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ABSTRACT: Glycosylation is an important protein post-translational modification that plays a pivotal role in the bio-activity
of therapeutic proteins and in the infectivity of viral proteins. Liquid chromatography with tandem mass spectrometry readily
identifies protein glycans with site specificity. However, the overnight incubation used in conventional in-solution proteolysis

leads to high turnaround times for glycosylation analysis,
particularly when sequential in-solution digestions are needed for
site-specific glycan identification. Using bovine fetuin as a model
glycoprotein, this work first shows that in-membrane digestion in
~3-min yields similar glycan identification and quantitation when
compared to overnight in-solution digestion. Protease-containing
membranes in a spin column enable digestion of therapeutic
proteins (Trastuzumab and erythropoietin) and a viral protein
(SARS-CoV-2 Receptor Binding Domain) in ~30 sec. Glycan
identification is similar after in-solution and in-membrane
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digestion, and limited in-membrane digestion enhances the identification of high-mannose glycans in Trastuzumab. Finally,
stacked membranes containing trypsin and chymotrypsin allow fast sequential proteolytic digestion to site-specifically
identify the glycans of SARS-CoV-2 Receptor Binding Domain. One can easily assemble the protease-containing membranes
in commercial spin columns, and spinning multiple columns simultaneously will facilitate parallel analyses.

INTRODUCTION

Glycosylation is a complex protein post-translational
modification (PTM) because of the many possible glycan
compositions as well as glycan modifications such as
methylation, acetylation, and phosphorylation.! Aberrant
protein glycosylation plays an important role in cancer. 23
For example, Saldova and coworkers found an increase of
core-fucosylated biantennary glycans and aZ2-3-linked
sialic acids in the serum N-glycomes of men with prostate
cancer compared to those with benign prostatic
hyperplasia.* Catarina and coworkers demonstrated an
association between aberrant O-glycosylation in serum
proteins and precursor lesions of gastric carcinoma.>
Additionally, control over glycosylation is important for
maintaining the bioactivity and stability of protein drugs.
Therapeutic antibodies carrying high-mannose glycans on
their crystallizable fragment region are more likely to be
cleared from human serum.® This clearance may stem
from binding to mannose receptors on sinusoidal
endothelium cells in the liver.” Several computational
studies proposed that the glycosylation of antibodies
affects glycan-glycan and glycan-protein interactions to
alter the antibody structure and impact its functionality.8?
For erythropoietin, which is used to treat anemia, the
sialic acid content, the number of antennary structures,
and the extent of O-acetylation (Ac) of sialic acids affect its
pharmacokinetics.!® The distribution half-time of

desialated erythropoietin in rat serum decreased from
~50 min to ~5 min compared to unmodified
erythropoietin.!? Acetylation of sialic acid partially
protects these species from Newcastle disease virus
sialidase.'? Finally, glycosylation also plays a pivotal role
in shielding virus epitopes from cell/antibody
recognition.1314

Proteolysis of glycoproteins followed by liquid
chromatography with tandem mass spectrometry (LC-
MS/MS) is one of the important methods for identifying
glycosylation sites and glycan composition.'> Proteases
employed in this method include trypsin, chymotrypsin,
Glu-C, and Operator, a protease the specifically cleaves
proteins after glycosylated serine and threonine
residues.’® Although LC-MS/MS analysis of proteolytic
glycopeptides avoids time-consuming derivatization of
glycans to improve their ionization,!” proteolytic digestion
prior to LC-MS/MS may take more than 16 hours. This
greatly increases the turnaround time for glycopeptide
analysis via LC-MS/MS. A series of enzyme-containing
materials were developed to decrease digestion times.
These include monoliths,81° electro-spun nanofibers,?°
magnetic nanoparticles,?21,22 capillaries,?3 and
membranes.?#25 Modification of membranes can occur
particularly simply by flowing polyelectrolyte- and
enzyme-containing solutions through the membrane.?*

Furthermore, diverse platforms such as spin columns,?®
microchips,?” and pipette tips28 can facilitate proteolysis.



Ekstrom and coworkers designed an automatic sampling
system that couples with microchips to enhance sample
digestion, but the fabrication of these chips involves
several steps accomplished in a clean room.?” Commercial
spin columns contain trypsin immobilized on beads, but
digestion times are typically 15-30 min.2?3° Flow through
membrane pores enables particularly rapid digestion.

