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Extensive heterogeneity of glycopeptides in
plasma revealed by deep glycoproteomic analysis
using size-exclusion chromatography

Mayank Saraswat,?* Kishore Garapati, {2 ?°“® Dong-Gi Mun? and
Akhilesh Pandey () x3bcde

Several plasma glycoproteins are clinically useful as biomarkers in a variety of diseases. Although thousands
of proteins are present in plasma, >95% of the plasma proteome by mass is represented by only 22
proteins. This necessitates strategies to deplete the abundant proteins and enrich other subsets of proteins.
Although glycoproteins are abundant in plasma, in routine proteomic analyses, glycopeptides are not often
investigated. Traditional methods such as lectin-based enrichment of glycopeptides followed by
deglycosylation have helped understand the glycoproteome, but they lack any information about the
attached glycans. Here, we apply size-exclusion chromatography (SEC) as a simple strategy to enrich intact
N-glycopeptides based on their larger size which achieves broad selectivity regardless of the nature of
attached glycans. Using this approach, we identified 1317 N-glycopeptides derived from 266 glycosylation
sites on 154 plasma glycoproteins. The deep coverage achieved by this approach was evidenced by
extensive heterogeneity that was observed. For instance, 20-100 glycopeptides were observed per protein
for the 15 most-glycosylated glycoproteins. Notably, we discovered 615 novel glycopeptides of which
39 glycosylation sites (from 38 glycoproteins) were not included in protein databases such as Uniprot and
GlyConnectDB. Finally, we also identified 12 novel glycopeptides containing di-sialic acid, which is a rare
glycan epitope. Our results demonstrate the utility of SEC for efficient LC-MS/MS-based deep
glycoproteomics analysis of human plasma. Overall, the SEC-based method described here is a simple, rapid
and high-throughput strategy for characterization of any glycoproteome.

However, studies of whole plasma are preferred, and potential
biomarkers can be proteins of lower abundance. Biomarker

Human blood plasma is a routinely available clinical sample
and is an excellent source for the discovery of biomarkers in
disease states. Though plasma contains >10000 proteins,">
99% of the total plasma protein mass is accounted for by only
22 of them, thus complicating proteomic analysis.® Alternative
approaches have been adopted such as study of hemodialysis
fluid because it is depleted in highly abundant proteins.*
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discovery is greatly impacted by the dynamic range of protein
abundance. Plasma protein levels are known to be affected by
heritability, age and diet.”™® Several possible protein biomar-
kers are, in fact, N-linked glycoproteins such as thyroglobulin
and alpha-fetoprotein, which have markedly higher sensitivity
and specificity compared to non-glycosylated proteins.® Glyco-
proteomics is developing at a rapid pace and glycoprotein
biomarkers discovered through quantitative analysis of intact
glycopeptides hold immense potential for clinical translation.'*™"*
Depletion of abundant proteins for detection of low abundance
ones for biomarker discovery, although attractive for several rea-
sons, is not easily translated clinically and may generate additional
variability. Moreover, depletion of proteins makes assays difficult to
deploy in clinical laboratories.

Analysis of glycopeptides by mass spectrometry requires their
enrichment as non-glycosylated peptides are more abundant and
they dominate the spectra owing to their higher proton affinity.'?
We sought to establish an intact N-glycopeptide profiling workflow
for mass spectrometry-based analysis which can be performed in a
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short time from smaller amounts of undepleted human plasma.
Deeper profiling experiments of intact glycopeptides require
enrichment as well as fractionation of glycopeptides. Enrichment
is traditionally done by lectin-affinity chromatography (LAC),
although this requires larger amounts of starting material. Hydro-
philic interaction chromatography (HILIC)'*" and chemical
enrichment strategies'® are also popular alternatives. LAC further
requires fractionation of enriched glycopeptides by orthogonal
methods such as basic pH reversed phase liquid chromatography
for deeper coverage. Size-exclusion chromatography (SEC) has
previously been proposed for enrichment of intact N-glycopep-
tides followed by PNGase-F digestion for their identification."”
However, it has not evaluated for deep profiling and simultaneous
enrichment/fractionation of intact glycopeptides. We present here
an optimized intact N-glycopeptide workflow for undepleted
human plasma which combines enrichment and simultaneous
fractionation by SEC from very small amounts of human plasma
(1 pl per LC-MS/MS injection). It was followed by intact glycopep-
tide analysis to identify peptide sequences, glycosylation sites,
glycan composition and plausible glycan structures. We compared
the results with LAC-enriched glycopeptides coupled to fractiona-
tion into 12 fractions.

