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Abstract

Rationale. Hydrogen/deuterium exchange mass spectrometry (HDX-MS) can provide precise analysis of a protein’s conforma-

tional dynamics across varied states, such as heat-denatured vs. native protein structures, localizing regions that are specifically

affected by such conditional changes. Maximizing protein sequence coverage provides high confidence that regions of interest

were located by HDX-MS, but one challenge for complete sequence coverage is N-glycosylation sites. The deuteration of peptides

post-translationally modified by asparagine-bound glycans (glycopeptides) has not always been identified in previous reports

of HDX-MS analyses, causing significant sequence coverage gaps in heavily glycosylated proteins and uncertainty in structural

dynamics in many regions throughout a glycoprotein. Methods. We detected deuterated glycopeptides with a Tribrid Orbitrap

Eclipse mass spectrometer performing data-dependent acquisition. An MS scan was used to identify precursor ions, if high-

energy collision-induced dissociation (HCD) MS/MS of the precursor indicated oxonium ions diagnostic for complex glycans

then electron transfer low-energy collision-induced dissociation (EThcD) MS/MS scans of the precursor identified the modified

asparagine residue and the glycan’s mass. As in traditional HDX-MS the identified glycopeptides were then analyzed at the

MS level in samples labeled with D 2O. Results. We report HDX-MS analysis of the SARS-CoV-2 spike protein ectodomain

in its trimeric pre-fusion form, which has 22 predicted N-glycosylation sites per monomer, with and without heat treatment.

We identified glycopeptides and calculated their average isotopic mass shifts from deuteration. Inclusion of the deuterated

glycopeptides increased sequence coverage of spike ectodomain from 76% to 84%, demonstrated that glycopeptides had been

deuterated, and improved confidence in results localizing structural re-arrangements. Conclusion. Inclusion of deuterated

glycopeptides improves the analysis of the conformational dynamics of glycoproteins such as viral surface antigens and cellular

receptors.

INTRODUCTION

Spike is a trimeric surface glycoprotein from the SARS-CoV-2 virus causing the COVID-19 pandemic (1, 2).
Spike’s binding to human angiotensin-converting enzyme 2 (ACE2) is critical for SARS-CoV-2 penetration
of a host cell and initiation of infection (3, 4, 5). Spike is the surface antigen and target of all currently
available COVID-19 vaccines (6), and improved understanding of spike’s structures and functions is likely
to result in more effective SARS-CoV-2 vaccines (7).

Spike trimers engage in several dynamic structural changes related to binding ACE2, cleavage by protease
TMPRSS2, unfolding their S2 domains, and finally re-folding to pull viral and target cell membranes into
juxtaposition (8). Spike’s structural re-arrangements are required steps during SARS-CoV-2 infection (9)
and are also potential mechanistic targets for spike-neutralizing reagents such as the host’s antibodies (10,
11). A well-established methodology to measure changes in (glyco)protein higher-order structure is hydro-
gen/deuterium exchange mass spectrometry (HDX-MS) (12). Previous publications have described HDX-MS
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analyses of spike, including its interaction with ACE2 (4, 5, 13, 14) and changes in structural dynamics spe-
cific to different variants of concern, including Alpha, Beta, Delta, and Omicron (1, 13, 15, 16).

HDX-MS provides a framework of sample preparation, proteolytic digestion, peptide identification, and
deuterium uptake measurement over time to identify changes in (glyco)protein conformation (12, 17). In
an HDX-MS analysis comparing two states of the (glyco)protein of interest, changes in a peptide’s amide
backbone hydrogen exchange are interpreted as indications of movement or stabilization of α-helices, β-sheets,
and other hydrogen bonds contributing to secondary structure (18). Solvent accessibility also plays a role in
the deuterium labeling of proteins (19).

An important goal of HDX-MS analysis is maximizing sequence coverage of the (glyco)protein of interest,
since gaps could include regions with informative deuterium labeling. For example, localization of a mon-
oclonal antibody’s epitope (20) on an antigenic (glyco)protein of interest can be challenging if sequence
coverage of the antigenic (glyco)protein such as spike (16, 21) is incomplete (22). A key step in modern
HDX-MS analysis for obtaining sequence coverage is on-line proteolytic digestion (23) of the (glyco)protein
of interest to generate peptides amenable to liquid chromatography (LC)/MS detection. HDX-MS sample
preparation typically includes a low pH (˜2.5) quenching step immediately before proteolytic digestion (12),
limiting digestion to acid-tolerant proteases such as pepsin (24) or aspergillopepsin (23, 25). These proteases
generate overlapping, mostly non-specific (26) peptides that are nonetheless reproducible for a given pro-
tein substrate. Previous HDX-MS analyses of spike have shown sequence coverage gaps when using on-line
digestion with pepsin (1, 4, 5, 13).