This paper describes the use of protease-containing
membrane spin columns to digest proteins in minutes
prior to site-specific identification of glycans. These
analyses would typically employ isolated or enriched
proteins to limit complexity. Rapid characterization of
glycosylation could facilitate quality control when
manufacturing therapeutic proteins.3! We previously used
enzyme-containing spin membranes for digesting
proteins before analysis of amino acid sequence variations
and PTMs.25 The spin membranes were assembled by
Takara Bio USA. This research focuses on rapid digestion
for glycan analysis. Moreover, to simplify the process, we
now manually introduce the membranes in empty spin
columns.32 During centrifugation of spin columns,
proteins flow through the membrane within 30 seconds to
yield proteolytic peptides for subsequent LC-MS/MS. This
short digestion enables glycan identification similar to
that after in-solution digestion for 16 h. Moreover,
deliberately limiting tryptic in-membrane digestion
enhances the detection of some low-abundance glycans in
Trastuzumab. Finally, we employ tandem trypsin- and
chymotrypsin-containing membranes in a spin column to
profile the site-specific glycosylation of SARS-CoV-2
Receptor Binding Domain (one O-glycosite and two N-
glycosites).

EXPERIMENTAL SECTION

Chemicals and Materials. Trypsin (TPCK-treated,
lyophilized powder, 210 000 BAEE units per mg of
protein), chymotrypsin (Type II, TLCK treated to
inactivate residual trypsin activity), PSS (poly(sodium 4-
styrenesulfonate), average molecular weight ~70,000),
fetuin from fetal bovine serum (catalog number F3004),
urea, dl-1,4-dithiothreitol (DTT), iodoacetamide (IAA),
and 2-bromoethanolamine were purchased from Sigma-
Aldrich. Sequencing grade modified trypsin and
chymotrypsin for in-solution digestion were obtained
from Promega. Nylon membranes (LoProdyne LP,
nominal pore size 1.2 pum, 110 um thickness) were
acquired from Pall Corporation. Trastuzumab (Herceptin,
Genentech) and was diluted from its commercial
formulation. Recombinant human erythropoietin (rhEPO)
was acquired from GenScript, and recombinant SARS-
CoV-2, S1 Subunit Protein (RBD) was purchased from
RayBiotech. Empty spin columns were obtained from Bio-
Rad. Solutions were prepared in deionized water (DI
water, Milli-Q, 18.2 MQ cm at 25 °C). Amicon ultra 0.5 mL
centrifugal filters (MWCO of 10 kDa) were employed to
desalt reduced and alkylated (or aminoethylated)
proteins prior to in-membrane or in-solution digestion.
Modification of Membranes with Proteases.
Membranes were cleaned with UV/ozone (Jelight model
18) for 10 min and then rinsed with 10 mL of DI water.
Membrane modification occurred at room temperature.
Ten mL of 3.7 mg/mL PSS in 0.5 M NaCl (pH = 2.3) was
subsequently circulated through the membrane for 20
min using a peristaltic pump, followed by rinsing with

passage of 30 mL of DI water. For trypsin-containing
membranes, after adsorption of PSS and rinsing, 1 mL of 1
mg/mL trypsin (TPCK-treated) in 2.7 mM HCl was
circulated through the membrane for 30 min.
Subsequently, the membrane was rinsed with 30 mL of 1
mM HCI, dried with N2, and stored in a fridge. For
chymotrypsin-containing membranes, 1 mL of 1 mg/mL
chymotrypsin in 2.7 mM HCl and 2 mM CaCl: was
circulated through the PSS-modified membrane for 30
min. Then, the membrane was rinsed with 30 mL of 1 mM
HCI, dried with Nz, and stored in a fridge. Flow rates during
membrane modification were 1 mL/min through a
membrane with an exposed area of 3.1 cm?. We stored the
membrane at 4 °C, but digestion took place at room
temperature.

