seen in these previous studies. The
glycosylation profile of our S glycoprotein preparation most closely resembles that of the S
glycoproteins purified from SARS-CoV-2 virions propagated in Vero cells (51). However, com-
pared with these and the other characterized trimers, the wild-type S glycoproteins purified
in our study exhibited more glycan processing. Differences among the particular S glycopro-
tein constructs might account for variation observed in the glycosylation profiles (52).
Except for the carboxy-terminal 2x Strep tag, the S glycoprotein that we analyzed is wild
type in sequence. Our purified S glycoproteins are trimeric and, in the cleaved fraction, the
S1 and S2 subunits maintain their association. The purified trimers preferentially bind MAbs
that recognize a closed prefusogenic conformation with all three RBDs in the down position.
Nonetheless, we expect that the native, wild-type S glycoprotein trimer is dynamic (70) and
might exhibit greater flexibility than S glycoprotein constructs that have been engineered to
favor the prefusogenic conformation. This natural S glycoprotein flexibility could increase
the access of glycans to processing enzymes in the Golgi apparatus.

We considered the possibility that the uncleaved S glycoproteins in our purified
trimer preparation are conformationally heterogeneous and therefore predisposed to
complex sugar addition. Functional uncleaved S glycoproteins have been suggested to
be more triggerable than cleaved S glycoproteins (28). We observed that the CR3022 MADb,
which recognizes open spike conformations with RBDs in the up position (12, 82, 83), binds
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only the uncleaved S glycoproteins on the cell surface or in cell lysates (Fig. 4A and B).
However, these CR3022-reactive uncleaved S glycoproteins are not modified by complex
glycans and, therefore, are not expected to be present in our purified S glycoprotein prepa-
ration. The uncleaved S glycoprotein in our purified preparation, like that in VLPs (28), is
modified by complex glycans and is not well recognized by the CR3022 MADb (Fig. 4C and
D). Future studies will be required to determine whether the cleaved and uncleaved S gly-
coproteins trafficking through the Golgi compartment acquire different glycan structures.

The source of the S glycoproteins and purification strategy could also influence the
glycosylation profile (52). The full-length, wild-type S glycoprotein trimers studied here
are distinct from those analyzed by other groups. The inclusion of a fucose-specific lec-
tin in our purification scheme should have increased the representation of S glycopro-
teins that passed through the Golgi compartment, where complex carbohydrates are
added (69). Hypothetically, soluble or virion-associated S glycoproteins passing
through the Golgi apparatus might be processed less efficiently than our S glycopro-
teins, which are anchored in the Golgi membrane. Although Brun et al. (52) also used
cells expressing a wild-type, nonstabilized S glycoprotein as their source, they analyzed
the glycans only on the S1 glycoprotein monomer that was shed into the cell culture
medium. The observed differences in S glycosylation are particularly noteworthy for
the Asn 234 glycan, which is predominantly of the high-mannose type in the soluble/
modified S glycoproteins, but mostly processed in the wild-type S glycoprotein trimers
that we studied. Specific down-selection of the N234 high-mannose glycans by our AAL pu-
rification strategy is possible but not likely, given the abundance of multiple fucose-contain-
ing glycans on all S glycoforms produced in the 293T-S cells. Asn 234 in the ST N-terminal
domain is near the receptor-binding domain (RBD), and molecular dynamics simulations
have suggested that the N234 glycan can modulate the conformational changes that the
RBD undergoes in the process of binding ACE2 (101). Moreover, changes in Asn 234 have
been reported to affect virus sensitivity to several neutralizing antibodies (102). We note
that these phenotypes were revealed by changing Asn 234 to an alanine residue, com-
pletely removing the potential N-linked glycosylation site (101, 102). Currently, no experi-
mental evidence exists indicating that the particular type of glycan modifying Asn 234 might
influence the binding of ACE2 or neutralizing antibodies directed against nearby epitopes.
Another molecular dynamics simulation suggested that the low accessible surface area of
oligomannose-type glycans at residues like Asn 234 might limit processing to complex car-
bohydrates (87). Our results indicate that the N234 glycan on the N-terminal domain is ac-
cessible on the unliganded wild-type S glycoprotein trimer for modification to complex car-
bohydrates. Flexibility in the S glycoprotein N-terminal domain could increase the
accessibility and processing of the N234 glycan. The formation of a noncanonical disulfide
bond in the N-terminal domain of a subset of our purified S glycoproteins could reflect con-
formational heterogeneity. Nonetheless, our purified S glycoproteins were precipitated by
MADb 4-8, which recognizes an epitope dependent on the tertiary conformation of the N-ter-
minal domain (80). Whether flexibility between the N-terminal domain and RBD could
potentially increase the accessibility of the Asn 234 glycan requires further study.