Methods

Samples and ethical approval

Fifty individual lithium-heparin anticoagulated control blood
samples were used to obtain plasma by double centrifugation
and a pool was made by combining equal volumes. This study
was approved by the Institutional Review Board at Mayo Clinic
(approval number IRB19-004317). This pooled sample was used
for all experiments described in this study.

Sample processing and trypsin digestion

Protein concentration in pooled plasma was estimated by BCA
assay. Plasma containing 2 mg protein was aliquoted into a
microcentrifuge tube and diluted 10 times with ice cold acet-
one. After vortexing vigorously for 10 seconds, the sample was
incubated at —20 °C for 2 hours and centrifuged at 14 000 x g
for 20 minutes. The supernatant was discarded, and the pellet
was dissolved in 100 pl of 8 M urea in 50 mM triethylammo-
nium bicarbonate (TEAB), pH 8.5. Dithiothreitol (Sigma) was
added to the sample at a final concentration of 10 mM and
incubated at 37 °C for 45 minutes with mild shaking. The
sample was cooled to room temperature (RT) and iodoaceta-
mide (Sigma) was added at a final concentration of 40 mM and
incubated for 15 minutes in the dark at RT. The sample was
subsequently diluted 10 times with TEAB buffer, pH 8.5 and
sequencing-grade trypsin was added to a final amount of 1:50
(trypsin: total protein), and the mixture was incubated over-
night at 37 °C with mild shaking. Next day, digested peptide
mixture was dried as such in speed vacuum drier at 35 °C. In a
separate tube 8 mg of total plasma protein was digested in the
same way. Digested peptides were acidified with 1% trifluor-
oacetic acid and cleaned up with C;g tips (TopTip, Glygen)

940 | Mol. Omics, 2021,17, 939-947

View Article Online

Molecular Omics

according to manufacturer’s instructions. The eluate from C18
tips (40% acetonitrile) was dried at 35 °C in speed vacuum
system.

Size-exclusion chromatography

Dried peptide mixture without cleanup (2 mg) was dissolved in
100 pl of 0.1% formic acid by vortexing and water bath sonica-
tion for 1 minute. The resulting 100 pl was put in the sample
manager of Agilent Infinity 1260 II HPLC system. Superdex
peptide 10/300 column (GE Healthcare) was equilibrated for
2 hours with 0.1% formic acid as solvent. A flow rate of
0.2 ml min~" was used throughout the isocratic run using
0.1% formic acid. A total of 48 fractions were collected starting
at 10 minutes after injection until the end of the run (total run
time of 130 minutes). 20 pl of each fraction was analyzed by LC-
MS/MS as described in following sections.

Multi-lectin affinity chromatography

Lectin-affinity chromatography was performed parallelly for
glycopeptide enrichment using four agarose-bound lectins:
Concanavalin A (ConA, binds high mannose glycans), Sambucus
nigra agglutinin (SNA, binds 2,6 linked N-acetyl neuraminic
acid), Lens culinaris agglutinin (LCA, binds core fucosylated bi-
and triantennary glycans) and Aleuria alantia Lectin (AAL, binds
core and branch fucose). We selected four different lectins
according to their distinct binding specificities to cover a broad
range of N-glycopeptides."” 200 ml of 50% slurry of each of
these lectins was separately washed with 400 ml of binding/
wash buffer (10 mM HEPES buffer, pH 7.4 with 150 mM NaCl,
0.1 mM CacCl,, 0.1 mM MgCl, and 0.1 mM MnCl,) three times
before combining in one tube. After removing residual binding/
wash buffer, 8 mg of digested plasma peptides, which were
cleaned up with Cy4 tips as described, dried, and dissolved in
400 pl of binding/wash buffer, were incubated with this multi-
lectin column overnight at 4 °C with rotation. The next day, the
non-bound fraction was collected by centrifuging the spin
columns at 1000 x g for 1 min, and lectin beads were washed
2 times with binding/wash buffer at the same speed. The
resulting beads were used for eluting bound glycopeptides with
100 ml of a mixture of four sugars (200 mM a-methyl manno-
pyranoside, 200 mM o-methyl glucopyranoside, 500 mM lac-
tose, and 100 mM r-fucose) followed by 100 ml of 2% formic
acid. Both elutions were combined in one tube and cleaned up
with Cys tips and dried as described above.

