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e In depth characterization of the
serum N-glycome using multidi-
mensional chromatography and high
resolution mass spectrometry.

o Identification of low level modified
N-glycans bearing acetylation and
sulphation.
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Article history: Glycosylation is a prominent co- and post-translational modification which contributes to a variety of

Received 16 April 2021 important biological functions. Protein glycosylation characteristics, particularly N-glycosylation, are
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there is great interest in N-glycans as potential disease biomarkers. Human serum is an attractive source
for N-glycan based biomarker studies as circulatory proteins are representative of one's physiology, with
many serum proteins containing N-glycosylation. The difficulty in comprehensively characterizing the
serum N-glycome arises from the absence of a biosynthetic template resulting in great structural het-
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Giir/:r)z;l;ion erogeneity and complexity. To help overcome these challenges we developed a 2-dimensional liquid
Sialic acid chromatography platform which utilizes offline weak anion exchange (WAX) chromatography in the first
Glycomics dimension and hydrophilic interaction liquid chromatography (HILIC) in the second dimension to
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separate N-glycans by charge, corresponding to degree of sialylation, and size, respectively. Performing
these separations offline enables subsequent derivatization with 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMT-MM) for sialic acid linkage determination and the identification of
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sialic acid linkage isomers. Subsequent tandem mass spectrometry analysis revealed the identification of
212 complete and partial N-glycan structures including low abundant N-glycans containing acetyl and
sulphate modifications. The identifications obtained through this platform were then applied to N-gly-
cans released from a set of stage 3 gastric cancer serum samples obtained from patients before (pre-op)
and after (post-op) tumour resection to investigate how the serum N-glycome can facilitate differenti-
ation between the two pathological states.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Glycosylation is a prominent co- and post-translational protein
modification known to play an integral role in a wide variety of
biological functions [1]. Changes in protein glycosylation have been
shown to occur in many disease states including cancer, various
genetic diseases and neurodegenerative diseases such as Alz-
heimer's, creating significant interest in potentially utilizing gly-
cans and glycoproteins for disease biomarkers and therapeutics
[2—8]. Human serum is a common biological source used in
biomarker studies and contains a large number of glycosylated
proteins [9]. Complete characterization of the human serum gly-
come is a key objective to improve our understanding of how
changes in biological states can impact protein glycosylation and
thus protein function. However, the large variety of glycan struc-
tures, their associated diverse micro-heterogeneity and the lack of a
standard biological template makes glycan characterization a
difficult task.

The structural diversity and complexity of N-glycans makes the
complete characterization of the serum N-glycome difficult to
perform. Multiple studies have been conducted to achieve this aim,
but the number of N-glycans identified during these studies has
widely varied [10—18]. A variety of reasons can account for this
disparity, but the greatest is the technological advancements that
have improved analytical separation and analysis capabilities,
allowing for greater glycan separation along with better detection
of low abundant glycans. Improved technologies, such as sub 2 pm
and core shell hydrophilic interaction column stationary phases
developed in parallel with ultra-high pressure liquid chromatog-
raphy (UHPLC) platforms have greatly improved glycan separations
capabilities. The development of high-resolution hybrid mass
spectrometry (MS) instruments such as quadrupole-time of flight
(Q-ToF) and quadrupole-Orbitrap MS has also aided in improving
structural identification, as generated tandem MS (MS?) fragments
can help distinguish between positional and linkage glycan iso-
mers. Despite these advancements, separations platforms capable
of obtaining one glycan per peak have yet to be realized with
complex N-glycan samples such as human serum. As such, multi-
dimensional separations platforms are still needed for mining the
depth of the serum N-glycome.

Here, a 2-dimensional liquid phase separation platform paired
with MS? analysis was employed to perform comprehensive
profiling of the serum N-glycome. Weak anion exchange (WAX)
chromatography was performed in the first dimension to separate
N-glycans by their charge, which corresponds to degree of sialyla-
tion or the presence of other charged substituents, while hydro-
philic interaction liquid chromatography (HILIC), which separates
glycans by size and hydrophilicity, was applied in the second
dimension. During HILIC separation, each peak was collected for
subsequent derivatization with 4-(4,6-Dimethoxy-1,3,5-triazin-2-
y1)-4-methylmorpholinium chloride (DMT-MM) and UHPLC-MS?
analysis. DMT-MM derivatization enables the determination of
sialic acid linkage for each glycan and thus the detection of sialic

acid linkage isomers present in each individually collected peak.
We fully characterized 64 structures and partially characterized 148
structures for a total of 212 structures including sialic acid-based
isomers. These identifications were then applied to N-glycans
released from a set of stage 3 gastric cancer (GC) serum samples
obtained from patients before (pre-op) and after tumour resection
(post-op) to profile how the glycan profile may facilitate differen-
tiation between the two pathological states. It was detected that
the differentiation between the pre-op and post-op states became
more pronounced as the stage of the cancer became more severe,
with Stage 3C cancer showing complete differentiation between
the pre-op and post-op states.

2. Materials and methods
2.1. Chemicals and solvents

All reagents and solvents used were ACS reagent grade or better.
Acetic acid (HAc, glacial), urea, iodoacetamide (IAA), ammonium
bicarbonate (ABC), formic acid (FA, 98—100%), anthranilamide (2-
AB), sodium cyanoborohydride, dimethyl sulfoxide (DMSO), 4-
(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chlo-
ride (DMT-MM), ammonium acetate, acetonitrile (ACN — for HPLC,
gradient grade, >99.9%), Methanol (for HPLC, >99.9%) and trizma
hydrochloride were all obtained from Sigma Aldrich (St. Louis, MO,
USA). 20 x modified Dulbecco's phosphate buffered saline (PBS),
dithiothreitol (DTT), water (Optima® LC-MS grade), ACN (Optima®
LC-MS grade) and tris base were obtained from Fisher Scientific
(Waltham, MA, USA). Peptide N-Glycosidase F (PNGase F), Arthro-
bacter ureafaciens o(2—3/6/8)-neuraminidase (ABS), Streptococcus
pneumoniae o(2—3)-neuraminidase (NAN 1), almond meal o(1-3/
4)-fucosidase (AMF), bovine kidney o(1—2/6)-fucosidase (BKF), and
S. pneumoniae [(1—4)-galactosidase (SPG) were purchased from
New England Biolabs (Ipswich, MA, USA). Water was obtained from
an Arium® pro Ultrapure Water System (Sartorius, Gottingen,
Germany). Pooled human serum was obtained from 100 healthy
adult male and female blood donors (U.K. Blood Transfusion Ser-
vice). Cancer patient serum samples were obtained with informed
patient consent from individual male and female patients with
stage 3 GC (Department of Surgical Oncology, University of Siena,
Italy).