O-linked glycans, which are added in the Golgi compartment (69), were detected on four
glycopeptides in the purified S glycoprotein. The occupancy of O-linked glycosylation sites
can provide clues to the accessibility of the Ser/Thr residues in the folded S glycoprotein
trimer (52). The low occupancy associated with the O-linked glycosylation sites on our puri-
fied S glycoprotein is similar to that reported for virion S1 and soluble stabilized S trimers
and contrasts with the high O-linked occupancy observed for S1 shed from S-expressing
cells or recombinant soluble S1 glycoprotein (52). The low occupancy of the O-linked glyco-
sylation sites is consistent with the antigenicity data (Fig. 4C and D) indicating that the unli-
ganded S glycoproteins that we analyzed largely maintain closed trimer conformations.

We changed three amino acid residues (Thr 323, Thr 676, and Ser 1170) that are poten-
tially O-glycosylated to those amino acid residues found in less common natural SARS-CoV-
2 variants. In all three cases, these changes resulted in entry-competent S glycoproteins.
However, the infectivity of the T323I mutant was more sensitive to freeze-thawing than that
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of viruses pseudotyped with the wild-type S glycoprotein. On the other hand, even though
the S1170F change altered posttranslational modification of the S2 glycoprotein, this mutant
exhibited wild-type levels of infectivity and resistance to freeze-thawing. Alteration of Thr
676 or Ser 1170 did not significantly change the sensitivity of the pseudotyped viruses to
neutralization by sACE2 or convalescent-phase sera.

Of the three naturally observed variants in S glycoprotein cysteine residues, a change in
Cys 15 was compatible with an entry-competent S glycoprotein. This implies that the disul-
fide bond between Cys 15 and Cys 136 within the N-terminal domain is not absolutely
required for folding and function of the SARS-CoV-2 S glycoprotein. However, we noted that
the infectivity of the C15F mutant virus was compromised after freeze-thawing more than
that of the wild-type virus. Apparently, some flexibility in the N-terminal domain can be tol-
erated in functional S glycoprotein trimers, although the ability of the virus to withstand
environmental stress may be affected. Of note, some of the expressed S glycoproteins
formed a disulfide bond between Cys 131 and Cys 136 and therefore lacked two of the ca-
nonical disulfide bonds (Cys 15-Cys 136 and Cys 131-Cys 166) in the N-terminal domain.
Such S conformers, with presumably less stable N-terminal domains, might contribute to vi-
ral pathogenesis or to evasion of the host immune response. As discussed above, conforma-
tional flexibility in the N-terminal domain could also result in an increase in the accessibility
and processing of particular glycans like that on Asn 234.

These studies should assist understanding of the nature and contribution of glycans
on the wild-type SARS-CoV-2 S glycoprotein trimer and provide some insight into the
impact of natural variation in sites that are glycosylated or disulfide bonded.

MATERIALS AND METHODS

Reagents. Trizma hydrochloride, Trizma base, ammonium bicarbonate, urea, Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP), iodoacetamide (IAM), ethanol, 4-vinylpyridine (4-VP), and glacial acetic
acid were purchased from Sigma. Other reagents used in this study included optima liquid chromatography
(LO)-MS-grade acetonitrile, water, formic acid (Fisher Scientific), sequencing-grade trypsin (Promega), chymo-
trypsin (Promega), glycerol-free peptidyl-N-glycosidase F (PNGase F) (New England Biolabs), endoglycosidase Hf
(Endo Hf) (New England Biolabs), O-glycosidase (New England Biolabs), neuraminidase (New England Biolabs),
and fetuin (New England Biolabs). All reagents and buffers were prepared with deionized water purified with a
Millipore Direct-Q3 (Billerica, MA) water purification system.