Basic pH reversed phase liquid chromatography

The one-pot eluted glycopeptides from multi-lectin affinity
chromatography were fractionated by bRPLC on a reversed
phase C;5 column (4.6 x 100 mm column) using an Ultimate
3000 UHPLC System. The solvent A used was 5 mM ammonium
formate, pH 9 and solvent B was 5 mM ammonium formate, pH
9, in 90% acetonitrile. Ninety-six fractions were collected for a
total run time of 120 min in a time-based manner. The
fractions were then concatenated into 12 fractions by combin-
ing 8 fractions each of which were 12 fractions apart. These
concatenated 12 fractions were dried down at 35 °C in a

This journal is © The Royal Society of Chemistry 2021
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Speedvac system and resuspended in 0.1% formic acid for
LC-MS/MS analysis. One third of each fraction was analyzed
by LC-MS/MS in each run as described below.

Liquid chromatography tandem mass spectrometry (LC-MS/
MS)

LC-MS/MS parameters used have been published previously by
our group'® and were used with the following modifications for
the current study. 20 early fractions from SEC selected based on
the UV profile (214 nm) of the earliest eluting peptides, and 12
fractions of LAC eluate fractionated by bRPLC were analyzed by
Q Exactive HF mass spectrometer (Thermo Fisher Scientific).
Before MS analysis peptides were separated by LC using an
Ultimate 3000 liquid chromatography system (Thermo Fisher
Scientific). An EASY-Spray column (75 pm x 50 c¢cm, PepMap
RSCL Ci5, Thermo Fisher Scientific) packed with 2 pm Cig
particles was used as a separating device and the column
temperature was maintained at 50 °C. Solvent A was 0.1%
formic acid in water and solvent B 0.1% formic acid in
acetonitrile. Injected peptides were trapped on a trap column
(100 mm x 2 cm, Acclaim PepMap100 Nano-Trap, Thermo
Fisher Scientific) at a flow rate of 10 ml min~". All runs were
performed in triplicates with single run being 130 minutes and
flow rate 300 nl min . The gradient used for separation was as
follows: equilibration at 3% solvent B from 0 to 4 min, 3% to
25% solvent B from 4 to 100 min, 25% to 40% solvent B from
100 to 115 min, 40% to 95% sol B from 115 to 124 minutes
followed by equilibration for next run at 3% sol B for 5 min.
Ionization of eluting peptides was performed using an EASY-
Spray source kept at an electric potential of 2.2 kv. All experi-
ments were done in DDA mode with top 15 ions isolated at a
window of 1.2 m/z and default charge state of +2. Only pre-
cursors with charge states ranging from +2 to +7 were consid-
ered for MS/MS events. Stepped collision energy was applied to
fragment precursors at normalized collision energies of 15, 25,
40. MS precursor mass range was set to 375 to 2000 m/z and 100
to 2000 for MS/MS. Automatic gain control for MS and MS/MS
were 10° and 5 x 10° and injection time to reach AGC were 50
ms and 100 ms, respectively. Exclude isotopes feature was set to
“ON” and 30 s dynamic exclusion was applied. Data acquisition
was performed with option of Lock mass (441.1200025 m/z) for
all data.

Database searching and analysis

All database searching was performed using publicly available
software pGlyco Version 2.2.0."%° A glycan database containing
8092 entries, which is automatically available with the software
was used and Uniprot human reviewed protein sequences (20 432
entries) were used as a proteins sequence file for all searches.
Trypsin specificity was set to fully tryptic with 3 missed cleavages
allowed. Precursor tolerance was set to 5 ppm and fragment
tolerance to 20 ppm. Cysteine carbamidomethylation was set
as fixed modification and oxidation of methionine, protein N-
terminal acetylation, deamidation of glutamine and conversion of
Gln to pyro-Gln were set as variable modifications. The results
were filtered at 1% FDR at peptide, glycan and glycopeptide levels.
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Glycopeptide PSM lists were reduced to unique glycopeptides
per search for further manual analysis. Individual spectra were
manually verified for quality and oxonium ions. For example, all
sialic acid containing spectra were manually verified for presence
of sialic acid-specific glycan oxonium ions; 274.09, 292.1 and
657.23. All core fucosylated glycopeptides spectra were checked
for presence of at least one peptide + HexNAc + Fuc ion.