Specifically considering glycoproteins, sequence coverage gaps in HDX-MS analyses are often associated with
N-glycosylation “sequons” (the amino acid sequence Asn-Xaa-Ser/Thr, where Xaa is not Pro and a glycan
portion composed of 2 to 11+ hexose subunits is covalently bound to the Asn residue) (27). The reasons
for these coverage gaps at N-glycosylation sequons potentially include 1) stearic inhibition of the on-line
protease’s cleavage by the bulky glycan group covalently bound to an Asn residue (28), resulting in fewer
short peptides containing the sequon, and 2) lack of detection of the resulting high-mass glycopeptides during
subsequent LC/MS and LC/tandem mass spectrometry (LC/MS/MS) analyses. Although several previous
HDX-MS analyses of spike (4, 15) or IgG (29) have detected peptides containing the amino acid sequence
Asn-Xaa-Ser/Thr, these are not bona fide“glycopeptides” because the mass(es) and possible identity(ies) of
any covalently bound glycan group(s) were not specified. Some recent HDX-MS publications (1, 14) report
glycopeptide data from a separate (non-HDX) analysis but this does not provide information about the
deuteration of peptides with covalently bound glycans.

Glycan identity is an important aspect of glycoprotein analysis because microheterogeneity (the cohort of all
the different glycan structures bound to a particular N-glycosylation sequon, (30)) influences glycoprotein
structures and functions (31). The impact of microheterogeneity on HDX-MS analyses of glycoproteins is not
presently known because detecting and identifying glycopeptides with their glycans still covalently bound
requires advanced MS/MS methods and appropriate data processing for detection and assignment of glycans
(32, 33, 34, 35).

SARS-CoV-2 Spike glycoprotein has 22 N-glycosylation sequons per monomer and several publications de-
scribe spike’s microheterogeneity (32, 36, 37, 38). Spike’s high level of glycosylation has caused significant
gaps in sequence coverage and incomplete HDX-MS data in previous studies (1, 4, 5, 13). During our HDX-
MS analyses of spike we applied a previously described method for detecting glycopeptides (39, 40) to the
deuterium-labeled D614G variant (41). We believe this is the first report directly measuring the deuteration
of peptides with N-glycosylation sequons and covalently bound glycan groups to determine the impact of
microheterogeneity on the HDX-MS dynamics of SARS-CoV-2 spike. Heat-treatment of spike was used to
significantly change protein structure and demonstrate the utility of deuterated glycopeptide data to improve
HDX-MS conformational analysis of glycoproteins.

EXPERIMENTAL SECTION

Chemicals and Reagents.
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Phosphate-buffered saline (PBS) tablets, LC/MS grade water 0.1% formic acid, methanol and acetonitrile
0.1% formic acid were from Fisher Scientific (PA). Deuterium oxide (99.9%) was from Cambridge Isotope
Laboratories (MA). Urea and tris(carboxyethyl)phosphine (TCEP) were from Sigma-Aldrich (MO). Reagent
and sample vials for HDX-MS were from Trajan Scientific and Medical (NC) and Thermo Scientific (CA),
respectively.

Plasmid Design and Cell Culture.

The SARS-CoV-2 D614G spike protein ectodomain expression plasmid was designed as follows: amino acids
1-1208, furin cut site PRRAR substituted to PGSAS, 6 HexaPro stabilization substitutions (K986P, V987P,
F817P, A892P, A899P, A924P), a T4 fold self-trimerization domain, and a polyhistidine tag for purification
by nickel-charged nitrilotriacetic acid (Ni-NTA). FASTA sequences for 614G and Omicron spike constructs
are in Supporting Information. Expi293F cells were obtained from ThermoFisher as part of the Expi293F
protein expression system. Cells were cultured for 3+ passages at 37°C/125 RPM/8% CO2 not exceeding
a density of 5 × 106cells/ml or passage >30, seeded at a density of 2.5 × 106 cells/mL one day prior to
transfection, and diluted to 3 × 106 cells/mL immediately before transfection. Plasmid was transfected at 1
μg DNA per 1 mL of cell culture using ExpiFectamine and Opti-Mem I Reduced Serum Medium (Thermo
Scientific). Transfected culture was left to express for four days at 30°C/125 RPM/8% CO2 before harvesting
and centrifuging twice at 4°C/3000 RCF for 10 minutes to clarify the supernatant.

Protein Purification.