The 2-4, 4-8, and 2-43 monoclonal antibodies (MAbs) were a kind gift from the laboratory of David
D. Ho (Columbia University Vagelos College of Physicians and Surgeons) (25, 80, 81). The CR3022 MAb
was purchased from Abcam (12, 82, 83).

Plasmids. The wild-type and mutant SARS-CoV-2 S glycoproteins were expressed transiently by a
PcDNA3.1(—) vector (Thermo Fisher Scientific) (28). The wild-type SARS-CoV-2 spike (S) gene sequence,
which encodes an aspartic acid residue at position 614, was obtained from the National Center for Biological
Information (NC_045512.20). The gene was modified to encode a Gly, linker and His, tag at the carboxyl ter-
minus. The modified S gene was codon optimized, synthesized by Integrated DNA Technologies, and cloned
into the pcDNA3.1(—) vector. S mutants were made using Q5 high-fidelity 2x master mix, KLD enzyme mix
for site-directed mutagenesis according to the manufacturer’s protocol (New England Biolabs), and One-Shot
TOP10 competent cells.

Inducible expression of the wild-type SARS-CoV-2 S glycoprotein was achieved using a self-inactivat-
ing lentivirus vector comprising TRE3g-SARS-CoV-2-Spike-PSP-Strepllx 2.IRES6A.Puro-T2A-GFP (K5650)
(28). Here, the codon-optimized S gene is under the control of a tetracycline response element (TRE) pro-
moter and encodes the wild-type S glycoprotein with a carboxy-terminal 2xStrep tag. The internal ribo-
some entry site (IRES6A) allows expression of puro.T2A.EGFP, in which puromycin N-acetyltransferase
and enhanced green fluorescent protein (eGFP) are produced by self-cleavage at the Thosea asigna 2A
(T2A) sequence.

The plasmid expressing sACE2-Fc was provided by Bing Chen (Boston Children’s Hospital) (103);
sACE2 was produced as described previously (28). Plasmids expressing the SARS-CoV-2 M, E, and N pro-
teins are described in reference 104.

Cell lines. The wild-type SARS-CoV-2 S glycoprotein, with Asp614, was inducibly expressed in Lenti-
%-293T human female kidney cells from TaKaRa Bio (catalog number 632180). Lenti-x-293T cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) supplemented with L-gluta-
mine and penicillin-streptomycin (Pen-Strep).

Lenti-x-293T cells constitutively expressing the reverse tetracycline-responsive transcriptional activa-
tor (rtTA) (Lenti-x-293T-rtTa cells [D1317]) (28) were used as the parental cells for the 293T-S cell line.
The 293T-S (D1483) cells inducibly expressing the wild-type SARS-CoV-2 S glycoprotein with a carboxy-terminal
2xStrep-Tag Il sequence (28) were produced by transduction of Lenti-x-293T-rtTA cells with the K5650
recombinant lentivirus vector described above. The packaged K5650 lentivirus vector (60-ul volume) was incu-
bated with 2 x 10° Lenti-x-293T-tTA cells in DMEM, with tumbling at 37°C overnight. The cells were then
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transferred to a 6-well plate in 3 ml DMEM-10% FBS-Pen-Strep and subsequently selected with 10 wg/ml
puromycin.

The GALE/GALK2 cells are 293T cells in which the genes encoding UDP-galactose-4-epimerase
(GALE) and galactokinase 2 (GALK2) were knocked out by CRISPR/CAS9 technology (88). The GALE/GALK?2 cells
were obtained from Kerafast (88).

Expression and processing of S glycoprotein variants. 293T cells were transfected with plasmids
expressing the wild-type and mutant SARS-CoV-2 S glycoproteins. On the day prior to transfection, 293T
cells were seeded in 6-well plates at a density of 1 x 10%/well. Cells were transfected with 1 ug of the S-
expressing plasmid, using Lipofectamine 3000 according to the manufacturer’s instructions. Two days af-
ter transfection, cells were lysed with lysis buffer (1x phosphate-buffered saline [PBS], 1% NP-40, and
1x protease inhibitor cocktail) and the cell lysates analyzed by Western blotting. Samples were Western
blotted with 1:2,000 dilutions of either rabbit anti-SARS-Spike S1 or mouse anti-SARS-Spike S1, rabbit
anti-SARS-Spike S2 (Sino Biologicals), or a 1:5,000 dilution of mouse anti-B-actin as the primary antibodies.
Horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse antibodies at a dilution of 1:5000 were
used as secondary antibodies in the Western blots. The adjusted integrated volumes of S, S1, and S2 bands
from unsaturated Western blots were calculated using Fiji ImageJ. The values for the processing of mutant S
glycoproteins were calculated and normalized to the values for the wild-type S glycoprotein (WT) as