2.2. Serum depletion (2P depletion)

Serum was depleted of human albumin and Immunoglobulin G
(IgG, 1gG 1, 2 and 4 isotypes) on a 4.6 mm i.d. x 50 mm Multiple
Affinity Removal System (MARS) Human Albumin column (Agilent
— Santa Clara, CA, USA) in series with a 0.7 cm i.d. x 3.5 cm, 1 mL
HiTrap Protein A HP column (GE, Fairfield, CT, USA) using an Agilent
1200 series HPLC (Santa Clara, CA, USA) consisting of an autosam-
pler, degasser, quaternary pump, column compartment and VWD
detector. Instrument settings were as follows: autosampler tem-
perature: 5 °C, column temperature: ambient, VWD wavelength
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(A): 280 nm. Injections of 200 uL were prepared by diluting 40 pL of
serum to 200 pL with 1 x PBS. The depletion was performed using a
step gradient elution, solvent A was 1 x PBS and solvent B was
0.5 M HAc. Samples were loaded using 100% A at 0.3 mL.min~! (for
6 min) and then from 0.3 mL.min~! to 1.0 mL.min~! (over 2 min)
with a 1 min hold. The bound albumin and IgG fraction was eluted
using a step gradient to 100% B at 1.0 mL.min~' (over 0.1 min) and
held for 3 min. Following elution the column was re-equilibrated
using a return to 100% A at 1.0 mL.min~! (over 0.1 min) followed
by a 3.7 min hold before return to initial flow rate of 0.3 mL.min '
(over 0.1 min). The unbound fraction (in PBS) was collected at 0 °C
on ice. Samples were pooled and concentrated for 60 min at
4000xg at 4 °C using Amicon Ultra-15 3 KDa MWCO centrifugal
filter devices (Millipore, Bedford, MA, USA). Protein concentration
was determined using a BCA protein assay (Thermo Fisher Scien-
tific, Waltham, MA, USA) and concentrated samples were stored
at —30 °Cif not immediately used for subsequent N-glycan release.

2.3. N-glycan release, 2-AB labelling and clean-up

Glycan release was performed in 0.5 mg aliquots using a
modified version of the FASP N-glycan release method [19]. 2P
depleted human serum was buffer exchanged into 8 M urea in 0.1 M
tris, pH 8.5 solution (UA) and applied to Amicon Ultra 0.5 mL
centrifugal filters with a 10 kDa molecular weight cut off (Sigma
Aldrich, St. Louis, MO, USA). After 2 washes with UA, the sample
was reduced with DTT in UA at a final concentration 10 mM DTT for
30 min at 65 °C on a thermomixer with shaking at 600 rpm and,
following the removal of DTT by centrifugation, 14,000 x g, alkylated
with IAA in UA at a final concentration 50 mM IAA for 30 min at
room temperature (RT) in dark. After removal of IAA, buffer ex-
change in to 50 mM ABC, pH 8.0 was performed with 3 washes of
ABC. Overnight (16 h) N-glycan release using 1000 units of PNGase
F was performed through incubation of samples on filters at 40 °C
on a thermomixer (Eppendorf, Hamburg, Germany) shaking at
600 rpm. Released glycans were collected and samples on filters
were washed twice with water to ensure total glycan collection.
Collected glycans were evaporated to dryness via vacuum centri-
fugation (Thermo, Waltham, MA, USA), reconstituted in 20 pL of 1%
(vv~1) formic acid and incubated for 40 min at RT to promote
conversion of the released glycosylamines to reducing sugars and
subsequently dried via vacuum centrifugation. Dried samples were
stored at —30 °C if not immediately used for 2-AB labelling [20].

2-AB labelling was carried out using a reaction mixture of
0.37 M 2-AB and 0.95 M sodium cyanoborohydride in DMSO con-
taining 30% (v.v~—') HAc. Dried glycans were mixed with 5 pL of 2-AB
labelling solution and incubated at 65 °C for 2 h on a thermomixer
shaking at 600 rpm. Samples were cooled to room temperature and
cleaned of excess 2-AB using a HILIC clean-up procedure developed
for UHPLC using frontal chromatography on a 2.1 mm i.d. x 50 mm,
1.7 um BEH Glycan column (Waters Corporation, Milford, MA, USA)
fitted with 2.1 mm i.d. x 5 mm XBridge® BEH HILIC XP VanGuard®
Cartridge packed with 2.5 pm particles. Clean-up was performed
using a Dionex Ultimate 3000 Rapid Separation (RS) UHPLC
(Thermo Scientific, Germering, Germany) with a 3000 RS dual
system solvent pump, RS autosampler, RS column compartment
and RS fluorescence (FLR) detector with a Waters Fraction Collector
Il for cleaned sample collection (Milford, MA, USA). Instrument
settings were as follows: Autosampler temperature: 8 °C, column
temperature: 40 °C, Aex was 330 nm, Aey Was 420 nm. Injections of
100 pL were prepared by diluting 2-AB labelled samples to a final
volume of 20 pL with water. A user defined injection program was
used so that 80 pL of 100% ACN was added into the glycan samples
by the autosampler followed by mixing. Clean-up was performed at
a constant flow rate of 0.5 mL.min~. Eluting solvents were A:
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50 mM ammonium formate (NH4HCO5), pH 4.4 B: 100% ACN and C:
water. Loading conditions used: 80% solvent B and 20% solvent A
(for 4.5 min). Eluting conditions used: 80% B and 20% A to 20% B and
80% solvent C (over 0.01 min) and held for 2.5 min. Column
equilibration conditions: 20% B and 80% C to 80% B and 20% A (over
0.01 min) and held for 3.0 min. Cleaned glycans were collected
during elution, dried via vacuum centrifugation and stored
at —30 °C until analysis.

2.4. WAX chromatography

First dimensional N-Glycan separation was performed using
WAX chromatography on a 7.5 mm i.d. x 75 mm, 10 pm, 1000 A
BioSuite DEAE Anion-exchange column (Waters Corporation, Mil-
ford, MA, USA) using an Acquity H-class ultra-pressure liquid
chromatography (UPLC) platform with a BioQuaternary Solvent
manager, BioSample manager-FTN, column compartment, FLR de-
tector and Fraction manager under control of Empower 3 chro-
matography workstation, build 3471 (Waters Corporation, Milford,
MA, USA). Instrument settings were as follows: Sample tempera-
ture: 5 °C, column temperature: RT, Aex: 330 nm, Aem: 420 nm,
Fraction manager temperature: 5 °C. Injections of 50 pL were pre-
pared by reconstituting N-glycans released from 1 mg of 2P
depleted serum in 50 pL of water. Separations were performed
using linear gradient elution at 0.75 mL.min ", solvent A was 20% (v
v~1) ACN and solvent B was 0.1 M ammonium acetate, pH 7.0 in 20%
(v v~1) ACN. Eluting conditions used: 100% solvent A isocratic hold
for 6 min followed by a linear increase in solvent B from 0% to 100%
(over 35 min), followed by a hold for 2.5 min at 100% B. The column
was re-equilibrated using a 0.5 min switch back to 100% A followed
by a hold for 7 min. Glycans were collected at 5 °C in five fractions:
neutral (SO), mono-sialylated (S1), di-sialylated (S2), tri-sialylated
(S3), and tetra-sialylated (S4). The fractions collected from all
runs collected were pooled, dried via vacuum centrifugation and
stored at —30 °C for subsequent analysis.