Three mL of 1 M imidazole (Sigma-Aldrich) per 100 mL of transfected clarified supernatant was added
prior to purification. Purification used two buffers, one binding buffer (20 mM sodium phosphate, 500 mM
sodium chloride, 30 mM imidazole pH 7.4) and one elution buffer (20 mM sodium phosphate, 500 mM
sodium chloride, 500 mM imidazole pH 7.4). The column was first equilibrated with 5 column volumes (CV)
of binding buffer. The supernatant was then loaded onto an AKTA Avant 150 FPLC through a Cytiva 5
mL HisTrap FF column at 0.5 mL/min. After sample loading, the column was washed with 5 CV binding
buffer. The protein was eluted off the column using a gradient elution from 100% binding buffer to 100%
elution buffer over 5 CV and peaks were collected in 2 mL fractions at 4°C. The peak fractions were loaded
onto a 7K MWCO Zeba desalting column at 4°C, buffer exchanged into 300 mM sodium chloride, 20 mM
Tris-HCl pH 8, and later concentrated on an Amicon 100K MWCO Ultra-15 centrifugal filter column at
4000 RCF at 4°C until desired concentration/volume was met. A minimum of 500 μg of this affinity purified
protein was then loaded onto a Cytiva Superose 6 Increase 10/300 gel filtration column also on the AKTA
Avant 150 system. Preparative size exclusion chromatography took place at 0.5 mL/min in 300 mM sodium
chloride, 20 mM Tris-HCl pH 8. Peaks corresponding to the size of spike trimer were then fractioned into 2
mL fractions and later concentrated on a 100K MWCO Amicon filter if needed. Protein quality was checked
by SDS-PAGE gel and analytical size exclusion chromatography before use.

Heat-treatment, Trypsin Digestion and Gel Analysis of Spike Ectodomain.

Spike ectodomain protein (Omicron variant, 1.3 μg/μL in 20 mM Tris, 300 mM NaCl, pH 8) was diluted 1:20
in HA buffer (100 mM Tris, 50 mM NaCl, pH 7.8) and 40 μL aliquots were incubated in a PCR tube and
heater (Thermo Scientific) for 1 hour at 25, 35, 45, 55, and 65°C. After cooling to room temperature and
centrifugation (1000 RPM, 10 min), supernatants were transferred to clean PCR tubes for trypsin digestion.
Sequencing grade trypsin (Promega, WI) was diluted in HA buffer so that adding 2 μL of trypsin to each
heat denatured aliquot resulted in a 1:100 molar ratio of trypsin to spike. A control set of aliquots had 2
μL of HA buffer with no trypsin added to verify heat-treatment did not result in aggregation. All tubes
were incubated for 1 hour at 37°C, cooled to room temperature, measured for volume loss and compensated
with HPLC-grade water. A nonreducing Bis-Tris 4-12% gradient gel (Thermo Scientific) was used to detect
size-resolved spike proteins (Figure S1).

Hydrogen/Deuterium Exchange Mass Spectrometry.

A DHR-PAL system (Trajan) was used for sample preparation, with sample tray at 20°C, quench tray at 4°C,

3



P
os

te
d

on
15

S
ep

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

47
90

08
.8

54
85

42
5/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

valve chamber & pre-chiller at 4°C, and digestion chamber at 8°C. Purified spike ectodomain (0.4 μg/μL) was
mixed 1:5 (v/v) with PBS prepared using H2O (equilibration buffer, measured pH 7.22) or D2O (labeling
buffer, measured pH 7.56). Labeling times were 0, 60, 240, and 960 sec with 3 technical replicates at each
time. Samples were quenched with an equal volume of 2 M urea 0.5 M TCEP pH 2.5 and held at 4°C for
2 min. An UltiMate3000 UPLC system (binary nano pump and loading pump, Thermo Scientific) was used
for subsequent online sample handling. Automated valve switching passed the quenched sample over a 2.1 ×
20 mm Nepenthesin-2 / Pepsin mixed digestion column (AffiPro, CZ) at 100 μL/min H2O 0.1% HCOOH for
2 minutes, trapping the resulting peptides on a 2.1 × 5 mm Fully Porous C18 guard column (Phenomenex,
CA), then de-salted peptides at 300 μL/min for 4 minutes. Peptides were eluted and resolved by a gradient
from 13 to 65% mobile phase B (95:5:0.1 CH3CN / H2O / HCOOH over 23 min on a 1 × 100 mm Luna
Omega 1.6 μm 100 Å C18 column (Phenomenex, CA). A Tribrid Eclipse Orbitrap (OT) mass spectrometer
(Thermo Scientific) with HESI-2 electrospray ion source and high-flow needle was operated in positive ion
mode to detect peptides for 31 minutes. In all samples precursor scans of resolution 120K (atm/z 200) in the
range 375-2000 m/z were acquired.For each MS scan, the top-10 abundant precursor features were selected
for data-dependent MS/MS scans, selecting for an intensity threshold of 30K counts, monoisotopic peptide
precursors, charge states 2+ to 8+ with an isolation window of 1.2 m/z , and not repeating precursor ions
more than twice within 15 sec. Precursors were fragmented with HCD at 28% normalized collision energy
(NCE) and centroid scanned in the OT with standard automatic gain control (AGC) target, automatic
injection time, scan range 120-2000m/z , and resolution 30K. If at least one of three selected oxonium ions
was detected (HexNAc 204.0867 m/z , HexNAc fragment 138.0545 m/z , or HexNAcHex 366.1396 m/z )
with 15 ppm mass tolerance then EThcD OT-MS2 scans were acquired of that precursor ion. Supplemental
HCD was at 20% NCE with profile scans from 150-2000m/z at resolution 50K using custom AGC target
(500%) and fill time (90 msec). At the end of the analytical gradient, solvent transitioned to 90% mobile
phase B for 6 min, and halfway through that time the analytical and trapping columns were put into back-
flow washing mode by automated valve switching. After re-equilibration of the analytical column at 13%
mobile phase B the injection cycle ended at 45 min. As recommended (42), the entire batch of control and
heat denatured samples (all time points and technical replicates) was randomized for HDX-MS acquisition
to minimize batch effects on interpreted differences in protein state, labeling time, and replicates. To allow
access to the HDX data of this study, the HDX data summary table (Table S2) and the HDX data table
(Table S3) are included in the supporting information as per consensus guidelines (42).