Processinglevel = (S1/S x S2/S) =+ (S1/S x S2/S)wr

mutant

For production of VLPs, the SARS-CoV-2 S glycoprotein was coexpressed with M, E, and N proteins,
individually or in combination. One day before transfection, 293T cells were seeded into 10-cm dishes at
a density of 5.5 x 10%/dish. The next day, the cells were transfected with 3 ug of each expressor plasmid
or with an empty vector plasmid to keep the total amount of DNA transfected at 12 ng. Two days after
transfection, cell lysates were prepared as described above. Cell supernatants were cleared at 900 x g
for 15 min, followed by centrifugation at 110,000 x g for 1 h at 4°C. Pellets were washed with 800 ul of
1x PBS and then resuspended in 90 ul lysis buffer for 5 min on ice. In some cases, cell lysates and pellets
prepared from cell supernatants were treated with PNGase F, endoglycosidase Hf (Endo Hf), or O-glycosi-
dase plus neuraminidase (New England Biolabs) according to the manufacturer’s instructions. Samples
were analyzed by Western blotting as described above.

S1 shedding from S glycoprotein-expressing cells. 293T cells were transfected with pcDNA3.1(—)
plasmids expressing the wild-type and mutant SARS-CoV-2 S glycoproteins, using Lipofectamine 3000
according to the manufacturer's protocol. Cell supernatants were collected, cleared by centrifugation at
1,800 x g for 10 min, and incubated with a 1:100 dilution of NYPO1 convalescent-phase serum and pro-
tein A-agarose beads for 1 to 2 h at room temperature. Beads were washed three times and samples
were Western blotted with a mouse anti-S1 antibody. Band intensity was determined as described
above. The subunit association index of each mutant was calculated as

Subunit association = (ly&at—eSl) = (lysat_eSl)
shed S1 /juant shed S1 Jyyp

Recognition of cell surface S glycoproteins by monoclonal antibodies. For immunoprecipitation
of cell surface S glycoproteins, doxycycline-induced 293T-S cells were washed with washing buffer (1x PBS plus
5% FBS). The cells were then incubated with 6 pg/ml antibody for 1 h at 4°C. After washing three times in washing
buffer, the cells were lysed in NP-40 lysis buffer (1% NP-40, 1x PBS, 1x protease inhibitor cocktail) for 5 min on
ice. The lysates were cleared by centrifugation at 13,200 x g for 10 min at 4°C, and the clarified supernatants were
incubated with protein A-agarose beads for 1 h at room temperature. The beads were pelleted (1,000 rpm for 1
min) and washed three times with final wash buffer (1x PBS, 0.5% NP-40). The beads were suspended in lithium
dodecyl sulfate (LDS) sample buffer, boiled, and analyzed by Western blotting as described above. In some cases,
the precipitated proteins were treated with PNGase F or Endo Hf prior to SDS-PAGE and Western blotting.

For analysis of total glycoprotein expression in the cell, some of the clarified lysates were saved
before the addition of protein A-agarose beads and analyzed by Western blotting as described above.
These samples are referred to as input.

AAL recognition of the S glycoproteins on SARS-CoV-2 VLPs. One day before transfection,
1.8 x 107 293T-S cells were seeded in a 15-cm tissue culture dish. The next day, the cells were trans-
fected with 12 ug of each plasmid expressing the SARS-CoV-2 M, E, and N proteins, using Lipofectamine
3000 (Thermo Fisher Scientific). Following transfection, the cells were incubated in medium containing
1 ng/ml doxycycline. Two days later, cells were lysed in lysis buffer (1x PBS, 1% Cymal-5, 1x protease in-
hibitor cocktail). The cell lysates were used to confirm expression of M, E, N, and S proteins.