Immunoprecipitation of ORM1 from pooled plasma

Anti-ORM1 antibody (Novus Biologicals) was biotinylated with
Sulfo-NHS biotin (Thermo Fisher) and reaction was quenched
with 100 mM Tris pH 7.5 after one hour on ice. Biotinylated
antibody incubated with 100 pl of plasma diluted with modified
RIPA buffer (1x final concentration, No SDS) overnight at 4 °C
with end-over-end rotation. Next day, protein-bound antibody
was captured with streptavidin-agarose (Merck-Millipore) for
1 h and washed once with modified RIPA buffer, once with PBS
and bound protein was eluted with 2% formic acid. Dried
eluted protein was digested with trypsin as described above
for whole plasma and glycopeptides were enriched using SEC as
described above. They were analyzed by LC-MS/MS and data-
base searching was performed essentially as described above.

Results and discussion

Unlike shotgun proteomics, glycoproteomics necessitates separa-
tion and enrichment of glycopeptides from their non-glycosylated
counterparts following protease digestion to enable efficient
detection. Several methods have been developed for enrichment
of intact glycopeptides, prominent ones being HILIC and lectin
affinity chromatography. While lectin affinity chromatography is a
more direct method of glycopeptide enrichment, it is not a
comprehensive enrichment technique when performing global
glycoproteomics owing to narrow specificity of lectins. Despite the
use of multiple lectins for broad application, extensive fractiona-
tion following enrichment becomes necessary to increase depth
and coverage, increasing turnaround time of the workflow. HILIC,
on the other hand, suffers from non-selectivity and co-enrichment
of hydrophilic peptides such as serine/threonine/tyrosine contain-
ing non-glycosylated peptides presents a challenge when analyz-
ing very complex mixtures such as plasma. For enrichment, we
focused on size as a distinct feature of glycopeptides compared to
non-glycosylated peptides. It is known that tryptic N-glycopeptides
are typically larger than most non-glycosylated peptides. For deep
glycopeptide profiling, we adapted SEC by carefully selecting the
fractionation range of SEC column and optimized the flow rate
and run times for very complex mixtures (undepleted plasma) for
simultaneous enrichment and fractionation.

Size-exclusion chromatography for enriching intact
glycopeptides

We developed a generalized workflow to analyze glycopeptides
from small volumes of plasma (Fig. 1) while avoiding the
technical variability introduced by depletion of abundant pro-
teins. We started with 25 pl of whole pooled plasma (2 mg of total
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protein from pooled plasma), and the resulting tryptic peptides
were fractionated using a size-exclusion column (fractionation
range 3000-7000 Da), and 20 early fractions containing glycopep-
tides (Fig. 2A) were collected.

LC-MS/MS analysis for identifying glycopeptides

An aliquot of each fraction was analyzed by LC-MS/MS in a data
dependent mode. We identified 1317 non-redundant N-glycopep-
tides from 266 glycosylation sites belonging to 154 plasma glyco-
proteins (Table S1, ESIt). These glycopeptides harbored 103 unique
glycan compositions and 243 unique proposed glycan structures.
317 were isobaric glycopeptides with the same composition but
different retention times, leaving 1042 peptide—glycan composition
combinations. The glycopeptides contained all classes of N-glycans
whose distribution was in agreement with recent reviews of the
literature,"*"> thus reducing concerns of any kind of glycan struc-
ture bias in enrichment. Significantly smaller number of steps
without cleanup and higher throughput by using the automated
sampling and fractionation modules in HPLC systems (2 h per
sample) are the strengths of the current workflow. 97 glycoproteins
contained at least 2 glycopeptides, while some had a much higher
number attributed to individual glycoprotein (Fig. S1B, ESIT).
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The top 15 contributing glycoproteins had glycopeptide numbers
ranging from 23 (haptoglobin-related protein) to 101 glycopeptides
(alpha-1-acid glycoprotein 1) per protein (Fig. 3). Out of the
266 glycosylation sites, 207 glycosylation sites from 104 proteins
were annotated in Uniprot and/or GlyConnect databases, while
39 sites from 38 proteins were novel.