Protein Reduction, Alkylation and Digestion. The
target protein (Fetuin, Trastuzumab or SARS-CoV-2 RBD,
~10 pL of 2 mg/mL protein, total mass of 20 pg) was
added to 50 pL of solution containing 8 M urea and 50 mM
ammonium bicarbonate (pH = ~8.5). Three pL of 16
mg/mL DTT (dissolved in DI H20) was added and the
solution was incubated at 37 °C for 1 hour. After that, 11
pL of 18 mg/mL iodoacetamide was added, and the
solution was incubated for 30 minutes in the dark at room
temperature. 400 pL of 50 mM ammonium bicarbonate
was added to the solution, which was subsequently
transferred to a 10K filter for desalting in two
centrifugation steps, with ~30 pL of retentate after each
centrifugation. The desalted protein was diluted to 0.1
mg/mLin 50 mM ammonium bicarbonate (total volume of
200 pL) prior to in-membrane digestion or in-solution
digestion. For tryptic or chymotryptic in-solution
digestion, sequencing-grade trypsin or chymotrypsin was
added to the reduced and alkylated protein at a mass ratio
of 1:50, and the mixture was incubated at 37 °C for ~16
hours. For tryptic in-membrane digestion of fetuin, 100 pL
of 0.1 mg/mL reduced and alkylated fetuin was passed
through a 0.021 cm? trypsin-containing membrane at 2.0
mL/hour with a syringe pump.?* For tryptic or
chymotryptic in-membrane digestion of Trastuzumab,
rhEPO or SARS-CoV-2 RBD, 50 pL of 0.1 mg/mL reduced
and alkylated protein was passed through trypsin- or
chymotrypsin-membrane spin columns at 500 g for 30
seconds. Digested protein was dried and dissolved in 25
uL of an aqueous solution containing 4 vol% acetonitrile
and 0.1 vol% formic acid prior to LC-MS/MS. For the
rhEPO reduction and aminoethylation, we followed an
adapted literature procedure.?3 First, the rhEPO (25 pg in
125 pL of 20 mM phosphate buffer with 150 mM NacCl)
was added to 300 pL of 10 mM ammonium bicarbonate.
This solution was added to a 10 K filter to concentrate the
protein to a volume of ~20 pL. This step also removes salt
from the buffer. Subsequently, the concentrated sample
was added to 50 pL of a solution containing 8 M Guanidine
and 0.2 M Tris (pH = ~8.5). Three puL of 16 mg/mL DTT
(dissolved in DI H20) was added, and the solution was
incubated at 37 °C for 1 hour. Then, 11 pL of 36 mg/mL 2-
bromoethanolamine (dissolved in DI H20) was added to
the solution, and the mixture was incubated for an
additional hour in the dark at 60 °C. As above, 400 pL of 50
mM ammonium bicarbonate was added to achieve a final
volume of ~500 pL, and the solution was desalted using a
10 K filter (two centrifugation steps, with ~30 pL of
retentate after each centrifugation) and diluted to a final



concentration of 0.1 mg rhEPO per mL in 50 mM
ammonium bicarbonate for digestion.

Glycopeptide Analysis Using Nano LC-MS/MS.
Digested proteins (1.0 pL of 0.2 mg/mL protein, assuming
no sample loss) were separated ona 100 mm x 75 um C18-
BEH column (Waters, Billerica, MA) using a 48-min
gradient from 4 to 33% B. Solvent A was 0.1% formic acid
in DI water, and solvent B was CH3CN. The separation
employed a nano-Acquity system (Waters) with a flow
rate of 900 nL/min. Glycopeptides were analyzed using a
Q-Exactive HF (Thermo Scientific) mass spectrometer
with an electrospray ionization voltage of 3 kV. The MS
method used the following parameters: MS scan range
(m/z) = 400-2000; resolution = 120,000; AGC target =
2.0e5; maximum injection time = 100 ms; included charge
state = 2-5; dynamic exclusion duration = 15 s. The
MS/MS method consisted of a top 17 data-dependent
acquisition (DDA) mode in which all MS/MS dissociations
were performed with stepped higher energy collisional
dissociation (step-HCD): resolution = 15,000; AGC target
= 5.0e5; maximum injection time = 250 ms; stepped
collision energy = 20%, 30%, 40%. For the tandem-
membrane digests and rhEPO digests, the stepped
collision energy was adjusted to 15%, 25%, 35%.