2.5. Exoglycosidase sequencing

A panel of recombinant exoglycosidases were used to sequen-
tially digest N-glycans from each WAX fraction to identify the
structural composition of the oligosaccharides contained within.
This panel consisted of digests with NAN 1, ABS, ABS + AMF,
ABS + AMF + BKF and ABS + AMF + BKF + SPG along with an
undigested sample. Digests were performed by adding the exo-
glycosidases as outlined in the combinations above to 2-AB labelled
N-glycans corresponding to 400 pg of 2P depleted starting material
and incubating in 50 mM sodium acetate buffer, pH 5.5 overnight at
37 °C. 8 mU of each exoglycosidase were used per digestion with
the exception of ABS where 20 mU was used. After digestion, en-
zymes were removed using the HILIC clean-up procedure described
in Section 2.3. Collected glycan eluates were dried via vacuum
centrifugation and stored at —30 °C for subsequent UHPLC-FLR-MS?
analysis.

2.6. HILIC separation and DMT-MM derivatization

Second dimensional N-glycan separation was performed using
HILIC on a 2.1 mm i.d. x 150 mm, 1.7 pm BEH Glycan column
(Waters Corporation, Milford, MA, USA) using a Waters Acquity H-
class UPLC as described in Section 2.2.4. Nine 50 pL injections
prepared in 75% (v.v™!) acetonitrile in water were prepared from
each WAX fraction for HILIC separation. Separations were per-
formed using a linear gradient elution at 0.56 mL.min~' at 40 °C,
solvent A was 50 mM NH4HCO,, pH 4.4 and solvent B was 100%
ACN. The gradient used consisted of an initial isocratic hold at 70%
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solvent B for 1.47 min, followed by a linear decrease in solvent B
from 70% to 53% over 23.34 min. The column was washed using 30%
B for 0.75 min with a simultaneous reduction in flow rate from
0.56 mL.min~! to 0.40 mL.min~’, increased back to initial condi-
tions of 70% B over 0.30 min at 0.40 mL.min~", followed by a return
to initial conditions with a subsequent 1.5 min hold. Each individual
peak was collected at 5 °C, with the peaks collected from each in-
jection pooled with their respective peak. Collected fractions were
dried via vacuum centrifugation and stored at —30 °C for DMT-MM
derivatization and UPLC-FLR-MS? analysis.

For DMT-MM derivatization, each collected HILIC peak fraction
was reconstituted in water, with 50% of the sample aliquoted for
DMT-MM derivatization. The DMT-MM aliquoted portion along
with the remaining 2-AB labelled sample was dried via vacuum
centrifugation with the 2-AB labelled sample stored at —30 °C for
UPLC-FLR-MS? analysis. The DMT-MM aliquoted portion was
reconstituted in 0.1 M DMT-MM in methanol solution and incu-
bated at 80 °C for 1 h as described by Tousi, F. et al. [20]. After
cooling to RT, samples were dried via vacuum centrifugation. Dried
sarrzlples were then immediately analysed using HILIC-UPLC-FLR-
MS-.

2.7. HILIC-UPLC-FLR-Elevated collision energy MS (MSE) analysis

All HILIC-UPLC-FLR-MSE analysis was performed using a Waters
Acquity I-Class UPLC (Milford, MA, USA) consisting of a Binary
Solvent manager, sample manager-FIN, column compartment and
FLR detector coupled to a Waters Xevo G2 QToF mass spectrometer
(Waters Corporation, Manchester, UK) fitted with a standard elec-
trospray ionization source. Chromatographic separations were
performed on a 1.0 mm i.d. x 150 mm, 1.7 pum BEH Amide column
(Milford, MA, USA). UPLC instrument settings were as follows:
Sample temperature: 5 °C, column temperature: 60 °C, Aex Was
330 nm, Aery Was 420 nm. All analysis of WAX digests and GC patient
samples were performed using a flow rate of 0.15 mL .min ", sol-
vent A was 50 mM NH4HCO,, pH 4.4 and solvent B 100% ACN.
Elution was performed using a 40 min linear gradient method as
follows: initial isocratic hold at 72% B for 1.00 min, followed by a
decrease from 72 to 57% B over 30 min, then decreased to 30% B
over 1.00 min and back to initial conditions over 4.00 min with
subsequent 4.00 min hold. Samples were prepared as 10 pL in-
jections in 75% (v.v_!) acetonitrile. For analysis of the individual
peak fractions, 10 L injections for both the 2-AB labelled and DMT-
MM derivatized samples were prepared. 2-AB labelled samples
were reconstituted in 75% (v.v_!) acetonitrile while the DMT-MM
derivatized samples were reconstituted in 75% (v.v~!) acetonitrile
in 0.1% FA. Both the DMT-MM derivatized samples and their 2-AB
labelled counterparts were analysed using a simple 6.5 min step
gradient. Initial conditions were 72% B for 1.00 min, before a step
from 72 to 30% B over 0.10 min with subsequent hold for 1.40 min.
Starting conditions were restored over 0.10 min and the column
was re-equilibrated over 3.9 min.

MS data was acquired in negative ion mode with a source
capillary voltage of 1.8 kV. The nebuliser and desolvation gas
temperatures were 120 °C and 400 °C, respectively. Cone and
desolvation gas flow were 40 L h~! and 600 L h~, respectively. The
cone voltage was set at 50 V in MS mode and ramped from 20 to
90 V in MSF mode. Data was collected in continuum using 1 second
scans between m/z 100—2500 Da. Data acquisition and processing
was performed using Waters Mass Lynx software V.4.1.

2.8. HILIC-UHPLC-FLR-MS? analysis

Glycans from an additional 1 mg of serum were released,
labelled and cleaned as described in Section 2.3 before subsequent
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WAX fractionation was performed as described in Section 2.4. The
glycans collected from each WAX fraction were then analysed with
a Thermo Q Exactive hybrid quadrupole-Orbitrap (QE) using data-
dependent acquisition (DDA) MS? analysis coupled to a Thermo
Vanquish UHPLC system consisting of a quaternary pump, auto
sampler, column pre-heater, column compartment and fluores-
cence (FLR) detector. N-glycans separation was performed on-line
using HILIC on a 1.0 mm i.d. x 150 mm, 1.7 um BEH Glycan col-
umn (Waters Corporation, Milford, MA, USA). Separations were
performed using a linear gradient elution at 0.15 mL min~! at 60 °C.
Solvent A was 50 mM NH4HCO,, pH 4.4 and solvent B was 100%
ACN. The gradient used consisted of an initial isocratic hold at 72%
solvent B for 1.0 min, followed by a linear decrease in solvent B from
72% to 57% over 30 min. A decrease in solvent B from 57% to 30%
was performed over 1 min followed by a return to initial conditions
over 4 min to wash the column. The column was then re-
equilibrated at initial conditions for 14 min. 10 pL injections were
prepared by reconstituting the samples in 75% ACN. Samples were
kept at 10 °C in the auto sampler while queueing to run. The col-
umn compartment and column pre-heater were both set at 60 °C
while the FLR Aex was 330 nm and FLR A¢, was 420 nm.