Data Processing.

Protein Metrics Inc. (CA) Byos HDX 4.6-37 searched the 6 data files from equilibration buffer samples (0
sec labeling time, control and heat denatured, 3 technical replicates each) to identify (glyco)peptides using
MS/MS spectra. The search database included spike and both proteases. Both HCD and EThcD tandem
mass spectra contributed to peptide spectral matching. Putative (glyco)peptides were then searched for
in data files from all samples at the MS level (and appropriate retention times) to identify both unlabe-
led and deuterated peptides and visualize their isotopic envelopes. Initial spike results (heat-treatment vs.
control, 1271 peptides) were narrowed by 1) default software filters (MS2 score > 15, minimum alt rank sco-
re/primary rank score > 0.99, maximum precursor m/z error ± 40 ppm, maximum retention time deviation
± 5 min) leaving 1056 peptides, and 2) removing peptides with MS/MS score < 150 leaving 106 of 205
glycopeptides, removing peptides with more than ± 10% average, maximum, or minimum “deuteration” in
0 sec samples, and removing peptides causing standard deviations >10% at any labeled time-point, leaving
561 peptides. Additional manual curation involved adjustment of the extracted ion chromatogram (EIC)
window used to integrate MS data and generate an isotopic envelope, optimizing the intensity and specificity
of that envelope. Peptides with inadequate intensity EICs to estimate deuteration were discarded.

RESULTS

Traditional HDX-MS analysis of a glycoprotein’s conformational dynamics often leaves large information
gaps because of challenges in analyzing the deuterium uptake of glycopeptides. During our traditional HDX-
MS analysis of SARS-CoV-2 spike protein, we found significant gaps in sequence coverage and a lack of
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information in many areas of interest. To fill these sequence coverage gaps, we incorporated signature ion-
triggered EThcD into HDX-MS analysis (final spike (glyco)peptide coverage in Figure S2).

Identification of glycopeptides used Fourier-transform mass spectrometry (FTMS) scans to detect precur-
sor ions, and those above an intensity threshold were selected for high-energy collision-induced dissociation
(HCD) FTMS/MS scans. This relatively energetic fragmentation yields abundant b- and y-ions for spec-
tral matching to peptide sequences, but can also produce oxonium ions (such as HexNAc 204.0867 m/z ,
HexNAc fragment 138.0545 m/z , and Hex(2)NAc 366.1396 m/z ) diagnostic for the presence of complex
glycosylation of the precursor peptide (33, 39, 43, 44). The presence of these signature oxonium ions trig-
gered data-dependent electron transfer low-energy collision-induced dissociation (EThcD) FTMS/MS of a
fresh precursor ion packet, yielding peptide fragments retaining 1 or more hexose groups or intact glycan,
ideally confirming the glycosylation sequon’s location (45).

Glycopeptide inclusion improves sequence coverage.

Addition of EThcD to facilitate the detection and identification of glycopeptides during HDX-MS significantly
improved sequence coverage and conformational dynamic analysis of SARS-CoV-2 614G spike protein (Figure
S2). Glycopeptides were confidently identified at 9 out of the 22 potential occupied N-glycosylation sequons
per monomer in spike 614G variant (Table S1, 41% sequon coverage and 84% overall coverage) after manual
data processing. At 8 N-glycosylation sequons with confident peptide coverage only glycopeptides were
identified, with the exception, N1074, covered by one non-glycosylated peptide (Figure 1C). Therefore,
without the inclusion of EThcD for glycopeptide detection and identification, the sequon coverage would
have dropped to 1 (5%) and overall spike coverage to 76% (Figures 1 & S2). Additionally, because nine
N1074 glycopeptides had HexNAc(2)Hex(5) and HexNAc(2)Hex(6) glycans (Figure 1), the detection of only
the non-glycosylated peptide may not represent the true conformational dynamics at N1074.