Of the 59 sites not confirmed by Uniprot or GlyConnect DB,
13 glycosylation sites (derived from 13 proteins) are predicted
to be glycosylated based on automated sequence annotation in
Uniprot database. Thus, our study confirms the presence of
glycans on these glycosylation sites from 13 proteins. These
proteins include APO-B100 (Asn®**"), lumican (Asn'*’), low-
density lipoprotein receptor-related protein 1B (Asn'*°®) and
pregnancy zone protein (Asn’) among others. 46 glycosyla-
tion sites from 44 proteins were further searched in database
of Asian Community of Glycoscience and Glycotechnology (ACGG-
DB) out of which, 39 glycosylation sites from 38 proteins were
found to be neither known nor predicted to be glycosylated. The
data were further searched with semi-trypic specificity and 348
additional glycopeptides (82 additional glycosylation sites) were
identified (1387 unique glycopeptides, Table S2, ESIt).

Glycopeptide identification
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The distribution of the principal types of N-glycans identified
as part of 1042 glycopeptides (based on glycan compositions) was
89% complex glycans, 8% hybrid glycans and 2% high mannose
(Fig. S1A, ESIY). One glycopeptide from fibrinogen gamma (Asn”®)
was occupied by the N-glycan core structure. 91% of all glycopep-
tides were sialylated, of which 92% were complex type glycans and
8% hybrid. Of all the glycopeptides 38% were fucosylated out of
which 94% were both sialylated and fucosylated. Out of all
fucosylated glycopeptides, 79% were found to be core fucosylated
only, while 21% were both core and branch fucosylated. One
glycopeptide of alpha-1-antichymotrypsin (Asn271) had four
fucoses (Lewis bfy structure). Bisecting GlcNAc was found in 8%
of all glycopeptides. 12 glycopeptides belonging to 8 glycoproteins
including alpha-1-acid glycoprotein and haptoglobin were found
to have a di-sialic acid terminal motif.

Comparison of SEC with LAC-bRPLC and other published
methods on plasma

In a separate experiment, peptides obtained from 100 ml of
plasma were loaded onto spin columns containing equal
amounts of four different immobilized lectins. These lectins
comprise most possible glycan binding capabilities that are

This journal is © The Royal Society of Chemistry 2021

required to enrich major N-glycan types. After elution, these
intact glycopeptides were fractionated by basic pH RPLC and 12
fractions were analyzed by LC-MS/MS.

478 glycopeptides were identified (Table S3, ESIT) and 164
were occupied by isobaric glycans leaving 314 non-redundant
peptide—glycan composition combinations occupying 84 glyco-
sylation sites on 53 proteins. Of these, 4 sites identified by LAC
had no evidence of glycosylation on Uniprot, ACGG-DB and
Glyconnect. These inlcuded integrator subunit complex 1
(Asn**), dynamin-3 (Asn®’*), peptide N-glycanse 1 (Asn'")
and zinc finger protein 678 (Asn*’'). One novel glycosylation
site, Asn3336 of apolipoprotein B-100 was uniquely found in
LAC-bRPLC analysis. Out of the 313 glycopeptides identified by
LAC-bRPLC, 72% contained complex type glycans and 15%
were hybrid type and 12% were occupied by high-mannose
type of gycans. This was in contarst to 89%, 8% and 2%
respectively found by SEC. Out of all the complex type glyco-
peptides identified by both SEC and LAC-bRPLC, 77% were
unique to SEC while 6% were unique to LAC-bRPLC while 17%
were common. Of the identified high-mannose glycan carrying
glycopeptides, 43% were unique to LAC-bRPLC method and
18% were unique to SEC while 39% were common to both the