MS analysis was performed in negative ion mode using a stan-
dard ESI source with a source capillary voltage of 3.00 kV. The
sheath gas flow, auxiliary gas flow and sweep gas flow rates were
40, 10 and O arbitrary units respectively while the capillary tem-
perature and auxiliary gas heater temperature were set at 320 °C
and 400 °C respectively. MS! data was collected from m/z
200—3000 Da using an in-source CID voltage of 15 eV. Top 3 DDA
MS? analysis was performed with a stepped normalized collision
energy from 30 to 45 eV using a 2.0 m/z isolation window with no
isolation offset, a fixed first mass of m/z 150 and a dynamic exclu-
sion of 5 s (See Supplementary Table 1 for full parameters).

2.9. Structural identification

Structural identification of all glycans was performed using a
combination of de novo annotation of the exoglycosidase LC-MS
data and by searching the CFG, Carbbank, GlycomeDB and Glyco-
sciences databases using GlycoWorkBench version 2.1 [21]. Pa-
rameters used included the following: derivatization, und;
reducing end, 2AB; negative mode; max #H ion, 3 and max #
charges, 3. For data generated with the Waters Xevo G2 QToF, only
N-glycan matches within a mass accuracy of 20 ppm were
considered, while for data generated with the Thermo QE, only N-
glycan matches within a mass accuracy of 5 ppm were considered.
Whenever possible, MS? data was used to confirm structural
identification. Fragment options for MS/MS data interpretation
included B, Z, Y and C fragments and cross ring fragments
(maximum 1) allowing up to 2 maximum number of cleavages (3
for bisecting glycans to investigate D-GIcNAc ion).

2.10. Relative quantitative analysis of released stage 3 GC N-glycans

N-glycans released from matched serum samples of nine stage 3
cancer patients (three stage 3A, three stage 3B and three stage 3C)
taken at the time of surgery (pre-op) and six weeks after tumour
resection (post-op) were analysed via UPLC-FLR-MS' as described
in Section 2.7. Each sample was analysed in triplicate with each
injection containing N-glycans released from 100 pg of protein.
Progenesis QI was used to perform relative quantitative analysis of
the pre- and post-op samples. Experiments performed included the
analysis of all stage 3 samples and separate analysis of each stage 3
subgroup (stage 3A, 3B and 3C). Data was imported and automat-
ically aligned by the Progenesis QI software, which analyses all runs
and selects the optimum run for alignment as a reference and
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subsequently aligns all other runs to that reference. Alignment was
then checked to ensure that all samples were more than 90%
aligned. For the few samples that had less than 90% alignment,
manual vectors were added to improve alignment to over 90%. A
within-subject experiment design was selected to perform a
repeated measures ANOVA experiment between the pre- and post-
op samples. Peak picking was set to detect singly, doubly and triply
charged ions eluting between 2 and 31 min to cover the range of the
method gradient. No minimum intensity or peak width was
selected to ensure all spectral features were detected. Compounds
were then manually identified by checking the monoisotopic
masses and retention times against the glycans identified within
this study. All ions not corresponding to such compounds were
discarded. Deconvolution of identified glycans was re-examined to
ensure all identifications from multiple adducts were considered as
a single identification. PCA and ANOVA analysis was then per-
formed based on the identified compounds. For ANOVA analysis
glycan significance levels were corrected for multiple comparisons
(P = 0.05/n, where for all stage 3 analysis n = 80, stage 3A analysis
n = 76, stage 3B analysis n = 65 and stage 3C analysis n = 68. Here n
is the number of N-glycans identified for each stage 3 analysis).
Only N-glycans with ANOVA p-values < 6.25 x 1074, 6.58 x 1074,
769 x 1074 and 7.35 x 10~ were considered to be statistically
significant for experiments analysing all stage 3, only stage 3A, only
stage 3B and only stage 3C samples, respectively. The normalized
abundance values generated from Progenesis QI were then expor-
ted and further analysed using non-parametric univariate statistics
in SPSS to generate box plots for all glycans exhibiting statistically
significant changes in expression level.

3. Results and discussion
3.1. Serum N-glycan fractionation

The complexity of the serum N-glycome requires the utilization
of an analytical platform capable of mining for and characterizing
low abundant N-glycans. Thus, serum profiling studies have
routinely used 2-dimensional separations platforms for N-glycan
identification [11,12]. Our platform, as outlined in Fig. 1, follows this
same approach but in combination with high resolution mass
spectrometry, exoglycosidase digestion sequencing and sialic acid
linkage specific chemical derivatization. N-glycans were first
released from serum, derivatized at their reducing end with 2-AB
and then separated utilizing a 2-dimensional UPLC-FLR-MS plat-
form which uses WAX fractionation in the first dimension followed
by HILIC in the second dimension. WAX chromatography allows for
the separation of N-glycans based on their degree of sialylation or
the presence of other charged substituents and resulted in the
generation of five well defined fractions for the N-glycome based
on degree of sialyation corresponding to neutral glycans (N or SO)
followed by the elution of mono- (S1), di- (S2), tri- (S3) and tetra-
(S4) sialylated species. The exception to this, as discussed later, is
the presence of glycans containing heavily negatively charged
moieties such as sulphate which can then lead to the presence of
lesser sialylated N-glycan species in fractions generally containing
more heavily sialylated structures.

The application of HILIC is common in N-glycan biomarker
studies because of its ability to separate N-glycan structural iso-
mers [4,20,22—25]. However, HILIC analysis of complex samples
such as the serum N-glycome, still results in many peaks containing
multiple N-glycan structures often with varying degrees of sialya-
tion (Fig. 2). Applying WAX separated N-glycans to HILIC in the
second dimension provides confidence in structural characteriza-
tion as glycans present in WAX peaks contain the same degree of
sialyation while the reduced sample complexity allows for the

Analytica Chimica Acta 1179 (2021) 338840

identification of low abundant glycans contained within each WAX
fraction. Here, N-glycans released from approximately 7 mg of
serum and first fractionated by WAX, were separated by HILIC
resulting in the collection of 50—65 HILIC peaks per WAX fraction.
The oversaturation of N-glycans was deliberately applied to ensure
that low abundance glycans, such as those in the S4 wax fraction,
could be detected during subsequent MS analysis. Collection of all
individual HILIC peaks allowed for DMT-MM derivatization before
UPLC-FLR-MSE analysis, enabling the determination of all struc-
tures contained within a single HILIC peak including sialic acid
linkage isomers.