On-line digestion with nepenthesin-2 and pepsin allows analysis of deuterated peptides in acidified conditions,
but the non-specific nature of digestion, along with the need for rapid digestion and LC separation, brings
concerns of lowered signal per peptide, especially when layered with potential glycan structural diversity
at each sequon. Despite these potential issues with sensitivity, N-glycosylation sequon-specific combinations
of peptide and glycan diversity were observed (Figure 1). Seven glycopeptides (one in 2+ and 3+ charge
states) with unique amino acid sequences including N234 displayed only one glycan type HexNAc(2)Hex(9).
In contrast, 13 unique glycopeptide amino acid sequences including N603 displayed five or more glycan
types, while the only glycopeptide amino acid sequence including N1134 displayed ten glycan types. Table
S1 summarizes N-glycosylation sequon coverage and occupancy. All glycan groups at the 9 sequons with
coverage were of similar types (oligomannose, complex, and hybrid) as described in previous publications on
spike microheterogeneity (34, 39, 46).

Evidence for deuterated glycopeptides is shown in Figures 2 to 4 using glycopeptide 597-607
HexNAc(2)Hex(5) as an example. We obtained high-confidence (Byonic score = 508.5) MS/MS identificati-
on (Figure 2), reproducible extracted ion chromatograms (Figure 3A), and high-quality isotopic envelopes
(Figure 3B). We observed that each unique amino acid sequence for a glycopeptide showed consistent uptake
plots in both control and heat denatured states although they had different N-glycan groups. For exam-
ple, glycopeptides with sequence597VITPGTN TSNQ607 had highly consistent deuterium uptake (Figure
4, left peptide) even though 5 different glycan groups were identified on N603. However, overlay of com-
posite uptake plots for all twelve N603 overlapping glycopeptides (Figure 4) indicated that unique amino
acid sequences had different uptakes, and increasing glycopeptide length affected estimated deuteration. For
example, C-terminally extending the above 597-607 glycopeptide by 2 amino acids decreased uptake in the
control state but increased uptake after heat-treatment (Figure 4, center peptide). Our interpretation was
that glycopeptide amino acid sequence at sequon N603 was a stronger determinant of deuteration than
N-glycan identity.

Supporting this interpretation, glycopeptides covering sequons N61 and N234 showed two levels of deuteration
in the heat denatured state on composite uptake plots, also associated with the length of glycopeptides. For
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example, the N61 sequon’s proximity to the sequence66HAIH69 indicated that inclusion of this histidine-
rich “cool” spot of deuteration decreased the percentage labeling of 7 longer glycopeptides ˜15% after heat
treatment compared to 4 overlapping but shorter glycopeptides that did not include the 66HAIH69sequence
(Figure S3). This result is consistent with the slow deuteration of His residues (47, 48), and amino acid
sequence being a stronger determinant of deuteration than N-glycan identity.

Isotopologue ratios of deuterated glycopeptide fragment ions.

Glycopeptide deuteration (Figures 2 to 4) and the presence of an amide bond in N-acetyl-hexosamines sugge-
sted that total glycopeptide deuteration included the N-acetyl amide group(s) of N-linked glycans, which has
been previously confirmed at the glycan and glycopeptide levels (49) and recently reviewed (50). To measure
N-acetyl hexose labeling, isotopologue ratios of glycopeptide597VITPGTN TSNQ607HexNAc(2)Hex(5) frag-
ment ions were compared for both control and heat denatured states at all deuteration times. All MS/MS
scans consistent with this glycopeptide precursor’s m/z and LC retention time were converted to lists of
product ion m/z vs. intensity, and a ratio was taken between a fragment’s monoisotopic m/z (M0) and its M
+ 1 isotope’s m/z (M1, Figure 5 inset )). The bottom-up peptide detection strategy of the Tribrid Orbitrap
Eclipse (see Experimental Section) limited the number of MS/MS scans of each deuterated glycopeptide to
3 to 6 per data file.

First, the theoretical M0/M1 ratio for the HexNAc product ion ([C8H14NO5]+, M0 204.0867 m/z ) is 11.5,
similar to the observed 9.6 ± 2.9 ratio (Figure 5, C0 and H0, white bars). Second, the theoretical M0/M1 ratio
for the ˜y8 product ion ([C31H52N11O15]+, fragment 600PGTN TSNQ607without the glycan attached, Figure
1) is 2.99, similar to the observed 2.24 ± 1.21 ratio (Figure 5, C0 and H0, grey bars). This establishes that
the product ion isotopologue analysis is appropriate, despite a limited number of MS/MS scans as described
above. Third, the ˜y8 product ion’s M0/M1 ratio significantly decreased after D2O exposure (Figure 5, grey
bars), consistent with deuteration of this peptide’s 7 amide groups, reducing the amount of M0 818.3639
m/z and increasing the amount of M1 819.3779m/z . Fourth, the HexNAc product ion’s M0/M1 ratio
also decreased after D2O exposure (Figure 5, white bars), indicating that it was labeled with deuterium.
Student’s T-test of the HexNAc product ion’s M0/M1 ratios at 0 and 960 seconds of D2O exposure indicated
a significant difference (p = 0.002), and these results collectively support deuteration at the amide proton in
the N-acetyl moieties on glycans N-linked to glycopeptides. Corroborative data including two y-series product
ions and HexNAc product ion for a different glycopeptide, 1132-1145 HexNAc(4)Hex(3)Fuc(1) is shown in
Figure S4. An alternative explanation of this isotopologue analysis is the previously reported scrambling of
deuterons between product ions during HCD (51, 52), and a different MS/MS strategy ((53, 54), beyond the
scope of this study) would be needed to address that alternative, possibly including deconvolution of isotopic
envelopes for product ions with 0, 1 and 2 deuterons.