Data Analysis. The raw data obtained from the mass
spectrometer were analyzed using GlycoDecipher.3* The
parameters were set as: fixed modification
(Carbamidomethyl, C, +57.022 Da), variable modifications
(Acetyl, proteinN-term, +42.011 Da), max missed
cleavages (3), precursor tolerance (5 ppm), fragment
tolerance (20 ppm), enzyme (tryptic digestion: KR,
chymotryptic digestion: FY, tandem chymotryptic and
tryptic digestion: FYR- there is no K near the glycosylation
sites). For rhEPO, the parameters were modified to
include: fixed modification (Ethanolamine, C, +43.042 Da)
and tryptic digestion: KRC. The quantitation of
glycopeptides was obtained from the Ilabel-free
quantitation function of Glyco-Decipher.3* The protein
database (bovine fetuin, SARS-CoV-2 RBD or rhEPO) was
downloaded from UniprotKB while the protein database
of Trastuzumab was downloaded from KEGG. The
glycopeptide fragmentation spectrum of SARS-CoV-2 RBD
was labelled using pGlyco3.0.35 The terminology for
describing glycans includes Hex=hexose; HexNAc=N-
Acetylhexosamine; NeuAc=N-Acetyl-Neuraminic Acid;
NeuGc= N-Glycolylneuraminic acid; NeuAc_Ac= mono-
acetylated N-Acetyl-Neuraminic Acid; NeuAc_2Ac= dual-
acetylated N-Acetyl-Neuraminic Acid;
pHex=phosphorylated hexose. The numbers in
parentheses after each sugar denote how many units of
the sugar exist in the glycan.

We manually examined the glycopeptide identifications
and interpreted the glycopeptide fragmentation spectra of
certain replicate analyses of Trastuzumab, rhEPO and
SARS-CoV-2 RBD.3¢ The most common cause of incorrect
identifications was erroneous assignment of the
monoisotopic mass. The mass of two fucoses is very close
to the mass of one sialic acid (mass difference of 1 Da).
Therefore, the determination of the monoisotopic mass is
vital for differentiating glycans containing two fucose
moieties from those containing sialic acids. The
glycopeptide retention time for glycans containing one
sialic acid is larger than that for glycans with two fucose-
containing species (Table S-1), which agrees with

previous reports.3738 Thus, retention times can serve as a
criterion for confirming the interpretation of MS and
MS/MS spectra. Furthermore, the mass of 1*HexNAc-
1*Hex (41.03 Da) is also very close to sialic acid
acetylation (42.01 Da). In some cases, Glyco-Decipher
misinterpreted the glycans containing acetylated sialic
acids as those not containing acetylated sialic acids (e.g.,
Hex(6)HexNAc(5)NeuAc(2)NeuAc(1)NeuAc_Ac(1)Fuc(1)
as Hex(5)HexNAc(6)NeuAc(3)Fuc(1)). The third cause for
misidentification is coelution of glycopeptides with
similar masses. In this case, the MS/MS spectrum can
contain signals for two different peptides, which greatly
complicates interpretation.

For manual verification and interpretation, we first
examined the low-mass range (m/z=180-800) MS/MS
spectrum to confirm the presence of different sugar types
(e.g., to demonstrate the presence of ions of sialic acid-
m/z 292 and 274, phosphorylated hexose-m/z 243 and
225, mono-acetylated sialic acid-m/z 316 and 334, or
dual-acetylated sialic acid-m/z 358 and 376). The
software does not seem to take these signals into account.
Relative intensities also suggest whether there are
multiple sialic acids, phosphorylated hexoses, or
acetylated sialic acids. If the intensities or sugar types
were inconsistent with the software-identified
composition, we re-interpreted the MS/MS spectrum with
a 1 or 2 Da decrease in monoisotopic mass. For a
monoisotopic mass drop of 2 Da, the signal of sialic acid
should be relatively high. Additionally, we also deduced
the number of sialic acids by the glycopeptide retention
time compared to other more intense glycan compositions
with a certain number of sialic acids. Similar glycan
compositions with a higher number of sialic acids usually
display a longer retention time than those with a lower
number of sialic acids. In some cases manual examination
revealed additional glycopeptides when the retention
times of glycopeptides with the same backbone were
similar.3® When the monoisotopic mass difference
between two possible glycopeptides corresponded to the
mass of a specific sugar moiety (e.g, 203.08 (N-
acetylglucosamine), 162.05 (hexose), 291.10 (N-
acetylneuraminic acid), or 365.13 (N-acetylglucosamine
and hexose)), we then examined the MS2 spectrum of the
unidentified glycopeptide to see if it matched the expected
composition.