3.2. Serum N-glycan structural determination

HILIC-UPLC-FLR-MSE analysis of the WAX fractions and associ-
ated exoglycosidase digestion panels provides structural composi-
tion and isomeric information concerning the glycans present
within the WAX fractions (Fig. 3). The presence of each additional
enzyme generates a mass shift corresponding to the loss of the
specific monosaccharide cleaved by said enzyme generating N-
glycan base structures that can be followed through each digest
using a bottom to confidently annotate the N-glycan composition.
Structural isomers are differentiated according to retention time
and analysis of MS? digest spectra (Fig. 4). Bisecting and tri-
antennary branched glycans can be distinguished by the presence
of D, D-18 and E ions in MS? spectra, which are product fragment
ions generated during negative ion mode ESI analysis that are
readily used to determine the composition of a N-glycans 6- or 3-
antenna, respectively [26,27]. This is illustrated in Fig. 3A and B
using the ABS + AMF + BKF + SPG digest from the S2 WAX fraction
to identify the structures in the FLR peaks at 6.23 and 6.43 min who
both have an MS' m/z of 818.8 corresponding to an A2B or A3
structure. For bisecting glycans, the bisecting GIcNAc is part of the D
ion (Fig. 4). However, it is readily lost during fragmentation
resulting in a prominent [D — (GlcNAc + H,0)]~ ion and minimal D
ion. The MS? spectrum of the peak at 6.23 min contains a very
prominent ion at m/z 508.17 indicative of a [D — (GIcNAc + H,0)]~
ion due to the presence of a bisecting GIcNAc residue. The lack of
the D and D- H,0 ions at m/z 729.26 and 711.28 respectively, con-
firms the structure as A2B. Tri-antennary glycans predominately
contain 2 branches extending from the 3-antennary mannose res-
idue and a single branch from the 6-arm mannose. The MS? spec-
trum of the peak at 6.43 min contains a prominent D ion fragment
at m/z 526.17 representative of a single GIcNAc residue branched
from the 6-arm mannose. Here, the fragment at m/z 508.17 is a
product of a[D — 18]~ ion due to a loss of water and is present at an
approximate 1:1 ratio with the D ion. The fragment at m/z 507.19 is
the E-type fragment indicating the presence of 2 GIcNAc residues
on the 3-antennary branching mannose residue, whose presence
confirms the structure as A3. These identifications demonstrate
that bi-antennary glycans containing a bisecting GIcNAc residue
elute marginally before their tri-antennary isomeric counterparts
when separated on HILIC. Analysis of the ABS + AMF + BKF + SPG
digest for each WAX fraction shows that the presence of bisecting
glycan species is inversely related to degree of sialyation with their
abundance greatest in the neutral fraction and steadily decreasing
throughout until their presence is non-existent in the S3 and S4
WAX fractions. No tri- or tetra-antennary N-glycans found within
the neutral, S1 and S2 WAX fractions contained bisecting GlcNAc
residues. This is an observation consistent with the common un-
derstanding that further N-glycan branching is inhibited by the
presence of a bisecting GIcNAc residue, due to conformational
changes that hinder the flexibility of the «1-3 arm and generate
back-folding of the a1-6 arm, and that extensive branching pre-
vents the N-acetylglucosaminyltransferase responsible for adding



J. Smith, S. Millan-Martin, S. Mittermayr et al. Analytica Chimica Acta 1179 (2021) 338840

»HILIC Fractionation)
Peak 29

S1 Fraction A ﬂ “

......................................... +(LC-MS/MS Analysis)

Monosialyated L L
Fraction ‘ — Un-derivatized (2-AB labelled) DMT-MM Derivatized
S1_2AB_Peak 29 Tormses- S1_DMT-MM_Peak 29 Ty

1031.8685

-]

100, 10248634. 1007
NAN 1 Slavad
—————’7—d I\ a2-6- +14Da
- Sialic Acid(s) a2-3/8 . sy
\ .
¢ ABS \
= Antennary Fucose 2-3/6/8 .
ABS AMF
~ Core Fucose ar3/a A
ABS AMF BKE ¥ s
- Galactose al-6/2
ABS AMF BKF SPG : [ .
. 614 3
Monosaccharide Symbols sz - . O seme
v
GleNAC . Y i
. ’ NeuSAc 681 1098 3938 0158610, 10893848
Q@ wen Me Methylasted  , Y18 l Lot Jl |
O il @ Neusac YIS sk N st toa i
2 1000 102 1040 1060 1080 1100 Mz 1000 1020 1040 1060 1080 1100 m/z
N\ Lactonised
A Fuc . NeuSAc

Fig. 1. General schematic of serum N-glycome profiling. Released and 2-AB labelled serum N-glycans are first fractionated offline using WAX to separate glycans by charge, which
correlates to the number of sialic acids present on a glycan. Glycans collected from each WAX fraction are either digested with exoglycosidases to obtain structural composition
information or are applied to HILIC for second dimensional separation. Each HILIC peak is collected offline and a portion is aliquoted for DMT-MM derivatization. After DMT-MM
derivatization, the native aliquot and DMT-MM derivatized aliquot for each peak are run sequentially to obtain sialic acid linkage information.

Total Serum
= Neutral Fraction
) Uw\ M A M. Total Serum
<
&
Neutral Fraction
g S1 Fraction
51 Fraction
7= 52 Fraction
c 3 Fraction
s 3
2 54 Fraction
I
s
= $2 Fraction|
§ m—=— @
<
H

s4

) Il MLM,
.
Overlay of
54 Fraction 'WAX Fractions
| Separated on HILIC
HILIC

HILIC Separation

Fig. 2. The complexity of serum results in different sialylated N-glycan species eluting within a single HILIC peak. Separating N-glycans first by WAX allows for the separation of N-
glycans by degree of sialyation. (A) [llustrates N-glycans first separated by WAX, subsequently applied to HILIC and their contribution to the total human serum N-glycome. Profiles
are listed in order of degree of sialyation (From Top: Total serum, N, S1, S2, S3 and S4). (B) Illustration of how different sialylated N-glycan species contribute to a single HILIC during

total serum N-glycan profiling.

Digest panels also help differentiate between core and antenn-

bisecting structures from accessing the core mannose residue
ary fucosylation as illustrated with the S2 WAX fraction in Fig. 3A

[28—33].