Control state: no heat-treatment.

The workflow to include glycopeptides in HDX-MS analysis was then tested after inducing a substantial
change in spike structure by comparing native and heat treated glycoprotein. Without heat treatment, spike
ectodomain (glyco)peptides showed a range of D2O labeling (interpreted as structural dynamics) between
˜0% and ˜37% that visually correlated with sub-domain location (Figure 6A). Localization of these patterns
on a model based upon Protein Data Bank (PDB) files 6VSB and 6VXX (55) included key domains (furin
cleavage site, fusion peptide, 630 loop, etc.) often missing from RCSB structures (www.rcsb.org), possibly
because disordered regions of spike can have low electron density in cryo-EM analysis (56). The least deu-
terated area (<5%) was the trimeric core interface (764-782 helix, 997-1020 helix, and 1043-1062 strand in
β-sheet), as previously described (4, 13).

The most deuterated regions (37%) were the “hinge” between head and stalk regions (1132-1145), furin
cleavage site (672-690), and 630 loop (624-636), the latter also consistent with a previous report (13).
Labeling of spike’s “hinge” is a novel HDX-MS result, completely based on the coverage of deuterated
glycopeptides containing glycan-modified N1134 (Figures 6 and S2). Robust labeling (24-30%) was observed
in the fusion peptide (823-851), N-terminus (19-31), and middle helix of the stalk (1174-1197).
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The receptor binding domain (RBD) had the highest deuteration (27%) on a strand forming its hinge with
the rest of S1 (319-346, including deuterated glycopeptide coverage at N343) and the two loops of the
receptor binding motif (RBM, 442-452 and 471-487) for ACE2 (57). The other strand forming the RBD’s
hinge with S1 (516-533) was 20% deuterated. A central helix (784-795), a turn-helix-turn (939-977) and a
helix U-turn (753-759) were also moderately deuterated (28-30%). The N-terminal domain (NTD) showed
an outer segment (171-176) with moderate labeling (27%).

Several recent reports describe bimodality in isotopic envelopes for certain regions of spike (1, 13, 15); the
only apparently bimodal peptide 878-904 in this study was interpreted to be chromatographic co-elution of
two precursor peptides with the same charge state and overlapping precursor isotopic envelopes based on
observing “bimodality” even at 0 sec (data not shown).

State difference (heat-treatment minus control).

Visualization of (heat – control) deuteration (Figure 6B), showed both increased and decreased labeling in
different sub-domains of spike. Regions with no significant deuteration difference (within the ± 0.9 Da error
of labeling estimation based upon average peptide length and repeatability, Table S2) were not interpreted
to have “zero dynamic change” (42). Deuterated glycopeptide data provided coverage essential for revealing
increased labeling with longer D2O exposure times around sequons N61 (11-15%) and N234 (11-15%) in
the NTD, N343 in the RBD (10-15%), N603 (14-19%) and N801 (9%) in the S2 domain, as well as N1074
(10-16%) and N1134 (13-6%) in the stalk. Interestingly, only N1134 glycopeptides in the stalk region showed
diminishing differences from the control state with increasing D2O exposure.

The region with lowest deuteration in the control state (trimer core interface) showed substantial increases in
deuteration (764-782 helix, 21%, 1007-1024 helix, 20%, 1050-1062 β-strand, 20%). Regions with the highest
deuteration in the control state showed only small increases [the “hinge” between head and stalk (1132-
1145, 6%), the 630 loop (624-635, 5%)] or even reductions [the furin site (672-703, -8%) and fusion peptide
(823-851, -2%)]. Data for changes in the “hinge” region were entirely from deuterated glycopeptides.

Increases in the deuteration of the RBD were interpreted as loosening of its sub-domain architecture, in-
cluding outer loop 336-350 (10-24%) and the inner β-strand 393-399 (27%). In addition, the “hinge” of the
RBD to S1 (515-533) and a loop of its RBM (442-453) had lower deuteration (-4%) after heat treatment.
Furthermore, S2 domain helices interpreted to be dynamic and primed for fusion based on their substantial
deuteration in the control state were lower (939-945 and 967-977, -5%) after heat treatment. Finally, the
NTD showed spike’s highest reduction in deuteration (-10%) after heat-treatment at its outermost tip (243-
262). All these results are consistent with increased accessibility to limited trypsin digestion (Figure S1),
looser inter-monomer interaction, and disruption of tight packing between 3 NTDs and 3 RBDs from heat
treatment. Reductions in deuteration observed for the most labeled sub-domains in the control state (furin
site as an example) were interpreted as spike glycoprotein shriveling or collapsing after heat treatment.