RESULTS AND DISCUSSION

This section explores the utility of in-membrane digestion
for site-specific glycan identification using reversed-phase
LC-MS/MS analysis of single proteins. The rapid digestion
procedure may enable more timely quality control during
protein manufacturing.*>41  Hydrophilic interaction
chromatography could also prove useful in glycopeptide
analysis but is beyond the scope of this work.*? First, we
compare tryptic in-membrane and in-solution digestion
for the analysis of fetuin glycosylation. Second, we use
membranes for limited digestion of Trastuzumab to
enhance the identification of high-mannose glycans.
Third, this research uses trypsin-containing membranes
to site-specifically identify erythropoietin glycosylation.
Finally, we employ tandem trypsin- and chymotrypsin-
containing membranes to rapidly digest SARS-CoV-2 RBD
protein for site-specific identification of glycosylation.



Comparison of glycan identification after tryptic in-
membrane and in-solution digestion of fetuin. To show
that trypsin-containing membranes can serve as a rapid
alternative to conventional in-solution digestion, we first
compare site-specific identification of glycans on bovine
fetuin, a glycosylated protein that researchers often use
when developing techniques for glycopeptide analysis.*3
Figure 1 shows that both proteolysis methods enable
identification of 20 common glycans at the Asn99 site. In-
solution digestion and in-membrane digestion identify 1
or 2 additional glycans. The Asn156 site shows a similarly
high overlap between glycans identified after in-solution
and in-membrane digestion (Figure 1). Tables S2-S13 list
the bovine fetuin glycopeptides identified. In experiments
with three different membranes, 60-75% of the total
identified glycans appeared in all replicate experiments.
In-solution digestion gives 60% replication (Figure S-1).

Quantitation of glycans based on glycopeptide MS1
intensities is challenging due to widely varying ionization
efficiencies, including differences among sialylated, multi-
sialylated, and non-sialylated species.** Nevertheless,
Figure 2 compares the integrated intensities for the most
abundant glycans.

The error bars in (A) indicate a coefficient of variation of
4-16% for 3 replicate analyses of Asn99 glycopeptides by
in-membrane digestion and 10-14% for 3 replicate
analyses of Asn99 glycopeptides by in-solution digestion.
The error bars in (B) indicate a coefficient of variation of
2-9% for 3 replicate analyses of Asn156 glycopeptides by
in-solution digestion, whereas the coefficient of variation
for 3 replicate analyses of Asn156 glycopeptides by in-
membrane digestion is higher, ranging from 12-33%. In-
membrane and in-solution digestion give similar peak
areas, but nonspecific binding to the membrane might give
a modest decrease in peak areas in some cases. Overall,
the 3-min in-membrane digestion is essentially as good as
overnight in-solution digestion in terms of the
identification and the relative quantification of unique
glycans.

[ Tryptic in-membrane digestion

Tryptic in-solution digestion

Asn99 Asn156

Figure 1. Comparison of the bovine fetuin glycans
identified after tryptic in-membrane and in-solution
digestion. The figure only shows glycans identified in all
replicate experiments with three different membranes or
three different in-solution digestions. Glycans were
identified using Glyco-Decipher.34
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Figure 2. Comparison of the integrated areas in extracted-
ion-current chromatograms of selected groups of bovine
fetuin glycopeptides identified at (A) Asn99 and (B)
Asn156 after tryptic in-solution (blue bars) and in-
membrane (orange bars) digestion. When a single glycan
appeared on two peptides, areas are sums. Only the most
abundant glycans are shown. Error bars represent
standard deviations from experiments with three
different in-membrane or in-solution digestions.

Comparison of glycan identification after in-
membrane and in-solution tryptic digestion of
erythropoietin. To further compare in-membrane
digestion to in-solution digestion, we employed trypsin
membranes embedded in spin columns to digest
recombinant human erythropoietin (rhEPO) for
identification of glycosylation patterns. rhEPO possesses
N-glycosylation sites at Asn51 and Asn65. However,
there are no tryptic or chymotryptic cleavage sites
between Asn51 and Asn65, so we followed a literature
procedure and used aminoethylation of cysteine to
introduce tryptic cleavage sites between these residues
(Scheme 1).3345

In-solution and in-membrane tryptic digestion of
aminoethylated rhEPO lead to overlapping identification
of 18 common N-glycans at Asn51 and 29 common N-
glycans at Asn65 (Figure 3). Both types of digestion
identified a few additional unique glycans at Asn51. In
addition, in-membrane digestion identified more unique
glycans (9) than in-solution digestion (2) at Asn65.