J. Smith, S. Millan-Martin, S. Mittermayr et al.

A Monosaccharide Symbols

[l GleNAc

Analytica Chimica Acta 1179 (2021) 338840

170075 /e n 193934
o e, 12434388
ol fre.
@ Man o
Qcal .
voam e
A e . o
vom
@ Neusac Undigosted A ¥ 1242 iz 1242 o, 12434388 1 Undigested
. 10253638 ——
Boaaf] # # s
5 |
. s a23/8 a23/8 a23/8
{| 10269633
a3/8 10268632 -
NAN 1 A/ 8793168 f ‘ " 1243.4388 NAN 1
l i ’ «23/6/8
a70:
02-3/6/8 _a2-3/6/8
2-3/6/8 9
ABS T «2:3/6/8 2-3/6/8 ABS
8793168
9533456 ol-3/4
I ] govas
«23/6/8 al-3/4 JUULL g .
ABS_AMF L i s/ ABS_AMF
79,3168
. 79,8161 9.3168
asmm .
M 3155
. : al-6/2
| | g0t
«23/6/8 ol3/a al-/2 S
ABS_AMF_BKF \%‘“" m/z 883 ABS_AMF_BKF
= S
(" wusonm e ) srmsoms by
LN 8 ra-s 717.2601 L 4 717.7695
8193071 o . bt 19,3071 . )
| {ros0c | {aro06 | | s
11 {s20a08s 1§ [sz03122 p1a 1
UL 208062 L[ 1508062 «2-3/6/8 o1-3/4 al6/2 P14 [
88 mir @3 600 Wiuie 680 sif mi ABS_AME_BKE_SPG ) N ] ABS_AME.BIE 506
TR0 hoke T a0 a0 007 oo 200 22007 240 ELd 500 %00 m/z 1000 A100 1200 1300

Minutes

Fig. 3. (A) Exoglycosidase digests of each WAX fraction are utilized to determine glycan structure composition. As monosaccharides are cleaved, HILIC retention of N-glycans shifts
leftward corresponding to the type of monosaccharide lost. (B) MS analysis of the WAX exoglycosidase digests is utilized to confirm N-glycan structures.

NS A,/
B3/ ByVupuq / Calupu 212 40
3/ Ba¥arug | CoZaraa sy

O3RN s €™ Xsruc)
5.4380

AsYaruq / Ca*Xs 12973850

O2AZsruc) | Ba"Xstrue)
€ MXsfrue)

1317.4266

- 175286
" 12764879 ! |
S e e i o o 1280 1200 1300 1310 mjz 1320 1330 1340 1350
Ay Y, 4
0217 248y, A M- | 1335.4380 ™)
748,365 e rasse 1905.6791
N ) ‘ O sssis ous L 13364359 , 16725505 s i
] ,,lex T - " sl sadabiad " R 59 Y T | e
0 oo
ap, [ Ryl 2R, 2.
sa6.2037
M~ M-
100 — Figaaad 19067188
12
s dom5
| | ssasio
24,
1y, e 50 S0 mis 500 a0 o s
1| asedomr 703183 [ o501 24A.Ys / C0ZXg 12764552,
748.2483 11139096 1277.4309 1418.5009 1478.4792 7560424
0 | el ]u il Ll IJ L " b dotesen L L s Y ,l, 1759,6018
500 700 900 115(3 m/z 1300 1500 1700 1900
O4Rs [ Ry [ H4RsY; :
100
G/ %A/ J
1 1Ay, £
0150
a0 ——Dion
® 3831 10 HOF szei7ts b 7482595
1186 508.1657 " aapy,
i Eion sseiols [
il 507.1851__ 8188135 LV _819.3071
] | U s 17200 J— ga— 1301
P 1 1 TR 1 R o | o | Ralhcalleidd L I L o | . it L [ . N [ sz0sm
O%Rs [ 2As [ AN ygiennc)
100 brasiL) [D - (GIcNAC + H,0)] iz %z
251823 03
0
2 AgnanYa(cinng / ENEEN
Lapy. d
” . $Yarcinn) S x4
w2015 S g, {0- Glenagp] %516 a0
-
L wna M,
26 7192594 5
- sosort—
esases 09,2667 s0a066
6573335 __ ' - ]
- wlbu b ‘h. oclionidie dia skt lL i allhi 1 T R T " ‘u ) R e | il ——
350 450 550 650 750 850

Fig. 4. (C) MS? analysis is used to identify structural isomers. The presence or lack thereof of specific D and E ions can be used to differentiate between bisecting and branched

GIcNAc residues as well as core and antennary fucosylation.

and B. BKF cleaves a1-2/6 linked fucose residues and is commonly
used to detect the presence of a1-6 core fucosylation. FLR peaks in
ABS + AMF digests, such as the one at 11.03 min in the S2 WAX
digest (Fig. 3A), which are not in ABS + AMF + BKF reveal core
fucosylation. Here doubly charged ions at m/z 952.3 in the MS!
spectra reveal the structure to be a fucosylated A2G2 glycan. The

presence of ions at m/z 468.2 and m/z 486.2 in the MS? spectra
representative of z and y ions produced by Fuc-01,6-GlcNAc-2AB
fragmenting from the glycan structure confirm the presence of core
fucosylation as such ions would not be expected to be present in the
case of antennary fucosylation (Fig. 4). AMF cleaves a1-3/4 linked
fucose and is used to help identify the presence of antennary
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fucosylation as illustrated through the comparison of FLR traces for
the ABS and ABS + AMF digests of the S2 WAX fraction (Fig. 3A). The
peaks at 11.03 min and 12.05 min in the ABS digest are both due to
the presence of a fucosylated A2G2 glycan based on MS! analysis
(Fig. 3B). The glycan at 11.03 min is core fucosylated as its presence
was noted in the ABS + AMF digest previously discussed. The digest
suggests that the glycan at 12.05 min contains a1-3/4 antennary
fucosylation as such a peak does not appear in the ABS + AMF
digest. If the glycan contained «1-2 antennary fucosylation, its
presence would have been detected in the ABS + AMF digest. The
lack of prominent ions at m/z 468.2 and m/z 486.2 in the MS?
spectra indicate antennary fucosylation. The presence of an ion at
m/z 570.2, which is not seen in the MS? spectra of the core fuco-
sylated structure (Fig. 4), is representative of the 3Ap.,, cleavage of
a Gal-GIcNAc branch containing an antennary fucose residue.
However, due to the low abundance of this particular glycan, MS?
analysis could not be used to determine which branching arm
predominately contains the antennary fucose residue.

The implemented analytical platform also allows for the differ-
entiation of N-glycan isomers with A3 and A3’ tri-antennary base
structures known to be present in human serum [34]. The promi-
nent standard A3 structures have the third GlcNAc residue p1-4
linked to the Man residue on the o1-3 branch while the low
abundant A3’ structures have the third GIcNAc residue f1-6 linked
to the Man residue on the a.1-6 branch. As illustrated in the S3 WAX
fraction, these structural isomers were separated by about 0.6 min
on the HILIC phase with the A3 structures eluting before the A3’
structures (Fig. 2 and Supplementary Table 2). While such struc-
tures most commonly occur as tri-sialylated species, the digests of
the S1 and S2 WAX fractions show that A3’ structures are also
present as mono- and di-sialylated structures.