Cell supernatants were cleared at 900 x g for 15 min, followed by centrifugation at 110,000 x g for 1 h at 4°C.
The pellets were resuspended in 660 ul lysis buffer. After clearance by centrifugation at 16,100 x g for 30 min at
4°C, 60 ul of the lysate was set aside as the input sample. The remaining lysate was divided into two halves, which
were incubated for 1 h at room temperature with 20 ul of either AAL-agarose resin (number AL-1393-2; Vector
Laboratories) or protein A-agarose beads. The suspensions were then applied to Econo-Pac columns (Bio-Rad)
with gravity flow. The flowthrough fractions were incubated as above with fresh AAL-agarose resin or protein A-
agarose beads, and the process was repeated. The final flowthrough fractions were retained. The columns were
washed with 2 ml washing buffer (1x PBS, 0.5% Cymal-5). The beads were resuspended in 300 x| 1x LDS buffer
and, along with the final flowthrough, analyzed by Western blotting for the S glycoproteins.

Purification of the S glycoproteins. To express the SARS-CoV-2 S glycoprotein for purification,
293T-S cells were induced with 1 ug/ml doxycycline for 2 days. The cells were resuspended in 1x PBS and
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spun at 4,500 x g for 15 min at 4°C. Cell pellets were collected and lysed by incubating in lysis buffer (20 mM
Tris HCl [pH 8.0], 150 mM NaCl, 1% Cymal-5, 1x protease inhibitor cocktail [Roche]) on ice for 10 min. Cell lysates
were spun at 10,000 x g for 20 min at 4°C, and the supernatant was incubated with Strep-Tactin XT superflow
resin (IBA number 2-4030-010) by rocking end over end at room temperature for 1.5 h in a 50-ml conical tube.
After incubation, the supernatant-resin suspension was applied to a Bio-Rad Econo-Pac column allowing flow-
through by gravity, followed by washing with 20 bed volumes of washing buffer (IBA number 2-1003-100, con-
taining 0.5% Cymal-5) and elution with 10 bed volumes of elution buffer (IBA number 2-1042-025, containing
0.5% Cymal-5 and 1x protease inhibitor cocktail). For the second step of purification, the eluate was incubated
with AAL-agarose resin (number AL-1393-2; Vector Laboratories) at room temperature for 1 h in a 10-ml conical
tube. The eluate-AAL resin suspension was applied to a Bio-Rad Econo-Pac column for gravity flowthrough. The
column was washed with 20 bed volumes of washing buffer (20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.5%
Cymal-5, 1x protease inhibitor cocktail [Rochel]), after which the sample was eluted with 10 bed volumes of elu-
tion buffer (9 parts elution buffer [Vector Laboratories number ES-3100-100], 0.5 parts 1 M Tris-HCl [pH 8.0], 0.5
parts 10% Cymal-5). The eluate was buffer exchanged by ultrafiltration three times to remove fucose; this was
accomplished using a 15-ml ultrafiltration tube (number UFC903024; Thermo Fisher Scientific) at 4,000 x g at
room temperature with a buffer consisting of 20 mM Tris-HCI (pH 8.0), 150 mM Nacl, and 0.5% Cymal-5.

Precipitation of the purified S glycoproteins by monoclonal antibodies and sACE2-Fc. The S gly-
coproteins, purified as described above, were incubated with monoclonal antibodies (6 ug/ml) or
SACE2-Fc (30 ng/ml). In some cases, antibody precipitation was carried out in the absence or presence
of sACE2 (27 wg/ml). After incubation with protein A-agarose, the precipitates were analyzed by
Western blotting with mouse antibody against ST and rabbit antibody against S2, as described above.

Proteolytic digestion of SARS-CoV-2 spike glycoproteins for glycosylation analysis. The purified
SARS-CoV-2 S glycoprotein samples (30 ng) at a concentration of ~0.03 mg/ml were denatured with 7
M urea in 100 mM Tris buffer (pH 8.5), reduced at room temperature for 1 h with TCEP (5 mM), and alkylated
with 20 mM IAM at room temperature for another hour in the dark. The reduced and alkylated samples were
buffer exchanged with 50 mM ammonium bicarbonate (pH 8) using a 50-kDa molecular weight cutoff filter
(Millipore) prior to protease digestion. The resulting buffer-exchanged sample was aliquoted into two portions,
one digested with trypsin and the other with chymotrypsin. All protease digestions were performed according to
the manufacturer’s suggested protocols. Digestion with trypsin was performed with a 30:1 protein-enzyme ratio
at 37°C for 18 h; chymotrypsin digestion was performed with a 20:1 protein-enzyme ratio at 30°C for 10 h; and
the combination of both proteases (a mixture of trypsin and chymotrypsin) was performed using the same pro-
tein-enzyme ratio as that used for single enzyme digestion and incubated overnight at 37°C. Ten-microliter ali-
quots from each digest were treated with PNGase F and incubated at 37°C. The digests were either directly ana-
lyzed or stored at —20°C until further analysis.