However, as for glycan identification at Asn110, in-
solution digestion performs better (14 unique glycans)
than in-membrane digestion (2 unique glycans) (Figure
S-2). Overall, rapid in-membrane digestion can be
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comparable to overnight in-solution digestion in terms of
glycan identifications, although there were some
identification discrepancies between these two digestion
methods in the case of rhEPO.
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Schemel. Introduction of additional tryptic cleavage sites in rhEPO via cysteine aminoethylation.
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Figure 3. Comparison of the rhEPO glycans identified after tryptic in-membrane and in-solution digestion. The figure only
shows glycans that appeared 4 or more times in replicate experiments with five different in-membrane digestions or in-
solution digestions (Table S14-S17). Glycopeptides were identified using Glyco-Decipher3* and additional manual

identification.

Limited digestion to enhance high-mannose glycan
identification in Trastuzumab. In addition to greatly
decreasing digestion times, rapid flow through a trypsin-
containing membrane can result in missed cleavages that
enhance some analyses. Missed cleavages can lead to
long and highly-charged peptides that have high
ionization efficiencies and extensive fragmentation in
many cases. To create long peptides, we rapidly passed
solutions through membranes embedded in spin
columns. Flow of 50 pL of reduced and alkylated protein
through a spin membrane with an area of ~0.3 cm?

occurs within 30 seconds of centrifugation. To further
decrease the digestion rate, we sequentially flowed two
fresh aliquots of intact protein through the same
membrane. Passage of the first aliquot of protein through
the membrane partially desorbs the trypsin (Figure S-3).
Thus, the second aliquot of intact protein should undergo
less digestion and contain more missed cleavages. A
control experiment (Figure S-4) showed that the
desorbed trypsin did not significantly digest protein in
the effluent solution.



We selected Trastuzumab as an example of a common
therapeutic antibody. The amino acid sequence of the
crystallizable region, which carries the glycan, is very
similar or identical to other humanized or partially
humanized antibodies (e.g., Bevacizumab, Rituximab).
Thus, the results with Trastuzumab (limited digestion to
enhance high-mannose glycan identification in
Trastuzumab and semiquantitative determination of
glycan composition, see below) will likely apply to other
therapeutic antibodies.

Trastuzumab contains glycans only at N297, and tryptic
in-membrane digestion yields two dominant
glycopeptide backbones: EEQYNSTYR and
TKPREEQYNSTYR. As Figure 4 shows, the first aliquot
passed through the membrane gives dominant signals for
EEQYNSTYR peptides, whereas the second aliquot gives
dominant signals for TKPREEQYNSTYR. Figures S-5, S-6,
and S-7 show extracted-ion-current chromatograms for
other glycopeptides, further confirming that the fraction
of TKPREEQYNSTYR is larger in the second aliquot
passed through the membrane. Figure 5 shows that the
fraction of non-glycosylated peptides with one or more
missed cleavages increases from 16% to 39% on going
from the first to the second aliquot, confirming that the
second aliquot undergoes less digestion. The especially
large increase in glycosylated TKPREEQYNSTYR (Figure
4) in the second aliquot suggests that glycosylation may
increase the number of missed cleavages during
digestion of the second aliquot.

Figure 6A compares the glycans identified in the first
and second aliquots of fresh Trastuzumab passed
through the same spin membrane. Table S-22 lists the
glycopeptides. We identified high-mannose glycans (>6
hexoses: Hex(6)HexNAc(2), Hex(7)HexNAc(2),