DISCUSSION

Comparing native and heat denatured SARS-CoV-2 spike demonstrated the utility of including deuterated
glycopeptides in HDX-MS analyses of glycoprotein conformational dynamics. We conclude that 1) inclusion
of 106 glycopeptides and 9 N-glycosylation sequons increased spike sequence coverage from 76% to 84%,
2) glycopeptides become deuterated and provide useful regional and protein-level information, 3) observed
glycan identities are consistent with publications from non-deuterating studies (34, 39, 46), and 4) labeling
of the amide nitrogens on N-acetyl groups of glycans merits inclusion in estimates of glycopeptide maximum
deuteration.

Three sub-domains of spike glycoprotein which are known to have key functions during host cell infection
by SARS-CoV-2 virus were adjacent to N-glycosylation sequons with confident deuterated glycopeptide
coverage, including the 630 loop (N603), the S2’ cleavage site that releases the fusion peptide (N801),
and the fusion peptide itself (N801). By detecting up to 37% deuteration in the control state in these
portions of spike we corroborate existing HDX-MS descriptions of spike dynamics (1, 14). However, by
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adding information based on deuterated glycopeptides (N1134) we detected “hinge” motion between spike’s
globular head and stalk, in addition to improved deuterated peptide resolution in the 630 loop, S2’ cleavage
site, and fusion peptide. Using heat treatment to significantly change spike structure confirmed the utility
of deuterated glycopeptide data by inducing a broader change in dynamics than a traditional HDX-MS state
comparison such as binding to ACE2 (4, 14) or a monoclonal antibody (11, 21) would have induced. Pairing
glycopeptide detection on a Tribrid Orbitrap Eclipse instrument with appropriate data analysis reveals
dynamics of key spike sub-domains in proximity to N-glycosylation sequons, which has not been previously
included in HDX-MS analyses (1, 4, 5, 13).

The identities of glycan groups that we detected at each N-glycosylation sequon were consistent with pre-
vious reports (33, 34, 39, 46), specifically with the most abundant glycans at each sequon. However, the
microheterogeneity, or variety of glycan structures observed at each N-glycosylation sequon, for deuterated
spike glycopeptides in this report did not indicate as many different glycan structures at each sequon as
previously reported by others (39, 46), but this is not surprising given the differences in LC and MS/MS
conditions in typical HDX-MS versus bottom-up glycopeptidomics analyses. For example, HDX-MS LC is
typically conducted at relatively high flow rates (40 μL/min or higher, (58)) with large-bore chromatography
columns (1.0 or 2.1 mm) and steep gradients (10 to 20 minutes) to minimize deuterium back-exchange (59).
All these LC conditions are non-ideal for sensitive glycopeptide detection, which performs best at nano-flow
rates (< 1 μL/min) with nano-electrospray ion sources and columns, and long gradients (1 to 2 hours). Given
these limitations of HDX-MS LC, there is likely to be considerable room for improvement in the ionization,
detection, and analysis of deuterated glycopeptides.

Analysis of product ions from deuterated glycopeptides supported previous reports (49, 50) of deuteration
of N-acetyl hexose subunits of glycans attached to glycopeptides during HDX-MS analyses. The possibility
of deuteron scrambling during HCD (51, 52) as the source of deuterated N-acetyl product ions cannot be ex-
cluded by our MS/MS data acquisition strategy, and a more targeted approach with ETD (53) or ultraviolet
photo dissociation (UVPD) (54) MS/MS would be required. Deuteration of N-acetyl hexoses is significant
because calculation of “maximum peptide deuteration” is based on the number of amino acid backbone
amides that could have been labeled (all except the N-terminal 1 or 2 residues and any proline residues
(60, 61)), so the presence of each N-acetyl group in a glycan structure could add one potential labeling site
per glycopeptide. We are not aware of any HDX-MS data processing software that includes options for the
deuteration of glycans attached to glycopeptides. Additional complexity is added by microheterogeneity,
because glycans that differ in the number of N-acetyl groups will have different numbers of potential label-
ing sites. We will continue to explore the effect of glycan subunit composition on the maximum peptide
deuteration level for different types of glycopeptides.

Inclusion of deuterated glycopeptides in HDX-MS is a step forward in attempts to measure glycoprotein
dynamics under conditions that are as native as possible. Direct detection of deuterated glycopeptides from
glycoproteins such as viral surface antigens and cellular receptors avoids additional HDX-MS procedures, for
example de-glycosylation with PNGase before or after deuteration using acid-tolerant isoforms Rc (62), or H
(63, 64). De-glycosylation adds time and complexity to sample preparation and potentially introduces addi-
tional back-exchange and/or artifacts during HDX-MS analyses. In the case of SARS-CoV-2 spike, previous
reports indicate that glycans participate in modulation of the RBD moving to “up” or “down” positions
(65), as well as in ACE2 interaction (66, 67), indicating the importance of measuring spike glycopeptide
dynamics in a native state using HDX-MS.
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those of the authors and do not necessarily represent the official position of the Centers for Disease Control
and Prevention. Use of trade names and commercial sources in this presentation is for identification only
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Figure 1 . Representative N-glycan microheterogeneity during HDX-MS at spike sequons N61, N122, N801,
N1074, and N1134. The N-terminus (A), central region (B) and C-terminus (C) of spike are shown including
HDX peptide coverage (black horizontal lines), N-glycosylation sequons (green horizontal dash within HDX
peptide), signal peptide (grey horizontal box), S2’ cleavage site (vertical red line), fusion peptide (white
horizontal box), and the locations of two disulfide bonds in intact spike (orange brackets marked SS). Specific
glycan structures detected at each sequon are cartooned as HexNAc (blue squares), Hexose (green or yellow
circles), Fucose (red triangles) and NeuAc (purple diamonds). Glycan structures are illustrative only and
were not determined in this study.