Mol. Omics, 2021,17, 939-947 | 943
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Fig. 3 Comparison with previous glycopeptide studies. (A) Venn diagram comparing the identified glycopeptides in this study with those by Zhang
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shown. (C) All plausible glycan structures found on the unusual glycosylation motif, NXC, were extracted and compared. Eight plausible structures were
common to both datasets while 14 were unique to this study and eight to Zhang et al.

methods. In hybrid type glycan-bearingglycopeptides, 57% were
unique to SEC, 22% to LAC-bRPLC and 21% were common to
both the methods. In a composite analysis, considering
all glycopeptides identified by both the methods rergardless
of glycan class, SEC clearly outperfromed LAC-bRPLC as 73%
glycopeptides were unique to SEC while only 9% were unique to
LAC-bRPLC (Fig. S2A, ESIt) with a 19% overlap between the two
methods. In other words, 66% glycopeptides identified by LAC-
bRPLC were also identified by SEC, while LAC-bRPLC could
identify only 20% of those identified by SEC demontsrating
superiority of SEC. Out of the 57 unique glycan compositions
found by LAC-bRPLC, 51 were also found by SEC in addition to
the 52 unique to SEC. Of 6 compositions not found by SEC, 5
were hybrid type structures with 4 of them fucosylated, 1 linear,
also fucosylated (Fig. S2B, ESI{).

A comparison of our study with a recently published study
by Zhang et al. revealed that the total number of identified

944 | Mol. Omics, 2021, 17, 939-947

glycopeptides and glycosylation sites from both was compar-
able despite lack of any depletion or additional fractionation
steps."* Zhang et al. reported 1330 glycopeptides (based on
glycan composition at given sites) from control plasma, starting
from 200 pl of plasma. This study looked at employing combi-
natorial peptide ligand libraries followed by HILIC enrichemnt
of intact glycopeptides and reported the biggest intact glyco-
peptide dataset. The authors concentrated low-abundance gly-
coproteins by washing off excess of high-abundance proteins,
thereby reducing the dynamic range of the proteins, potentially
leading to more identifications. In comparison, our study
reports 1042 intact glycopeptides at the glycan composition
level, from low amounts of plasma employing simultaneous
enrichment/fractionation of glycopeptides using size-exclusion
chromatography. LAC-bRPLC, on the other hand, was per-
formed on 100 pl of starting amount of plasma and led to
identification of 313 non-redundant glycopeptides based on

This journal is © The Royal Society of Chemistry 2021
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glycan compositions. Reflecting on intact glycopeptide levels,
CPLL, identified 238 glycosylation sites, while our SEC data
identified 266 sites with 140 overlapping sites between the two
datasets. Ninety eight were unique to CPLL while 126 sites were
unique to SEC dataset. Comparing CPLL’s 1332 glycopeptides
with 1042 of our SEC dataset, 915 glycopeptides are unique to
CPLL and 635 unique to this study but when LAC-bRPLC
glycopeptides were also considered, 873 were unique to CPLL
and 693 to this study with an overlap of 449 glycopeptides
(Fig. 3A). When we examined glycopeptides with a relatively
rare NXC motif, our study had 14 unique glycan structures
compared to 8 unique to CPLL (Fig. 3C). However, if we look at
the unique glycan compositions, our study had a much bigger
overlap (46%) between the two datasets. Out of all glycopep-
tides, the distribution of complex/hybrid type glycan containing
glycopeptides and high mannose glycopeptides were similar
between CPLL and our study. The second largest previous study
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on human serum glycoproteomics used a spectral library-like
database to find 1359 unique glycopeptides.'® When compared
to our SEC dataset, only 18% overlap was found with 49% being
unique to their study and 34% to this study (Fig. S3, ESIt). Once
again, the enrichment method was HILIC again confirming
that these two methods are complementary and future studies
should consider applying them in tandem to go further into
complex samples such as plasma/serum.

Unusal glycosylation motifs found in plasma glycoproteins

Canonical N-glycosylation sequence motif NXS/T was found in
98% of glycopeptides (36% NXS and 62% NXT) in our SEC
dataset while the relatively rare non-canonical sequence motif
NXC, which has also been described, was observed in 2% of
glycopeptides. This follows the trend and distribution of N-
glycosylation motifs reported from previous studies on plamsa/

serum.">" An unsual motif of NXV has also been reported™

ENGTISR
e NEEYNK
QDQCIYNTTYLNVQR
* SVQEIQATFFYFTPNK

CJ

Fig. 4 ORML1 (alpha-1-acid glycoprotein) exhibits extensive glycan structure microheterogeneity. ORM1 protein was immunoprecipitated form plasma
and glycans structures found at four different sites are shown. The four glycosylation sites on which these structures were found are shown as
color-coded circles in a box and for every glycan plausible structure, the glycosylation site is indicated.