Hex(8)HexNAc(2) and Hex(6)HexNAc(3)) only in the
second aliquot and only with the peptide backbone
TKPREEQYNSTYR. (Hexoses are typically mannose in
therapeutic antibodies.*¢®) We did not see signals for high-
mannose glycans for either the long or short peptide in
the first aliquot passed through the membrane. High-
mannose glycans are not abundant in therapeutic
antibodies, and their high hydrophilicity*” may decrease
the ionization efficiency of glycopeptides. Due to its
higher number of basic amino acid residues, glycosylated
TKPREEQYNSTYR should ionize more efficiently than
glycosylated EEQYNSTYR. Although both of these
peptides likely carry high-mannose glycans, the mass
spectrometer may only detect these high-mannose
glycopeptides in the case of TKPREEQYNSTYR. Figures S-
8 to S-25 show the MS and MS/MS spectra of all the
identified TKPREEQYNSTYR glycopeptides. Figures S-13,
S-18, S-19, and S-22 provide MS/MS spectra of the high-
mannose glycopeptides and show extensive
fragmentation. TKPREEQYNSTYR and EEQYNSTYR have
similar hydrophobicities (GRAVY scores of -2.56 and -
2.51, respectively), so the primary difference between
them is likely the number of basic residues
(TKPREEQYNSTYR has two additional basic
residues).*849 Overall, these results suggest that limited
tryptic digestion can enhance the MS identification of
some low-abundance glycopeptides that have low
ionization efficiencies. One strategy for achieving limited
digestion is to pass multiple aliquots through the
membrane, and a researcher may wish to consider this
possibility. However, a higher centrifugation speed
would pass the solution through the membrane faster,
which might also result in less digestion and more
missed cleavages.?¢ Variation of the digestion buffer pH
could also lead to less digestion and more missed
cleavages.>?
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Figure 4. Extracted-ion-current chromatograms for glycopeptides with Hex(3)HexNAc(4)Fuc(1) on two different peptide
backbones, TKPREEQYNSTYR and EEQYNSTYR, at different charge states. The figure compares analyses of the first (blue) and
second (orange) aliquots of the Trastuzumab solution passed through the same tryptic spin membrane. The second passage
gives more missed cleavages to enhance the fraction of the longer peptide. Fuc=Fucose.
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Figure 5. Percentages of identified non-glycosylated peptides with 0, 1, and 2 missed cleavages in the 1st and 2 aliquots of
fresh Trastuzumab passed through the same spin membrane. The missed-cleavage percentage is the average number from 3
replicate experiments. No identified peptides contained 3 missed cleavages. Analysis occurred using PEAKS software.
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Figure 6. (A) Comparison of Trastuzumab glycans identified in the first and second aliquots of fresh Trastuzumab passed
through the same membrane embedded in a spin column. The figure only shows glycans that appeared 4 or more times in
replicate experiments with five different membranes (Table S-22). Glycopeptides were identified using Glyco-Decipher3*
and additional manual identification. (B) Integrated signals of the EEQYNSTYR (1staliquot) and TKPREEQYNSTYR (2nd
aliquot) glycopeptides carrying the indicated glycans (only the most abundant are shown). Error bars show standard
deviations from analyses after digestions in five different membranes.

The integrated glycopeptide signal intensities in
extracted ion-current chromatograms were consistent
after digestions with 5 different membranes as Figure 6B
shows. We examined the intensities of TKPREEQYNSTYR
glycopeptides after the second passage (blue bars)
because this peptide shows higher signals than
EEQYNSTYR in the second aliquot. Consistent with
literature studies, the Trastuzumab glycans with
dominant signals are Hex(3)HexNAc(4)Fuc(1) (also
denoted as GOF) and Hex(4)HexNAc(4)Fuc(1) (also
known as G1F). The integrated MS1 signals of the other
glycans are at least ~6-fold less than those of the
dominant glycans. These trends (Figure 6B) are similar
to results from prior glycan quantification on
Trastuzumab,5152 which suggests that our trypsin-
membrane spin column can achieve rapid glycan
identification and relative quantitation. We also
quantified the signals from EEQYNSTYR glycopeptides in
the first aliquot passed through the membrane, as
depicted by the orange bars in Figure 6B. These results
also show the dominance of Hex(3)HexNAc(4)Fuc(1) and
Hex(4)HexNAc(4)Fuc(1) glycans.

Tandem chymotrypsin- and trypsin-containing
membranes enable identification of site-specific
glycosylation in the SARS-CoV-2 Receptor Binding
Domain (RBD). This section demonstrates the use of
tandem membranes in spin columns to enable site-
specific glycan analysis of SARS-CoV-2 RBD. This protein
possesses two N-glycosylation sites: Asn331 and Asn343.
However, there is no lysine or arginine between these
two residues. Thus, trypsin digestion alone cannot
distinguish between the glycans on Asn331 and Asn343
because both residues are present on the same peptide

(Scheme 2). Fragmentation of the tryptic peptide will
likely be insufficient to specifically identify the two
glycans on this peptide.53 The combination of tryptic and
chymotryptic digestion, however, will cleave the SARS-
CoV-2-RBD between all glycosylation sites. Chymotrypsin
should cleave SARS-CoV-2 RBD after phenylalanine (F)
residues between Asn343 and Asn331 (Scheme 2). This
enzyme preferentially cleaves peptides after F, W, and Y
residues. However, in addition to N-glycosylation, SARS-
CoV-2 RBD possesses an O-glycosylation site at Thr323.
Due to the proline following Phe329, chymotrypsin will
not have a cleavage site between Thr323 and Asn331
according to the “Keil rules”.5* Consequently,
fragmentation of chymotryptic peptides will be
inadequate to distinguish between glycans at Thr323 and
Asn331. Thus, site-specific analysis of all glycosylation
sites will require the combination of trypsin and
chymotrypsin.