Chromatography and mass spectrometry. High-resolution LC-MS experiments were performed
using an Orbitrap Fusion Lumos Tribrid (Thermo Scientific) mass spectrometer equipped with an electron transfer
dissociation (ETD) option that is coupled to an Acquity UPLC M-Class system (Waters). Mobile phases consisted of
solvent A (99.9% deionized H,0 plus 0.1% formic acid) and solvent B (99.9% CH,CN plus 0.1% formic acid). Three
microliters of the sample was injected onto a C,, PepMap 300 column (300 um inner diameter by 15 cm, 300 A;
Thermo Fisher Scientific) at a flow rate of 3 wl/min. The following CH,CN/H,0 multistep gradient was used: 3% B
for 3 min, followed a linear increase to 45% B in 50 min and then a linear increase to 90% B in 15 min. The col-
umn was held at 90% B for 10 min before reequilibration. All mass spectrometric analyses were performed in the
positive ion mode using data-dependent acquisition with the instrument set to run in 3-s cycles for the survey
and two consecutive MS/MS scans with collision-induced dissociation (CID) and ETD (either EThcD or ETciD). The
full MS survey scans were acquired in the Orbitrap in the mass range 400 to 1,800 m/z at a resolution of 120,000
at m/z 200 with an automatic gain control target of 4 x 10°. Following a survey scan, MS/MS scans were per-
formed on the most intense ions with charge states ranging from 2 to 8 and with intensity greater than 5,000.
CID was carried out at with a collision energy of 30%, while ETD was performed using the calibrated charge-de-
pendent reaction time. Resulting fragments were detected using rapid scan rate in the ion trap.

Glycopeptide identification and disulfide bond analysis. Glycopeptide compositional analyses were
performed as described previously (105, 106). Briefly, glycopeptide compositions were determined manually from
both MS and tandem MS data of a glycopeptide-rich region of the LC/MS data. Glycopeptide peaks from high-re-
solution MS data in this region were identified from a cluster of peaks whose mass difference corresponds to the
masses of monosaccharide units (hexose, HexNAc, NeuAc, and fuc). The compositions for the set of glycopeptides
were then determined from fragment mass information from CID and ETD data. This information consists of the
Y1 ion for identifying the peptide portion, the glycosidic bond cleavages resulting from the losses of the mono-
saccharide units from CID data, and the peptide backbone information from ETD data. Once the peptide portion
was determined, plausible glycopeptide compositions for the set of peaks for the glycopeptide-rich region were
obtained using the high-resolution MS data and GlycoPep DB (107). The putative glycopeptide composition for
each glycopeptide-rich region in the LC-MS data was confirmed manually from CID and ETD data. The full list of
glycoforms is provided in supplemental material, and the percentage of each type of composition, i.e., high-man-
nose or processed, is reported here. These percentages are obtained by tallying the relative proportion of high-
mannose or processed glycoforms, where each glycoform is weighted equally. The percentages are not meant to
correspond to the absolute glycan abundance of high-mannose or processed glycoforms, a quantity that is not
precisely knowable, since different glyopeptide glycoforms have different ionization efficiencies (108).