3.3. Sialic acid linkage determination

Different strategies have been described in the recent years to
assist in sialic acid linkage determination and recently de Haan, N.
et al. published a review detailing all the different derivatization
approaches reported in the past decade, which have been imple-
mented in various mass-spectrometry- glycomics workflows and
have found clinical glycomics applications [35]. Sialic acid deriva-
tization with DMT-MM enables differentiation between a3-and a.6-
linked sialic acids [20,36]. When performed in methanol, 22-3
linked sialic acids form a cyclic lactone resulting in a loss of 18 Da
from the precursor a mass due to the loss of water during forma-
tion, while «2-6 linked sialic acids become methylated resulting in
the addition of 14 Da to the precursor mass. Here, a portion of each
collected HILIC peak underwent DMT-MM derivatization.
Following derivatization, the un-derivatized portion (2-AB labelled
only) and derivatized portion (DMT-MM derivatized) of the HILIC
peak were analysed sequentially using UPLC-FLR-MSE. As illus-
trated in Fig. 5, comparing the mass shifts between the MS! spectra
of the 2-AB only labelled sample and the DMT-MM derivatized
sample enables the determination of sialic acid linkage and can be
used to identify N-glycan sialic acid linkage isomers that are pre-
sent in a single peak. Whenever possible, MS? spectra is used for
structural composition verification.

DMT-MM derivatization reveals that sialic acid linkage impacts
HILIC retention with isomers containing 3-linked sialic acids
eluting earlier than their 6-linked counterparts. This observation is
consistent with findings in the literature [37,38]. This is best
demonstrated within the S1 fraction where the structures
A2G2S(3)1 and A2G2S(6)1 are found within peaks 26 and 29
respectively, and the S2 fraction where the structures A2G2S(3,3)2,
A2G25(3,6)2 and A2G25(6,6)2 are found within peak 22, peak 26
and peak 29 respectively (Fig. 6). This trend is consistent in all
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fractions. However, for the larger oligosaccharides that elute late in
the gradient, there is significant co-elution of linkage isomers due
to decreased column efficiency resulting broader peak shape. The
ability to still distinguish between such isomers illustrates the
benefits of using DMT-MM derivatization for sialic acid linkage
determination.

3.4. Human serum N-glycome characterization

Utilizing our 2-dimensional separations platform we were able
to identify 212 distinct compounds with 64 fully and 148 partially
characterized N-glycans including sialic acid linkage isomers
(Supplementary Table 2). Partially characterized structures are
labelled as such due to a combination of their low abundance and
the inability to determine precise location of branching when
multiple locations were possible. For example one peak contained
an isomer of an A3G3S(3)1 N-glycan. However, due to the peak's
low abundance and the presence of multiple other N-glycans
within the peak, we were unable to determine the precise branch
the sialic acid was linked to. A combination of WAX digests and MS?
analysis were used to help identify structural isomers within each
WAX fraction applied to HILIC.

The ability to detect O-acetylated (OAc) and O-sulphated (SO3)
sialo-N-glycans underscores the ability of this platform to identify
low abundant glycans with such glycans previously reported in
mammalian and human glycoprotein studies [39—42]. Additionally,
Yamada et al. [43] recently published the presence of sulphated and
phosphorylated N-glycans in human serum after using a serotonin-
immobilized column to enrich minor acidic glycans, although to the
best of our knowledge no in-depth human serum characterization
study has yet identified acetylated sialo-N-glycan structures. Sialic
acid O-acetylation is a common modification that can occur on the
hydroxyl groups attached at the C4, C7, C8 and C9 positions and is
known to play important roles in various biological processes
including disease pathogenesis, viral infection and cancer pro-
gression as well as increase potency and half-life of certain bio-
pharmaceuticals [41,44]. In mammals, O-acetylation is most
prominently found at the C9 position either through direct acety-
lation or more commonly through non-enzymatic migration under
physiological conditions to the C9 position from the C7 position
where it is initially added [41,42,45]. We identified N-glycans
containing mono-0-acetylation in the S1, S2, and S3 WAX fractions,
primarily on the most abundant structures contained within each
fraction, i.e. in the S2 WAX fraction the most abundant glycan was
A2G2S5(6,6)2 with its acetylated counterpart OAc-A2G2S(6,6)2
identified as well (Fig. 6). Identified acetylated glycans were
found to elute approximately 2 min earlier on HILIC than their
unmodified counterparts, an expected occurrence as acetylation
can reduce sialic acid hydrophilicity [46]. Due to their low abun-
dance, it was not possible to identify the sialic acid residue con-
taining the O-acetylation modification when more than one sialic
acid was present. However, the presence of these acetylated sialo-
N-glycans coupled with the common occurrence of this modifica-
tion could indicate that other acetylated sialo-N-glycan species are
present, but beyond the detection capabilities of this platform due
to the broad dynamic range of the serum N-glycome.

Sulphated S2 glycans were identified within the S4 WAX frac-
tion. Their presence is a product of the highly negatively charged
sulphate group greatly increasing the overall charge of the glycan
structures resulting in later elution during WAX chromatography
than their non-sulphated counterparts. Comparison of the S2 and
S4 HILIC traces reveals that sulphation increases glycan hydrophi-
licity with the sulphated glycans eluting later that their unmodified
glycoforms (Fig. 7). The most prominent identified structures, SO3-
A2G2S5(6,6)2 and SO3-FA2G2S(6,6)2, are the sulphated glycoforms
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of some of the most abundant glycan structures present in the
serum glycome. Such structures have previously been found on
myelin glycoproteins, where they help in the crucial role of forming
myelin sheaths to insulate nerve cells within the peripheral and
central nervous system, and recently on human serum IgGs [39].
Additionally, sulphation of N-glycans not containing Lewis X, sialyl
Lewis X or terminal lacdiNAc features have been identified in
multiple cell lines despite not being the target of their respective
studies, suggesting that this type of N-glycan sulphation may be
more prominent than currently realized [47,48].

The S4 WAX exoglycosidase digests exemplify how the labile
nature of sulphate causes difficulties in the identification and
structural characterization of sulphated sialo-N-glycans (Fig. 8).
Besides the known issue of sulphate migration occurring during MS
analysis [49], unsulphated glycoforms of the sulphated N-glycans
are present throughout the S4 WAX digest panel suggesting
possible loss during sample preparation. For all digests except the
undigested run, the sulphated species elutes earlier than the un-
sulphated species. This could be because the sulphate occupies a
previously free hydroxyl group, reducing interaction with the HILIC
stationary phase. For the undigested fraction, the sulphated sialo-
N-glycan species elutes after its un-sulphated counterpart as also
demonstrated in Fig. 7. While it is not understood why this occurs, it
is believed that interactions between the sialic acid and the sul-
phate ion led to increased retention to the HILIC stationary phase.

The presence of sulphate also appears to impact exoglycosidase
efficiency as illustrated by the identification of an SO3-A2G1 base
structure in the ABS + AMF + BKF + SPG digest which suggests
incomplete digestion of the Gal residues by SPG. It is suspected that
the presence of the sulphate adduct prevents complete digestion
from occurring on the branch containing the sulphate modified
residue. In this case, it is the Gal residue on the sulphated branch
that is not cleaved during digestion. Due to the low abundance of
sulphated N-glycan species, the location of the sulphate could not
be determined. However, recent studies have identified sulphated
N-glycans without a terminal lacdiNAc or sialyl Lewis X motif
containing sulphate at the C6 position of GIcNAc (GlcNAc-6-
sulphate) and the C3 position of Gal (Gal-3-sulphate) [39,50].
Additionally, the presence of core fucose on the sulphated A2G2S2
glycans appears to stabilize the sulphate substituent. As observed
in both the ABS + AMF digest and the ABS only digest, the presence
of the un-sulphated FA2G2 structure is low compared to its
sulphated counterpart, while the presence of the un-sulphated
form of the A2G2 structure is greater than its sulphated glycoform.