Due to well-placed glutamic acid residues (E)
surrounding the three glycosylation sites, several
research groups used Glu-C to digest SARS-CoV-2 RBD
and produce different peptides containing each of the
glycans.55-57 Glu-C digestions may employ overnight
incubations.>8 Two studies showed that sequential in-
solution digestion with trypsin and chymotrypsin leads
to different peptides containing the three glycans
(Scheme 2).3659 However, the in-solution digestion
occurred for ~24 hours (trypsin digestion for 8 hours
and chymotrypsin digestion for 16 hours). Therefore, this
study aims to site-specifically identify the glycans on RBD
using rapid digestion during passage of a protein solution
through tandem chymotrypsin and trypsin membranes in
a spin column (Figure 7).
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Figure 7. (A) Illustration of tandem membrane digestion. (B) Assembly of a protease-containing spin column. Two

membranes were added for tandem digestion.

We first examined glycan identification after digestion
with just chymotrypsin. After in-membrane chymotryptic
digestion, LC-MS/MS analysis identified 29 glycans on
the Asn343 site. In-solution digestion enabled
reproducible identification of the same 29 glycans along
with 3 additional low-abundance sugars (see Table S-23,
reproducible glycan identifications include those that
appeared in 23 of 4 replicate digestions). However,
neither method for chymotrypsin digestion allowed
identification of glycans on Asn331 or Thr323.

In digestion with both trypsin and chymotrypsin, we
placed a chymotrypsin membrane on top of a trypsin
membrane in a spin column. Digestion of SARS-CoV-2
RBD occurred during centrifugation through the
membrane stack prior to LC-MS/MS analysis (Figure 7).
The digestion procedure only takes ~30 seconds. Unlike
digestion with just chymotrypsin, the tandem-membrane
digestion enabled glycan identification at Thr323 and
Asn331. Proteolysis with the tandem membranes
enabled reproducible identification of 18 glycans at
Asn331 and 15 glycans at Thr323, (see Tables S-24 and
S-25, reproducible glycan identifications include those
that appeared in 24 of 5 replicate digestions). Consistent
with prior studies, some of the hexoses at Asn331 were
phosphorylated, suggesting that Asn331 is functionalized

in the Golgi apparatus.6%6! Unfortunately, at Asn343 only
6 glycans showed reproducible identification after
tandem membrane digestion (Table S-26, reproducible
glycan identifications include those that appeared in 24
of 5 replicate digestions). This low number of
identifications may occur because we did not observe
glycosylated NATR. This peptide, which results from
combined chymotryptic and tryptic cleavage (Scheme 2),
probably does not ionize well due to its short length.
Figure S-26 (A) to (C) shows examples of fragmentation
patterns for peptides with glycosylation at Asn343,
Asn331, and Thr323. Overall, the tandem membrane
digestion effectively allows identification of glycans when
a single enzyme does not afford cleavage between two
glycosylation sites.

Conclusions

This study used bovine fetuin, rhEPO and SARS-CoV-2
RBD to demonstrate that in-membrane digestion results
in glycan identifications that are comparable to those
after in-solution digestion. However, in-membrane
digestion only takes 30 seconds in spin columns.
Additionally, membranes can allow limited digestion
that may increase the identification of some low-



abundance glycans. A tandem membrane format
provides a fast method for sequential proteolytic
digestion to facilitate site-specific glycosylation analysis
on SARS-CoV-2 RBD. Protease-containing membranes
are relatively easy to assemble in commercial spin
columns, and one can spin multiple columns
simultaneously. Such spin membranes may facilitate
shorter turnaround times in glycosylation analysis.
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Analysis of protein glycosylation after rapid digestion using protease-containing membranes in spin columns
Weikai Cao and Merlin L. Bruening

The graphic depicts 30-second digestion of a protein during passage through a protease-containing spin-membrane.
Subsequent LC-MS/MS analysis enables site-specific identification of glycans.
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