This journal is © The Royal Society of Chemistry 2021
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and we wished to determine whether our workflow could detect
the glycans occupying this motif. pGlyco 2.0 is programmed to
search NXS/T/C motifs for potential glycosylation by converting
N to symbol ]J. To search our data for NXV sequences, we
manually converted the NXV motif conatining sequences to
JXV in our fasta files and another search was conducted. Using
this approach, we found 18 glycopeptides containing glycans at
the sites in NXV motif in 14 sites of 13 proteins (Table S4, ESIf).
These proteins inlcuded serum albumin (Asn®®), apolipopro-
tein B-100 (Asn**’%), emilin-2 (Asn”*°), alpha-2-macroglobulin
(Asn™**?), dynamin-3 (Asn®®*), Complement C1q subcomponent
subunit A (Asn'?*®), coagulation factor V (Asn®'’), alpha-1-B
glycoprotein (Asn®® and Asn®®’) and inter-alpha-trypsin inhibi-
tor heavy chain H4 (Asn274). Four instances were high man-
nose glycan (Man6, Man5) while the remaining were complex
type glycans with Hex5HexNAc4Sia2 being the major glycan
type on these non-canonical sites. The database search for our
data looking particularly at NXV sequon containing glycopep-
tides found 18 glycopeptides as confidently identified. Only a
handful of such glycoproteins have been identified by our study
and two previous studies including serum albumin (Asn®®).'***
The effect of glycosylated albumin on its biological properties
as transporter/carrier in plasma has not yet been studied.
However, parallels can be drawn from studies on glycated
albumin, which changes the conformation upon glycation
and is catabolized faster.”® One more study reported yet
another non-canonical sequon (NXG) in CH1 constant domain
of IgG1 and IgG2 recombinant human antibodies produced in
mammalian cells.”*

Extenstive heterogeneity in ORM1 glycosylation

We identified 101 unique glycopeptides at four glycosylation
sites of orosomucoid (ORM1 or alpha-1-acid glycoprotein 1) in
our SEC workflow. Appreciating this large microheterogeneity
and to validate these results, we immunoprecipitated ORM1
from pooled plasma of 50 controls. We analyzed six early
fractions of SEC and found a total of 140 unique glycopeptides
validating 45 preciously identified and identifying 95 more
glycopeptides. These structures are shown in Fig. 4 mapped
to their corresponding glycosylation sites. Ninety one out of
these 95 glycopeptides were sialylated including seven diasialic
acid containing glycopeptides. This distribution followed the
same trend for ORM1 glycopeptides as seen in the SEC datatset.

Conclusions

In summary, we report a large number of previously unreported
glycopeptides including those previously undiscovered to be
modified by di-sialic acids. Further, SEC enriches and fraction-
ates a previously not reported set of glycopeptides. HILIC and
SEC complement each other as enrichment techniques with
only modest overlap in identified set of glycopeptides which
warrants their use in tandem in future studies for ultra-deep
coverage. In conclusion, our workflow is ideally suited to
simultaneously enrich/fractionate plasma glycopeptides for
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deep glycoproteomics of very-low amounts of plasma. This is
particularly helpful for conditions where sample amount is a
limitation such as neonatal diseases including congenital dis-
orders of glycosylation. Clinically and biologically important
hypothesis generation and validation studies employing this
workflow to utilize glycoproteomics for discovery and mecha-
nistic studies can be envisaged and are planned in our labora-
tory. Although SEC is a robust method for simultaneous
enrichment/fractionation of N-glycopeptides from complex
biological samples, it enables a qualitative assessment of the
glycoproteome as described in this study. As many biological
studies involve multiple samples that are compared to each
other, development of quantitative workflows in the context of
SEC enrichment and fractionation will greatly enhance the
application of this workflow to a broad variety of biomedical
applications.
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