3.5. Relative GC N-glycan analysis

Analysis of the LC-MS data generated for the stage 3 samples in
Progenesis QI revealed subgroup specific N-glycan changes. Com-
bined analysis of the stage 3 patient samples found only one glycan,
A3G35(3,6,6)3, to have statistically significant changes in expres-
sion levels, with higher expression found in the pre-op samples
(Fig. 9: Red box plots). Analysis of the stage 3 sub-groups indicates
that this glycan appears to be a product of changes within the stage
3A subgroup as it was significantly expressed in the stage 3A
samples, but not in the stage 3B or 3C sub-groups (Fig. 9: Orange
box plots). Stage 3B analysis revealed twelve glycans to have
significantly increased expression in the cancerous state prior to
tumour resection (Fig. 9: Green box plots). A great majority of these
glycans contain core fucosylation, a modification which is known to
be associated with cancer [51]. In GC, core fucosylation has been
found to increase on haptoglobin and in multiple GC cell lines
[51-53]. Stage 3C analysis found a total of thirteen glycans
including isomers with significantly increased expression after
surgery (Fig. 9: Blue box plots). It is thought that these changes are
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due to the increased inflammatory state following resection.

Two of the sample pairs analysed in this study were from pa-
tients with microsatellite instability (MSI). When total stage 3
analysis was performed without these patients, the presence of
glycans  with  significant  expression levels (corrected
p < 649 x 107% n = 77) dramatically increased, with fourteen
glycans identified (Table 1). Many of the glycans were those iden-
tified in the analysis of the stage 3B and stage 3C sub-groups to
have significant expression. Additionally two glycans, FA2G2S(3)1
and FA3G3S(6)1, were seen to be significantly expressed, but did
not show such expression change in the analysis of the stage 3 sub-
groups. FA2G2S(3)1 had greater expression in the pre-op samples
and thus could be associated with cancer, while A3G3S(6)1 had
increased expression after surgery. Interestingly, the glycan
A3G35(3,6,6)3 no longer had significant expression level changes
which could signify that increased expression of A3G3S(3,6,6)3
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Fig. 7. Comparison of the S2 (Top) and S4 (Bottom) WAX fractions applied to HILIC
shows that sulphated sialo-N-glycans elute later than their un-sulphated glycoforms as
illustrated with the A2G2S(6,6)2 and FA2G2S(6,6)2 N-glycan structures and their
respective sulphated glycoforms. The red circle indicates signifies that sulphation is
predicted to occur at the 6-position of one of the antennary GIcNAc residues. The
branched arm containing sulphation could not be determined. Note: Intensities of the
S2 and S4 HILIC profiles are not to scale. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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not fully understood, it is believed that interactions between the sialic acids and the sulphate increase the retention mechanisms of the sulphated sialio-N-glycans to HILIC causing
their later elution. Additionally, the presence of a core fucose appears to increase the stability of the sulphate ion.
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Fig. 9. Box plots of glycans found to have statistically different expression changes between pre- and post-op serum samples taken from patients with stage 3 gastric cancer. Red
box plots are from the analysis of all stage 3 samples, orange box plots are from the analysis of stage 3A samples, green box plots are from the analysis of stage 3B samples and blue
box plots are from the analysis of stage 3C samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1

Expression trends of N-glycans with statistical significance across the pathological subgroups of Stage 3 GC.

Analytica Chimica Acta 1179 (2021) 338840

Stage 3
(All)

Stage 3
(Without MSI)

Stage 3A

Stage 3B

Stage 3C

Stage 3
(All)

Stage 3
(Without MSI)

Stage 3A

Symbolic representation for N-glycans: GIcNAc — blue square, Fuc — red triangle, Man — green circle, Gal — yellow circle, Sialic acid — purple diamond. Orange border indicates
increase of glycan in pre-op samples while purple border depicts increase of glycans in post-op samples. The asterisk (*) marks the glycans found in the analysis of patients
without MSI to have significant changes in expression levels that were not found to have significant changes in any of the stage 3 sub-groups. Glycans marked Iso signify that
multiple isoforms of the glycan were detected.
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Fig. 10. PCA analysis of differentially expressed N-glycans illustrating how separation between the pre- and post-op samples becomes clearly defined as Stage 3 GC advances.

may be associated with the presence of MSI. However, further
investigation into this possibility is necessary as such conclusions
cannot be determined with a sample set of this size. Additionally,
the N-glycans identified in this study have been previously shown
to be cancer associated illustrating the usefulness of this platform
for identifying cancer associated N-glycans [54].

PCA analysis was performed to visualize the differential
expression behaviour of all the stage 3 samples shows that there is
no defining characteristics to differentiate between the pre- and
post-op samples (Fig. 10). However, PCA analysis of the stage 3
subgroups illustrates that as the cancer progresses from stage 3A to
stage 3C separation between the pre- and post-op samples be-
comes more clearly defined, with analysis of the stage 3C patients
showing distinct grouping of the pre- and post-op samples (Fig. 10).
This may be representative of the cancer increasingly infiltrating
the surrounding lymph nodes after the tumour has grown through
the stomach wall and the potential ability to detect this patholog-
ical process in the serum of these patients.

4. Conclusions

An efficient characterization platform consisting of two-
dimensional liquid chromatography coupled to time of flight
mass spectrometry and coupled with exoglycosidase digestion and
sialic acid linkage specific chemical derivatization was developed
and applied to the in depth characterization of the serum N-

13

glycome. Highly informative MS? product ions enabled the confi-
dent structural differentiation of isomeric N-glycans based on the
presence of motif specific D- and E-type fragment ions in the
negative jon MS? spectra. Modified sialic acids, containing addi-
tional O-acetylation were identified along with the presence of
sulphated bi-antennary sialylated N-glycans. The retention behav-
iour of these isomeric species and modified structures was also
established relative to the parent non-modified N-glycan counter-
part. In total, the employed analytical platform facilitated the
complete characterization of 64 N-glycans with high confidence
and 148 partially annotated structures. The created database of
annotated N-glycans was then used in combination with label free
LC-MS and Progenesis QI for the determination of differentially
expressed N-glycans in the serum of patients with various stages of
Stage 3 gastric cancer. Utilization of this label free approach
revealed the identification of alterations in the N-glycome that
correlated with pathologically significant subgroups within the
Stage 3 GC patient group investigated. The range of this platform
enables detection of low level glycans not usually seen in total
serum characterization platforms. This depth combined with the
ability to determine sialic acid linkage, reveals a new level of insight
into the serum N-glycome.
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