Disulfide bond patterns of SARS CoV-2 spike glycoprotein were determined by mapping the disulfide-
linked peptides. Data analysis was performed using the Mascot (v 2.7) search engine (109) for peptides contain-
ing free cysteine residues, and disulfide bond patterns were analyzed manually as described previously (110,
111). Briefly, to determine peptides containing free cysteine residues, raw data generated from LC-MS/MS
experiments were converted to MGF format using an open-source tool, msConvert. The MGF files were then
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searched against the UniProt SARS-CoV-2 database (https://covid-19.uniprot.org/; 106 sequences, 69,061 resi-
dues; April 2021) concatenated with a custom database (182 sequences, 110,199 residues) and Swiss-Prot data-
base (2021_02 release, 564,638 sequences, 203,519,613 residues; taxonomy, viruses) using Mascot v. 2.7.0
(MatrixScience). The following search parameters were used: enzyme used, either trypsin alone or combination
of trypsin and chymotrypsin, a maximum miscleavage of 2 per peptide, mass tolerance of 10 ppm for precur-
sor and +0.6 Da for fragment ions. Amino acid modifications were the following: fixed, pyridylethyl (Cys); vari-
able, deamidation (N/Q), GIn-pyro-Glu(N-term Q), and oxidation (M). An automatic decoy search was applied
to determine the false discovery rate (FDR) and, when possible, peptides were evaluated at 1% FDR. Mascot
ion score cutoffs of 40 and 38 were used for samples digested with trypsin alone and for samples digested
with a combination of trypsin and chymotrypsin, respectively. Using these parameters, no peptide was identi-
fied with free cysteine, which indicates that the cysteine-containing peptides are all disulfide bonded. To this
end, all disulfide-bonded peptides were analyzed manually.

VSV pseudotyped by S glycoproteins. VSV was pseudotyped with S glycoproteins expressed stably
in 293T-S cells or transiently in 293T cells. 293T-S cells in 6-well plates were induced with 1 wg/ml doxycycline
or, as a control, incubated in standard medium without doxycycline. For transient expression, subconfluent
293T cells in a T75 flask were transfected with 15 g of the SARS-CoV-2 S expression plasmid using 60 ul of
1 mg/ml polyethylenimine (PEI). Twenty-four hours later, cells were infected at a multiplicity of infection of 3 to
5 for 2 h at 37°C with rVSV-AG pseudovirus complemented in trans with the G glycoprotein and bearing a lucif-
erase gene (Kerafast). Cells were then washed 6 times with DMEM plus 10% FBS and returned to culture. Cell
supernatants containing S-pseudotyped VSV were harvested 24 h later, clarified by low-speed centrifugation
(900 x g for 10 min), and either characterized immediately or stored at —80°C for later analysis.

Syncytium formation assay. 293T-S cells in 6-well plates were cotransfected with 1 ug each of an
eGFP-expressing plasmid and a plasmid expressing hACE2 with Lipofectamine 3000 (Thermo Fisher
Scientific). Cells were then incubated in either standard (control) medium or medium containing 1 g/
ml doxycycline. Twenty-four hours after transfection, cells were stained with BioTracker NIR694 nuclear
dye (Sigma-Aldrich) and imaged using a fluorescence microscope with green and red filters. In parallel,
cell lysates were collected for Western blotting as described above.

Virus infectivity. VSV-AG vectors pseudotyped with SARS-CoV-2 S glycoprotein variants were pro-
duced as described above. The recombinant viruses were incubated with 293T-ACE2 cells, and 24 h later,
luciferase activity in the cells was measured.

Virus neutralization by sACE2 and sera. Neutralization assays were performed by adding 200 to
300 50% tissue culture infectious doses (TCIDs,) of r'VSV-AG pseudotyped with SARS-CoV-2 S glycoprotein var-
iants into serial dilutions of SACE2 and sera. The mixture was dispensed onto a 96-well plate in triplicate and
incubated for 1 h at 37°C. Approximately 4 x 10* 293T-ACE2 cells were then added to each well, and the cul-
tures were maintained for an additional 24 h at 37°C before luciferase activity was measured. Neutralization ac-
tivity was calculated from the reduction in luciferase activity compared to controls using GraphPad Prism 8
(GraphPad Software Inc.).

Data availability. The raw MS data have been deposited in the Mass Spectrometry Interactive Virtual
Environment (MassIVE) repository, along with search parameters and assignment criteria. MassIVE may be found
at https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp. The dataset identifier is MSV000087606, and it can be
accessed at ftp://MSV000087606@massive.ucsd.edu. Summaries of the glycopeptide compositions and annotated
MS/MS spectra for key novel glycopeptide assignments are available in Table S1 and Fig. S1, respectively.
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