Figure 2. Tandem mass spectrum of glycopeptide 597-607 HexNAc(2)Hex(5) including sequon N603. Sam-
ple was unlabeled (0 sec D2O exposure), fragment mass errors are shown in the lower panel. Glycan product
ions (green font) from HCD will trigger EThcD MS/MS of a fresh precursor ion packet.

Figure 3. Extracted ion chromatograms (A) and isotopic envelopes (B) of glycopeptide 597-607
HexNAc(2)Hex(5) including sequon N603 (red N). Technical triplicate injections at each D2O exposure time
(central numbers) and both control (black) and heat treatment (blue) conditions were injected in randomized
order.

Figure 4. Box and whiskers uptake plots of 12 glycopeptides including sequon N603. The left, center, and
right boxes are N = 6, 2, and 4 unique glycopeptides (sequences, glycans, or charge states), respectively.
Dashed lines linking boxes indicate the same D2O exposure time and control or heat denatured state, ×
indicates mean.

Figure 5. Isotopologue ratios of glycopeptide 597-607 HexNAc(2)Hex(5) fragment ions (see Figure 1 for
a typical MS/MS spectrum of this peptide). Inset : the ratio of M0 (monoisotopic peak) to M1 (first M
+ 1 isotopic peak) was measured for HexNAc (204/205) and ˜y8 (818/819) in a representative technical
replicate at each state and D2O exposure time. As product ions shifted to a deuterated distribution the ratio
decreased. N = 3 to 6 averaged MS/MS scans for each bar, error bars are one standard deviation. At H240
and H960 the ˜y8 M0 ion was not detected.

Figure 6: Heat map data (960 sec) overlaid on a model based upon PDBs 6VSB and 6VXX (55), view
of central trimer head with stalk at lower left corner. Without heat treatment (A) spike labeled between
0-37% indicated by white to red color. Regions with no coverage are green. Taking the difference between
heat treatment and control (B) shows both decreased labeling (magenta color, one example is furin site) and
increased labeling (yellow color, trimer core is an example). Regions with no coverage are blue.

Figure S1 . The effect of temperature and limited trypsin digestion on the conformation of

SARS-CoV-2 spike protein (Omicron variant, Hexapro, His tag). Lane 1: PageRuler Unstained

Protein Ladder, component MWs as indicated; Lane 2: empty; Lane 3: 0.5 μg spike, 25°C 1 hr,

trypsin digestion as described in Experimental; Lane 4: 0.5 μg spike, 35°C 1 hr, trypsin digestion as

described in Experimental; Lane 5: 0.5 μg spike, 45°C 1 hr, trypsin digestion as described in Experimental;
Lane 6: 0.5 μg spike, 55°C 1 hr, trypsin digestion as described in Experimental; Lane 7: 0.5 μg spike, 65°C 1
hr, trypsin digestion as described in Experimental. Gel is a non-reducing 4-12% Bis-Tris run in MES buffer at
100 V for 36 min, bands were visualized with SYPRO Ruby Protein Gel Stain (Life Technologies #S12000).

Figure S2 . Coverage map of 614G HexaPro Spike protein showing 561 peptides including 106 glycopeptides.
Green font is protein coverage (84%), green lines under N residues indicate glycosylation detected at that
N-glycosylation sequon (9 of 22).

Figure S3 . Distinct glycopeptide deuterium uptake patterns at sequon N61 of SARS-CoV-2 spike protein.
Data for all glycopeptides covering N61 (top panel) shows higher uptake for the seven glycopeptides not
including sequence HAIH (lower right panel) compared to the four glycopeptides including this sequence
(lower left panel) after heat treatment.
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Figure S4 . Isotopologue ratios of glycopeptide1132IVNNTVYDPLQPEL1145HexNAc(4)Hex(3)Fuc(1) pro-
duct ions. The ratio of isotopologue M0 to isotopologue M1 was measured for HexNAc (204/205), ˜y3
(358/359) and ˜y6 (696/697) in 2 or 3 technical replicates at each state and exposure time. As fragment ions
shift to a deuterated distribution the ratio decreases. N = 3 to 6 averaged MS/MS scans for each bar.
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